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THE PREPARATION OF DISULPHUR DECAFLUORIDE

The amounts of SaFlo obtained by direct fluorination
of sulphur are determined by the rate of fluorine flow,
the amounts of so0lid and gaseous diluent, and the temner-
ature of the reaction tube.

Yields of SgFyg from 5 to 10 per cent on sulphur
reacted have been obtained by fluorination of a sulphur
smoke.,

Moisture and oxygen have been found to inhibit
the formation of S3F1¢ and SFg,.

A mechanlism for the formation of SpFig which
involves the progressive fluorination of an 3 - S linkage

has been postulated.
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GENERAL INTRODUCTION

In 1940 attempts were made at McGill University
to produce samples of pure sulphur hexafluoride as part of
a search for possible toxic respirator penetrants (1).
Surprisingly, the sawmples of supposedly pure hexatluoride,
formed by passing fluorine over sulphur, were found to be toxic
in small concentrations. Purification and fractionation of
the sample resulted in the isolation of a high molecular
weight component identical in properties with the compound
disulphur decafluoride (S,Fy) discovered and described by
Denbigh and Vhytlaw-Gray in 1994 (2,3). It was then shown
that the poisonous efrects exhibited by the sulphur hexa-
fluoride were due to the relatively small concentrations of
SsF1g present as impurity. Toxicity studies soon indicated
that the remarkable physiclogical properties of S2F1p made
it very valuable as a potential chemical warfare agent (4).

Since that time extensive research has been
carried out in Canada, United States, and Great Britain on
the production and properties of SgFyg. Decause all wethods
of obtaining the gas would involve the use of the relatively
costly raw material, fluorine, investigations everywhere
were concerned with attempts to find suitable methods of
producing yields of SgFjg large enough to maxe comuercial
production feasible,

The work done at lMcGill has at all times emphasized



the practical nature of the problem. The mechanism of formation
of SgF10 was studied only insofar as it had imuaediate bearing
on the achievement of higher yields.

It has been shown that practicable yields are possible
only vhen s0lid sulphur is allowed to react with gaseous
flvorine under controlled conditions. ‘hen this is done,
varying amounts of sulphur fluorides and oxyfluorides are
produced as by-products. Of these, SFg and 303Fy, as well as
35F10, are unaffected by dilute caustic solutions, whereas
a second group of compounds, herein referred to as lower
fluorides (L.F.), are totally decomposed or absorbed. The
possible fluorides in the latter group are SgFo, SFs, STy,

S0Fg, 80F4, and a little S0gFs.

This thesis embodies the investigation of the solid
sulphur-gaseous fluorine reaction, and the effect of several
variables on this system. 4an attempt has been made to
postulate a mechanism for the reaction although the data ob-

tained are much more useful from a production viewpoint.



HISTORICAL
Generation of Fluorine

Nearly all methods that have been used for the
production of fluorine involve the electrolysis of the systen
hydrogen fluoride - potassium fluoriue at different temperatures
in different cell designs. Cady has measured the freezing
points and vapor pressures of this system and has shown that
there are three different tenmperature ranges in which fluorine
can be prepared conveniently, -80° to -20°C, 70° to 110°C and
220° to 300°C (5). In all these regions the system is
liquid and the vapor pressure of hydrogen fluoride is at a
ninimum and less than 25mm. Although most cells have been
designed to operate at these points, other temperatures have
been employed in later years.

Moissan first prepared fluorine &t low temperatures
by the electrolysis of a solution of pure HF rencered
conducting with a little dissolved IIF (6). The electrodes
used were platinum and the electrolyte was kept at approxiuately
-20°C. Since this requires HF, vhich is extrenely corrosive,
reacting with and destroying most metals, many difficulties
arise in the operation of cells at this teuperature.

Schumb, Gamble, anderson and Stevens have described
a fluorine generator that oneraves at 20° to 40°C and uses
nickel anodes, steel containers and electrolyte of cou-

vosition XF (8 - 9) HF (7). TDecause of the high vapor
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pressure of HF at this temperature, and because of the
corrosion difficulties with consequent low current efiiciencies,
this cell holds little promise for practicable fluorine
production.

The medium temperature cell (70° to 110°C) was
first used by Lebeau and Damiens who employeud niclkel clectioues
in a system of electrolyte composition KF.sHF (8). Schuub
et al (7) have made a complete study of this type ot generator
and report current efficiesncies greater than 90 per cent and
tluorine of 99 per cent purity with a melt or composition
KF.(1.8 - 2.0)IF (100° to 110°C). They have shown that the
nickel anodes can be replaced by ungraphitized carbon and
either copper or steel can be used for the construction of
the cell wall which also serves as the cathode. Polarization
eft'ects are not too troublesome and the loss of HF by
evaporation can be reduced by the addaition or a small per-
centage of LiF to the KF - HF nixture. The main difriculty
encountered has been reported to be the method of attachment
of the carbon plate anoues sc as to ensure good slecirical
contact and to avoid breakage through swelling or disintegration,
especially at the points of Jjunction. These troubles arose
because the connections were made in the generator gas phase
and not outside the cell.

A novel design of the mediun temperature cell has

been produced by Burt-Gerrans, licKinnon and Rosenberg at



Toronto University and is described later in this thesis (9).
Considerable work has been done in the high tewp-
erature region which is concerned with electrolysis of a
melt of composition KF.HF kept at approximately 220° to »00°cC.
Argo, Mathers, Humiston and Anderson first described a cell
of this type (10). In later years both the design of the
apparatus and the technique of operation have been lmproved
by Simons (11). This type usually employs carbon as the anode
material and copper or monel metal for tihe cathode which
can also serve as the cell vessel., Further modifications
of the high temperature generator have been made by Lossing
whose design is described in detail later (12).
Although it is practicable to produce fluorine at
either the medium or high temperature, present evidence
indicates that the medium temperature cell 1s more convenient

for general usage.
Sulphur Fluorides

Relatively little research has been done on
sulphur fluorides, especially the lower fluorides, and any
survey will, of necessity, be limited. Although the
evidence for the preparation and identification of each of
the gases is fairly reasonable, a great many gaps and
inconsistencies still exist. The following discussion is

based on & thorough historical study and represents nearly



all the information available on these compounds. The material
has been presented in this section as found in the literature
and any further comment on its reliability is left for the

body of the thesis.

Sulphur Hexafluoride

Moissan and Lebeau first prepared sulphur hexafluoride
(SFg) by allowing solid sulphur to react with gaseous fluorine (1%).
It was found to be extremely stable being unattacked by water,
XOH, fluorine, oxygen and hot glass. Although thermally stable
up to 800°C, it was reported to decompose to NagS and NaF
by the action of Na kept at its boiling point, and to lower
fluorides by hot sulphur vapor in glass. However, Simons has
passed SFg over sulphur at 400°¢ and found no decomposition (14).

The physical properties of SFy have been measured by
many workers and have been compiled by Trautz and ZEhrmann (15)
in the following table (Table 1). Some additions have been

made by the writer.

TABLE I
Property Value Tenp. Fress. Rreference
oC 10,
Critical Point 54 Prideaux (16)
Boiling Point -62 760 Prideaux (16)
(sublimation) -63.8 760 Schumb and
Gamble (17)
lelting Point =55 Moissan and
Lebeau (13)
-56 Prideaux (16)

-50.8 1710 Schumb and
Gamble (17)



TABLE I (continued)

Property Value Temp. Press. Reference
°¢ Im.
Specific Gravity 1.91 49.8 ? Prideaux (16)

Molecular Volume 76.5
Density (c¢f.air) 5.10 20,0

(Theor. 5.047)
S5.03 0.0

Heat of Formation 262 kcals./mole
Heat of 5.64 kecals./mole

Sublimation

Heat of Fusion 1.39 kcals./mole

Prideaux (16)

Schumb and
Gamble (17)

lloissan and
Lebeau (13)

Yost and
Clausen (18)

Yost and
Clausen (18)

Yost and
Clausen (18)

Using electron diffraction measurements Pauling and

Brockway found that the fluorine atoms in SFg lie at the

corners of a regular octahedron and suggest that the gas

has an ionic structure (19). The parachor investigations of

Pearson and Robinson led them to propose that SFg has two

covalent linkages and four semipolar singlet links (20).

This is in contradiction to Sidgwick who states that singlet

links are very rare and weak whereas the stability of the

hexafluoride is very great (21). He postulates an expansion

of the valency group to twelve which is very likely in sulphur

since it has six electrons to contribute for the six links,

The molecule was found to have no moment PY Watson, Ras and



Ramaswany (22).

Disulphur Difluoride

Centnerzwer and Strenck first prevared disulphur
difluoride (SyF5) in yuantity by controlled heating in vacuo
of dry silver fluoride and sulphur (2v,24). The gas was
found to decompose easily in water to give sulphur, HpSO0z and
HF, and in caustic to give NagS03 and sulphur which dissolved.
In order to prove the identity of the new fluoride Centnerzwer
and Strenck carried out quantitative analyses for sulphur
and fluorine in caustic solutions in which the gas had been
absorbed. Such analyses indicated the F/S mole ratio to be
1/1. SpFs did not attack mercury but vulcanized rubber, and
decomnosed continuously for twelve to twenty-four hours on
glass walls - after which time there was no further decomposition.
Centnerzwer and Strenck report the melting point as -105.5°
and the boiling point as approximetely -99°¢.

A further study of the compound was carried out
by Trautz and Zhrmann (15) who investigated many other
properties of the gas although they never were able to produce
a pure sample. They attributed their low molecular weights
(ca.98 - theoretical 102.12), and those of Centnerzwer and
Strenck, to possible decomposition of SgFg into SFp. Studies
on the thermal decomposition of SgFg did indicate that it
broke down to give SFg5 and S. Decouposition began at 90°¢
and was very rapid at 200° to 550°C, Density measureuents

and gquantitative analyses of caustic solutions in which the



gas had been absorbed substantiated these claims. SsFy was
found to disappear coumpletely at BOOOC, and its repugnant
odor gave way to a choking smell. The gaseous decomposition
products were lighter and poorer in sulphur than S5F5, and
much more stable both to temperature and to a spark. The
approximate boiling point agreed with that found for SFy by
Ruff (-359C).

SgFp was found to be very sensitive to moisture,
giving S0z and HF, and reacted with oxygen in the presence
of a spark to give S0p and 30F,.

Trautz and Bhrmann indicate that of the two possible
formulae for the fluoride

- - /F
F-«3-8-7F or S - S\\‘F the

second is the most likely. It is interesting to note that
in the preparation of SyFs these workers observed minute
drovlets of a colorless liquid which boiled at +o0° (B.P. of
SgF10 = 299).

Recent attempts to prepare SyFs both at MeGill
and in the United States have proven unsuccessful. Although
the preparation and identification by Centnerzwer and Strénck
and Trautz and Ehrmann seems very accurate, the later research

throws some doubt on the identification of the compound.

Sulphur Difluoride

There is only slight evidence for the existence of
sulphur difluoride (SFs). 4As has been mentioned, Trautz

and Ihrmann postulate that SFg i1s a decomposition product
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of Sze and claim to substantiate this by vapor density

and analytical measurements. These workers also quote

Ruff as having prepnared the fluoride from the reactions of
ClF and sulvhur, fluorine and SpBrg, or flucorine and sulphur
in 53Brs. He reported the boiling voint as -85°C (13).

Sulnhur Tetrafluoride

Sulphur tetrafluoride (SF,) has been prepared by
Figscher and Jaenckner by heating sulphur with cobaltic
fluoride diluted with CaFs to vrevent explosions (25). The
reaction was carried out in quartz or copver since crude
SF4 attacks glass and devosits sulvphiur. AaAlthough mercury is
attacked giving a black film. paraffin, rubber and sulphur
are unaffected by the gas. Water and caustic decompose
SF4 quickly. TFischer and Jaenckner reported the bolling
point as -4000, thie melting noint as -124°C and the density
as 3.65 (Th. 3.73). The vapor pressure of the gas was
measured from its melting point to its boiling pnoint and
gave the following vapor pressure equation

106y oPpyy = 7746 - 1182.1/T

Simons has vnrepared SF4 by allowing the vapor of
sulphur monochloride to react with fluorine(l4). He
identified the material by a molecular weight determination
(104), its boiling vnoint (-40°C) and its melting point (-1200C),

which all agreed with the values of Fischer and Jaenckner.



Thionvl Fluoride

itlolssan and Lebeau first prepared thionyl fluoride
(SOFZ) by the fluorination of 3CCls (26).
Fs & 30Cls —>SOF, ~ 2° reactions

2asFy & 350Clg —> SS5CF, « 2asCly

5
The gas has a disagreeable, suffocating odor,
is soluble in ether and benzene, and reacts with hot g¢lass
to give 8iF4 and SUs. In water 30F; decomncses to aive
30, and HF, lioissan and Lebeau report that oxygen reacts
with the comnound in hot glass to give another oxvfluoride
which they did not identify.
The oxvfluoride was also onrepared by Ruff and
Thiel by the action of LF on Sglg (27). They attributed
the reuctlon to the presence of moisture and traces of conner
oxide in the reaction tube. The comnound was identified
bv gravimetric analyses for fluorine and sulphur aud by a
vapor uensity measurement. Thev gave the wmelting point
as -1109C and the boiling moint as -30°C,
Booth and liericola (28)have prepared SOF; by reacting
SbF3 with a refluxing mixture of 80 per cent 3VUCl, and 20
ner cent SbCly. They measured a nwiber of the physical and

chemical provwerties of the gas which are listea below -
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Critical Pressure 55.9 atm.
Boiling Point ~43,89C
-529C (ioissan and Lebeau)

Critical Teumperature 89°C
Freczing Point -120° to -110°C
Vapor Pressure log1 0Py, = 30.883 - 1908.4/T

equation -8.1059 logT
Heat of Vaporization 5202 cals/mole.

Sulphuryl Fluoride

By choosing the correct proportions of fluorine
and S0g, lMoissan and Lebeau were able to prepare another
oxyfluoride, sulphuryl fluoride (SO0g5Fg) (29). Like SFg,
this gas is insoluble in water, stable in glass up to 500°C
and is unattacked by fluorine and oxygen. Moissan and
Lebeau give the following vapor pressure values

241lmm. at -80°C
65mi1. at -lZOoG

They report the boiling point as -52°C and the
freezing point as -120%¢c.

Traube, Hoerenz and Wunderlich (40), and later
Trautz and Ehrmann (15) prevpared the gas by heating HSOyF
with BaFp. 4Although SO05F5 is aluwost insoluble in dilute
caustic, Trautz and Ihrmann have found that as the concentration
of alkali is increased the gas becomes more soluble and at
50 per cent caustic it is completely soluble in 1Y minutes (13).

The decomposition is also complete with alcoholic KOH.
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Disulphur Decarluoride

Disulphur decafluoride (SgFlo) was first prepared
by Denbigh and Vhytlaw=-Gray by fractionation from a sample
of impure SFg formed from the reaction of fluorine on
sulphur (2,%). They found that the gas did not react with
concentrated caustic solutions and identified it by & molec-
ular weight determination and by analysis for sulphur and
fluorine after decomposition with a spark in hydrogen. The
new fluoride was found to be colorless, to boil at «29° = 1%
and to have an odor ressembling sulphur chloride or S0g.
although unattacked by water or caustic, SpF1p i1s decomposed
by molten alkali and reacts with grease, hot platinum, cold
iron, red hot copper, boiling mercury and red hot glass or
gsilica. Denbigh and Vhytlaw-Gray gave the heat of vaporization
as 7000 cals./mole, the melting point as -92° = 1°C, the
Trouton constant as 2v.0, the liquid density at 0°C as
2,08 £ 0.05 guw./cc. and the surface tension as 1.9 dynes/cm. £ o%.
On the basis of the surface tension measurement the calculated
value for the parachor was 2Zv6 * &. The parachor corresponding

to the formula

F ¥ F ¥
Fio;8:7
¥ T T

would be 249.
Since the discovery of the toxlc efrects of 5,F,
considerable work has heen done on its preparation and

properties., 4t the time the writer joined F.P. Lossing on
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the problem,liungen, Hugill and Lossing at McGill haa alreauy
contributed a great deal of information on both the physical
and physiological characteristics of SpFqg.

Iungen and Hugill prepared yields ol less than one
per cent by the reaction ol fluorine with sulphur in a copper
tube (31l). These were about the same order as the best results
of Denbigh and Whytlaw-Gray. o increase in yield was
obtained by diluting the fluorine stream with approximately
its ovm voluwme of nitrogen and then carrying out the reaction
at -800C, and in liquid sulphur.

Since the parachor values of Denbigh and Vhytlaw-
Gray indicated that SgF;g contained an S - S link, the McGill
group attempted the fluorination of S3Cls, CSz and SpFs.

No positive results were obtained since the 3gClpg gave SFyg

but no SpyFqg, the CS2 exploded and SgF2 could not be prepared
stable enough for use. FPyrolysis of SFy in a quartz tube,

and the reaction of hydrogen and SFg at 200°C using platinized
asbestos as a catalyst, did not produce any SpFig. DPlacing
sulphur and SFg in a closed boub with pressures up to 100
atmospheres and raising the temperature up to 250°C was also
unsuccessful. It should be pointed out here that many of

hese experiments were carried out at temperatures very near
or above the decomposition tewverature of SsFig. Fluorination
of sulrhur diluted with Cu0, CuS and CuFg did not give any

increase in yield. lIungen and Iugill found that SgFp was
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stable in glass at room tenperature but decomposed above 200°cC.
The presence of fluorine did not seem to hasten the decomnosition.
Although a large proportion of the research that follows

has been done simultaneously with the MeGill group, all the
results obtained up to the present time are shown in order

to maintain the continuity.

Alexander working in the Chemical “Warfare establishment
of the National Research Council found that the fluorination
of sulphur diluted with solid diluents such as sodium acid
fluoride (NaHFs) gave increased yields of SpFip. Schneider,
working in the same laboratory, found a similar general
behaviour when he tried NaF, NaHFg, KiTF2, KF.3HF, Cufg in
various proportions. Although he achieved yields of 12.5
per cent by volumne of the gaseous mixtures of SgF1o and
3Fg, his results were not duplicable and he found NaF and
CuFy to be ineffective.

Burg, at the University of Southern California,
claimed a yield of 10 to 20 per cent based on current
using dilutions of 10 volumes of nitrogen to one of fluorine
(32). 1Ile placed his sulphur charge in a copper reactor
cooled by an air blast. The results were variable and
allowed of no interpretation other than that nitrogen dilution
of the fluorine stream was efiective in increasing the
yields of S2F10.

surg found that the fluoride was almost coimpletely

insoluble in water and Hy-vac oil but was soluble in olive
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0il to 4 per cent. The action of Sg¥ip on charcoal gave

a 44 per cent yield of SFg, some SiF4 and other lower
fluorides. The thermal decomposition progressed rapidly in

a platinum tube at 500°C at 5 - 10mnm., giving SFg and lowver
fluorides which etched the glass parts of the apparatus but
at 250°C the decomposition under similar conditions was
extremely slow. SgF1(0 appeared to be guite stable in contact
with mild steel at 50 to 55°C. This is inconsistent with

the work of venbigh and 'hytlaw-Gray and casts doubt on their
statement that 357y attacks cold iron (2,3).

Harvey and LicLean have tried by various umeans to
produce SpFig from SFg (s5). They passed 3Fy through an
electric arc with HpS, nitrogen,and oxygen but made no SgFyg.
Other reduction experiments were quite unsuccessful.

Laidler at the Ifational Research Council didn't
succeed in an attempt to form SF5 radicals from STy with
the intention of having them coubine to Tform SgFyg (34).
Since steric factors would inhibit the collision and aduition
of 3F5 radicals, he suggested that SgFyo would best be
vrevared by the fluorination of 3 - 5 links and not from the
comblnation of two Sl'g radicals, even if they could be umade.
His thermal decomposition studies with S53Fj0 in glass and
copver showed that the breakdow occurred at 150°C in glass
and above 200°C in copper.

J.H., Simons at Penn State has carried out a large
nunber of separate experiments in an attempt to find a

suitable method for the preparation of large yields of SoF0.
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le allowed fluorine to react with a sulphur dispersion, gaseous
sulphur diluted with nitrogen, the vapor of S3Cls, sulphur in
liguid SgClg with iodine as the catalyst, and sulvhur in
CSo (14). Several attempts were made with fluorinating agents
other than elemental fluorine. The solid but not the gaseous
dispersion was found promising. The mercuric sulphide - fluorine
reaction produced nure SF6, and the 35Cly vapor - fluorine
reaction relatively pure SF,. lione of the experiuents which
started with sulphur in a state other than S - S5 produceu S9F;(.

Iufflian has made an experimental thermodynamic stucy
of SpFp (35). He has found that the heat of formation is
-460 kcals., the heat of vanorization is 6556 cals./umocle,
the entropy is 74.29 cals./deg./uole, and the free energy of
forwation of SgFygy frow 53 + S5Fy —» 1s -411 kcals. Pitlzer,
in the same paper, found the vapor pressure is Ziven by

1og Pop, of Hg, © ~2190/T + 24.015 = 6,0 logT

Disulphur Decafluoride as a Chemical Varfare Agent

SpF10 has the following desirable properties as a
chemical warfare agent., Its lethal index indicates a greater
toxicity than any non-persistent gas now known (4)(31)(36).

It is relatively inert to chemicals and heat and can be

stored as a liquid at room temmerature. Its low boiling point
ensures a high enough vapor nressure to male dispersion rapia
and simple, anu the vavor is colorless and odorless in con-
centrations sufficient to be lethal to animals. Its high

molecular velght makes for greater persistence. It is evident,
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then, that 52F1¢ behaves much like phosgene as a war gas and
it is estimated to be twice as effective with a fixea expenda-
iture of weapons (36). It should be noted that Beamish at
the University of ‘loronto has developed oxidation-reduction
indicators which are specific for SgpF g 1 proper guard tubes
are used (37).
Summary

For use as a convenient index, a nuumber of properties
of the fluorides and oxyfluorides has been asseubled and is
shown in Table II. liost of the data are taken from a table
compiled by Trautz ana Zhrmann (15). .dditions have been maue

and the sources indicated.



TABLE II

Properties of the Sulphur Fluorides and Oxyfluorides

Property b‘F6 SZFlO SOze SF4: SoFg SOFE SFg
Odor None Like 30, None Irritating Disagree- Choking Pungent
. able :
Action in Tone None None Smokes Sﬁokes Smokes Smokes
moist air
action in None None None up to Decowuposes Decoumposes Decomposes Decomposes
water 150°C “guickly quickly slowly quickly
Action in None None Slow dec- Decomnposes Decomposes Decomposes Decomposes
caustic ’ omposition gulckly quickly quickly quickly
in mild
caustic
aAction of None None Wone Attacked None None lione
mercury
dsat Stable up Stable up Stable uD 2 Stable up Stable up llore stable
to 800°C to 250°C tg 500°°C to ¢0°¢C to 400°C than Ss5Fo
Snark Destroyed Destroyed Destroyed ? Destroyed Destroyed More stable
when hot when hot than Sze
Boiling -63.8°C 29.0°C -52°¢C -40°¢ -99%C (24)  -43.8°C -35°C
point (sublim- -38%¢ (15)
ation)
Melting -50.89C (17) -92°C -120°¢ -1249¢ -105.5°C -120° to ?
point (2,3) -110°¢




E PERILENTAL

The work done by the writer lends itself to division
into four sections. Section I includes the techniques used
and results obtained when the effect of variables on tne
fluorine - solid sulvhur reaction was first investigated.
tlost of this research was done in collaboration with F.P.
Lossing.

Following this work, it was decided to investigate
the sulphur - fluorine system using a sulpnur smoke. The
changes in procedure and the resulting ylelds are described
in Section II.

Section III shows the results found when the writer
returned to the solid sulvhur - fluorine systewn using the
technigues developed for the sulphur suoke.

During this vneriod it was found that the presence
of oxygen in the fluorine stream could explain inconsistencies
which had been observed in the experimental work in the first
thiree sections. Since the oxygen originated in the fluorine
generator, and since 1t exerted a critical efrect on the
yields of the various products, a medium tewnerature cell vhich
produced reclatively pure fluorine was installea. The
modifications in nrocedure and results vith tne new cell ave
degcribed in Section IV.

The analysis of results in each section is coufinea
to a descriptive discussion. s critical analysis is then

made at the end of tihe thesls aud a lechanisw suggesied Tor tlhie



reaction. Certain phases of the research described 1in the
last three sections wviere done in collaboration with L.A,
MeLeod and C. Bishinsky.
as nentioned before, the fluorides and oxyfluorides
cf sulvhur vhich are completely absorbed by alkali are referred

to as lower fluorides (L.F.) throughout the thesis.



Section I

Apparatus and Techniques

The Fluorine Generator

(a) Descrivtiont- The first fluorine generator

used by the vwriter was similar to that described by Denbigh
and “hytlaw-Gray for high temperature fluorine production (38).
The cell was first designed by J.T. Hugill, R. lungen and

R. Harvey (31) and then developed in its present form by

F.P. Lossing (12)(Fig. 1).

It should be pointed out here that the generator
chosen for this work seemed the best available at the time,
Since that time research on fluorine cells has been intensified
simultaneously with the SpFyg program. &ss a result, Schumb
et al at Massachusetts Institute of Technology, and Burt-
Gerrans at Torouto University have developed generators which
nroduce far purer fluorine and are nuch more efficient than
the cell used during the greater portion of the work at lcGill.

The generator consisted of two cylindrical compart-
ments separated by a nerforated copper diaphragum. 7The outer
cylinder or cell wall (a) was 15" deep, 83" outside diameter,
and made from 1/4" sheet copper rolled and welded. This
cylinder was later replaced by a nipe of 8" diameter. The
bottom of the cell consisted of the same copper material
welded onto the cylinder with "lcow melt" welding rod.

The diaphragu (B) was wade frou 435" tubing, 14" long,



Figure 1

The First Fluorine Generator
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of 1/4"™ wall thickness and with a welded copper bottow of the
same thickness. To allow for diffusion of the electrolyte,
three rowvs of 5/8" holes were drilled around the bottoir of
the diarhragn.

The anode (C) found most suitable was of 1" diameter
silicon-free granhite supplied by the Canadian iational Carbon
Co. Its mode of attachment to the copper cover of the diaphragn
will be described later.

The insulation between the cathode and the diaphragm
was contained in a circular trough (G) resting on top of the
container. an insulating washer of transite board was laid
at the bottom of the trough and since the outer trough did
not have to malke a gas-tignht seal, a layer of solid notassium
acid fluoride over transite gave satisfuctory protection.

The outside ring supported the cell cover (L) which, in turn,
was welded to the diaphragm. =2 second troush (H) weldeu on
torn of the dianhragn furnished the insulation between the
diavnhragm and the anode. Since this assewbly was alwavs in
contact with the fluorine of the anode coupartment, it was
necessary that the insulation be leak-proof ana resistant to
fluorine. after the transite washer vas pnlaced iun the trough,
the trough was filled with molten KHF, , and the diaphragn
cover (K) quickly oressed into place. Solidification of the
electrolvte furnished an adegquate seal., The tTemperature at
the troughs was not high enough to melt the fluoride but
prevented the absorption of any excess nydrogsn fluoride with

consequent lowering of the melting point. These troughs were
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the most iuportant wodification introducea by Lossirsg. They
furnished insulation which would not contaminate the electrolyte
and removed the mechanical strain on the insulation which

had existed in the vrevious generators.

The troughs and covers were spun from 1/8" thick
sheet copper. Iloles were made in the cell cover (L) to allow
for the escape of hydrogen (M) and to carry a length of 5/8"
diaweter copper tubing closed at the bottom (P). This well
contained a multiple Jjunction conner~constantun theriocouple
wnich measured the temmerature of the melt. The fluorine
outlet (J) was made of two 14" diameter covper elbows joined

and welded to the anode comnartment at the proper angle.

S 1

The collar of the diaphragii cover (X) was 23" in
dieneter and was tureaded to take a copper rod (D) which
narrowed to 1" below the threads. The anode was fastened to
the rod by a copnper claup small enoush to clear the collar
of the dianhraga cover. This facilitated removal of the
anode assembly without disturbing the insulation. The anode
vrojected to within 14" of the bottom of the diavhragm.

The generator was heatec by two lengths of 16 gauge
nichrome wire, each drawving 10 amperes (i and F). The
wvindings were insulated from each other and from the generator
by tvio sheets of asvestos paper. One inch of asbestos ceient
comnleted the insulation around the heaters (0). The heating
circuit is shown in Figure 2. ‘The primary heater (a)(E - Fig., 1)

contained an external resistance (C) which could be switched



Figure 2

The Generator Electric Circuit
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in or out. “This heater ran continuously and gerved to keep
the electrolyte near the melting point (220° - 250°C). The
secondary heater (B)(F - Fig. 1) furnished auxilisry heat
when quicl: melbting of the elesctrolylte was required.

The D.C. electrolysing circuit (Fig. 2) vias connected
to the cathode througsh a side tube on the cell wall, anu to
thie anode by a conper claun, The circult consisted of an
external resistance of three 16 ohm coils in varallel (E),
connected in series with an amaeter (M) and the 110 volt
D.C. line. A slide wire resistance (F) in series with one
of the coils allowed for any adjustuents required in the
current. & potential drop of ten volts was observed when 10
amperes was passed through the cell.,

(b) Onerution and Characteristicsi- The cell chauge,

about $5 lbs. of notassium acid fluoride, contained waxy
lmpurities when first melted. These floated to the surface
and wvere reuoved. The cell was then electrolysea for 1 - 2
days at 10 aumperes to remove the reualniing impurities and
any water that might be ovresent. actually it was Tound later
(Section III) that this treatment did not succeed in rewoving
all the water and subsequent electrolvsls produced oxygen in
the fluorine. The level of electrolyte was kept about 2"
above the holes in the dlavnhramm.

In cell operation the concentration of HIF decreased
continuously because of vapor nressure loss and production of

fluorine. Conseguently the melting point increaseu, the cell
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temperature had to be raised to iteep the elecitrolyte moltcn,
and the vapor vnressure of HF increased. In order to keev the
teimmerature in the region where the vapor loss of IF was at a
minimun, 1t was necessary to regenerate the KHFs periodically
by bubbling in anhydrous HI' with stirring. The HF was aliost
completely absorbed and the melting point of the electrolyte
was decreased until it corresponded to that of XF.UF. A

high vapor opressure was &also undesirable since the HF could
then be absorbed by the insulation. This rendered the KHFs
more or less liguid and shorting of the anode and dianhragn
was observed.

The generation of fluorine did not always proceed
simoothly since polarization was occasionally observed as
evidenced by a Jwm in the voltage to 50 or 60 volts. Interrupting
the electrolysis for a moment often returned the situation
to normal. This vnolarization or voltage Jjunp seemed to occur
more frequently when the anode had begun to disintegrate.
Urnon removal of The anode a scale was obLserved on its surface.
Scraping the electrode and returning it was sometimes effective.

Constant operation of the generator resulted in
formation of a sludge of copner salts and pure copner in the
electrolyte. The sludge had to be removed frow time to tiie
since 1t interfered with the prover functioning of the cell.

During these ovnerations it was never necessary to
disturb the insulating »narts because removal of the diaphragn

asusembly permitted readjustments to be made on the cell container



or electrolyte. The diaphragm insulation lasted for about
200 hours but leaked if too much back pressure was sxerted
on the fluorine line. This leak could be detected with an
ordinary gas burner since fluorine ignites hydrocarbon gases.
If the back pressure in the fluorine gencrator was too large,
the resulting depression of the liguid level in the anode
comnartuent below the holes in the diaphragm allowed mixing
of hydrogen and fluorine with a consequent explosion. It
can be seen, then, that the leak in the insulation would have
a safety valve action and no large back pressure could be
built up.

Since the experimental procedures in Ssction II
required a completely leak-proof system, a seal was later
developed for this purpose. The solid Xilfs was covered by
a layer of liguid de Xhotinsky. At the temperature of the
generator this baked to form a resistant film. Some flucrine
did react with the de Khotinsizy which necessitated renewal

every twenty hours of operation.

The Solid Sulphur Reuaction System

The fluorine purification train is shown in Figure J.
Eyvdrogen fluoride and carbon fluorides were removea by
passing the fluorine through a series of traps immersed in
ice and liquid air (C). The first trap (A) was made of copper
and attached to the generator by a 3/8" copper tube and a

series of couplings. asaccording to literature, this trap when

immersed in ice and water should have removed some of the



Figure 3

The First Reaction System
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HF (B.P. +19°C). Actually it was quite ineffective and was removed
for the runs in Section II (Fig. 8). A 3/8" diameter projection
from the copper trap then passed into the wide side arm of the
first glass trap for a distance of 3" or more. ‘[he joint at

B was made leak-proof with picene. The glass traps (C) were
imnersed in liquid air and did remove all the HF from the

fluorine stream but the first one had to be replaced periodically
because of HF action.

The fluorine then passed into a nmixing chamber (D)
which had a supplementary inlet used for the addition of.
nitrogen when needed. 7The nitrogen was dried by passage through
two CaCly towers and two HpSOy bubblers.

The mixing chamber was folliowed by the reaction
tube (E). The first reactor used was made of one inch diameter
copper tubing, 1/4" thick, 24" long, with copper plugs threaded
into the ends (Fig. 4). The inlet plug contained two »/8"
copper leads (A - rig.4) projecting a small distance into the
reactor, and a small copper tube (C - Fig.4) which projected
to within one inch of the outlet plug. The small tube was
closed at one end and served as a thermocouple well. ‘Lhe outlet
plug containea only one 5/8” copper lead (B - Fig.4). ''he
reactor was rirst cooled by an ice bath but was later proviaed
with a jacket through which a 50 per cent mixture of ethylene
glycol and water was circulated continuously by means of an
automobile water pump. ‘The cooling was achieved by passing
the ethylene glycol - water solution through a copper coil

(F - Fig.3) immersed in dry ice and acetone.



Figure 4

The Solid Sulphur Reaction Tube
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‘lhe temperature of the liquid in the Jjacket was
measured by & thermometer at D (Fig. 4). woJuring the reaction,
the temperature in any part of the reaction tube could be
followed by passing a copper-constantan thermocouple back and
tforth in ¢ (Fig. 4). another reaction tube of the same
design but 467 long and of l-7/8“ inside diameter was used
later.

The products of reaction were collected in glass
traps immersed in liquid air (J). 7The number of traps
required varied with the volume of nitrogen used in dailuting
the fluorine stream. If an insufificient nwmber oif traps
was used, some of the products were not condensed and were
therefore lost. Large tubes were used in the traps to minimize
plugging by solidified product. The body of the trap was
30 mm. in diameter and the side arm and inner tube 15 mm.
in diameter. ror 900 cc./min. nitrogen, at least four pairs
of traps in series were required to catch all the product.

The efficiency was satisfactory since mass balances on
sulphur were fairly good. The glass traps were connected
with double wall rubber tubing which was attacked only

slowly by fluorine and lower frluorides.

The First Sulphur Smoke Reaction System

The apparatus used to observe the reaction of
fluorine with sulphur smoke is shown in Figure 5. The smoke
was generated in a 500 cc. rlorence flask boiler (A) and

was carried out at C by a stream of nitrogen which entered



FPigure 5

The First Sulphur Smoke Apparatus
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at B, The nitrogen inlet was curved upward into a small

flange on the end of the outlet tube. The smoke passed through
a water jacket (D) whieh condensed any sulphur vapor carried
through by the nitrogen. It was then led into the reaction
tube B, and allowed to react with fluorine which entered at
another inlet. The products were condensed in glass trans

immersed in liquid air.

The Analysing System

The products of the reaction were analysed in the
apparatus shpwn in Figure 6. The 3Fg and SgFy1p were purified,
washed, and dried by passage through two caustic bubblers
(A & B), a water bubbler (C) and a sulphuric acid bubbler (E).
The caustic bubblers served to remove the lower fluorides.

An ordinary delivery tube was found to plug easily
in the first bubbler due to the formation of relatively
insoluble material. It was then wodified to include a large
delivery tube and a glass rod which was used to dislodge
the solid whenever any danger of plugging developed. ‘the
glass rod was held at the top of the delivery tube by a piece
of rubber pressure tubing which formed a gas-tight seal and
yet allowed freedom of movement. The fourth bubbler (D)
served as a trap to prevent mixing of HsS504 and the water -
caustic series if any suck-back occurred.

The SFg and SgF10 were condensed in the trap
F immersed in liquid air. The apparatus used to analyse

these gases was standard gas density equipment and consisted



Figure 6

The Analysing Systenm
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of four bulbs (H,J,K,L) for fractionation and storage, a
mercury manometer (M), a gas density bulb (G) which was
connected to the apparatus by a ground glass Jjoint, a o
litre voluue (S) and a Hy-vac pump. The side tube shown

on 5 was added at a later date and was not present for the
first series of runs. <The pressures were read by a cathe-
tometer mounted in front of the manometer, and temperatures

by & thermometer graduated to 0.1°9C.
Procedures and Hesults

Preliminary VWork

At the time the writer started work on this problen,
a number of experiments had already been carried out on the
reaction of fluorine and sulphur, which produced very little
SgF10. Mungen and Lossing attributed the failure to moisture
in the apparatus and in the materials (12). The first run
by Lossing and the writer was carried out under dry conditions
using 75 gm. solid KHF5; and 5 gm. sulphur and resulted in a
yield of 4 per cent by weight of SgFj1p of the gaseous mixture
of SgF1(p and SFg. Lilxtures of the same proportions of KF
and sulphur and NaF and sulphur gave yields of 10 per cent
by weight. The reaction and analysing system shown and
described above were then built. An experiment was done
using 5 gm. sulphur diluted with 75 gm. KF and 130 ce./min.
fluorine diluted with 300 cc./min. nitrogen and a yield of
24 per cent of 52F10 by weight of the gaseous mixture was

obtained.
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Fluorination of & Sulphur Smoke

The reaction of sulphur and fluorine is extremely
energetic and exothermic. The effect of using solid and
gaseous diluents for the sulphur and the tfluorine indicated
that heat dissipation at the point of reaction might account
for the increase in yields of 52F10. Other workers atiributed
the effect of the solid diluent to catalysis, since the diluents
used by Schneider and other workers were mainly crystalline
fluorides which had the same ionic lattice. It was thought,
then, that an increased yield using sulphur smoke would
disprove the catalysis theory. The apparatus described
A stream of 300 cc./min. of nitrogen was passed through
boiling sulphur and the vapors at the top of the boiler were
carried in the form of a smoke through the condenser (D)
and into the reactor (E). The reaction took place at the
sulphur smoke inlet. The rate of smoke production was not
constant and at times a faint blue luminescence was observed.
This indicated a higher momentary concentration of sulphur
smoke. About 9 per cent SgF1g by weight of the gaseous

products (SpFy and SFg)was obtained.

The First Series

Since the preliminary runs indicated that gooa
yields could be obtained by allowing fluorine to react with

solid sulphur under controlled conditions, it was decided
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to do a series of runs with this system in which the eifect
of variables on the yleld of SZFlO could be measured. 1This
work was assoclated with a demand by the National Research
Council for 60 gu. of S3Fyy for canister testing. In order
to speed production and results, Lossing and the writer were
joined by J.C. srnell, J. Davis, K. lungen ana a.P. Stuart
for this series of runs. ‘he work was done in three groups
of two in eight-hour shifts.

The four variables investigated included amount
of gaseous diluent, amount of solid diluent, temperature and
diameter of reaction tube. 'The reaction tube was tirst
cooled by ice and water, but this system was later replaced
by the cooling Jjacket shown in rigure 4. 3Since liaF was
easy to dry and gave as good yields of S5Fp @s any other
solid diluent employed up to that time, it was used through-
out. 7The finely divided state of the NaF permitted intimate
mixing with the sulphur.v

(a) Procedure:- The charge was maue up by weighing
out accurately 5 gm. of dry sulphur and mixing iv intimately
in a mortar with the desired amount ot NaF. 'Tfhe mixture was
then placed in the reaction tube with the charge distributed
as evenly as possible along the length of the tube. ‘ihe
reactor was weighed before and atter reaction, the difference
givingAthe amount of sulphur used. After the charged tube
had been weighed, the enas were screwed oh, and one of the

inlets attached to the gas mixing chamber (D - Fig.s) by a
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short length of rubber tubing. ‘the other inlet was closed off
and not used in this series. The outlet tube oi tie reactor was
connected to the product traps which were immersed in liquid air,
and the air removed from the system by blowing nitrogen through
for a few minutes.

The generator was turned on at 10 amperes, the
nitrogen set at the desired value and the time recorded. The
temperature at four different positions, evenly spaced along
the length of the reaction tube, was measured every half hour
by the thermocouple in the narrow copper tube (C - Fig.4).

The trapping system plugged occasionally during
the run due to solidification of the product in the upper
part of the trap. The obstruction was melted and removed by
momentarily lifting the trap out of the liquid air and warning
it by hand.

During the course of the reaction, a yellow ring,
probably sulphur, was often observed in the trap at the liquid
air level. This disappeared when excess fluorine was passed
through. No sulphur was deposited in any other part of the
trappiﬁg system so it seemed clear that decomposition of one
of the products was taking place. . This phenomenon will be
discussed later.

The reaction was allowed to proceed until the
temperature at the end of the tube had fallen either to room
temperature or to that of the cooling jacket. The generator

was then shut off, and the products remaining in the reaction
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tube carried into the liguid air trap Ly the nitrogen strean
while the reaction tube was heated up to 50°¢. This temperature
was above the boiling point of any of the products and probably
well below their decomposition points.

The traps were then detached from the reactor,
connected in series, and the products analysed in the system
shovn in Figure 6. One end of the series ot traps was Jjoined
to the first bubbler ., and the other end was fitted with a
piece of rubber tubing and a pinch clamp. <1he stopcock
between i and F was closed and the trap ¥ thoroughly evacuated
and then surrounded with liquid air. s was filled to atmospheric
pressure with air dried by passage through the H5S0, bubbler.
The two way stopcock above r was then opened to the atmosphere,
the pinch clamp at the end of the line of product traps
closed, and the traps lifted slowly out of the liguid air
surrounding them. The sawmple evaporated and was forced slowly
through the series of bubblers by its ovn vapor pressure.

The rate of bubbling was maintained at about 100 cc./min.

by controlling the evaporation. '1the lower fluorices were
completely destroyed by the NaOH but the SFg and S5pF;o passed
through unchanged, were dried by the HpS0, and recondensed in F.
The last traces of product were cqllected by drawing air through
the product traps and bubbler train by means of the Hy-vac

pump for about one half hour. This operation was later changed
in the following manner (Section II). The trap was immersed

in hot water and nitrogen instead of air passed through for
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1/2 to 1 hour. It was found that hot water hastened the
evaporation and so reduced the time necessary for complete
removal of the products.

The stopcock between & and F was then closeda and
trap r, the manifold and the small bulbs evacuated. ‘fhe
sample was transferred to bulb L by moving the liguid air
from F to L. If any residual pressure was observed on the
manometer, the system was again evacuated. ‘he gas density
was taken by expanding the sample into the manifold and large
bulbs, allowing it to stand for a little while, and then
filling the density bulb G. Since the volume of G was known,
the molecular weight was easily calculated from the appropriate
pressure, temperature and weight measurements. The gases
were recondensed into L if a fractionation was desired.

Relative proportions of STFg and SZFlO were deteriaiined
from the measured molecular weignt of the gas and a siumple
calculation yielded the weights of these gases present.

aAn inherent error in this method for determining
molecular weights was discovered at a later time. ‘ihis
error arose in the method of expansion of the gases, and
increased with larger amounts of SgF1p. Since SFg has a
much lower boiling point than SpFqn, the rirst fraction of
vapor contained a large proportion of 3¥g and the last
traction was almost pure SgFij. ©Decause of its high molecular
weight SgF10 would uiffuse slowly so that the manifold,

bulb L, and the lower nart of the large bulb would be relatively



- 43 -

rich in SgFjg. <Therefore, when the gas density Dbulb was filled
it did not contain a representative sample of the gas. 4as

a result all molecular weights done in this manner were too
high, and the error varied from run to run since difterent
lengthsof time were allowed for aiffusion before molecular
weights were taken.

The small bulb on S provided a method of eliminating
the error. ‘he sample which had condensed in L was again
evavorated into the manifold and large bulb, but was recond-
ensed in the small bulb attached to S. The stopcock on 5 was
closed and the sample expanded into the bulb. Four hours
were allowed for thorough mixing before molecular weights
were taken. The results obtained in this manner were always
consistent.

(b) The Lower Fluoride Analysist- The analysis

described above yielded the weight of sulphur that had reacted
to give SgF1p and 3Fg. In oraer to complete a mass balance
on sulphur it was necessary to aetermine the weight of sulphur
in the caustic bubblers. 1his was done in the following
manner.,

The lower fluorides reacted with NaOH to give
sulphite, sulphate and rluoride anions. It seemed simple
to oxidize the sulphite to sulphate and determine the sulphur
as BaS0, with BaClz. However, insoluble BaFg was precipitated
with the sulphate. A.A. Borkovskii and N.A. Porfir'ev (39)

at Zavodskaya Laboratories found that the addition of boric
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acid to fluoride ion resulted in the soluble complex ion

ml. of concentrated HCl and & gm. of B(OH)5 to a 1 gn. sample

and so prevented the precipvitation of BaF,. They added ¥

of NaF containing S04~ in 200 ml. of Hg0. The accuracy of the
deternination depended on the exact awmounts of HC1l and

B(0H), added.

)

The procedure found satisfactory and adopted here, then,
was as follows. The solutions from the first three bubblers were
made up to one litre. Two 50 ml. aliquots were taken, neutral-
ized with HC1l using phenolvhtalein as indicator, and 1 1al. HCL
added in excess. Five ml. of 30 per cent Hp0, was then added
and the solutions boiled for one half hour to destroy an excess
peroxide. This was necessary since pveroxide interferes with the
action of the boric acid. The solutions were diluted to ©00 wl.,
4 gm. of boric acid added, and the sulphate precipitated by 50
ml. of a 40 mg./ml. BaCl, solution. The sample was digested
overnight, filtered in a sintered glass crucible, washed with 10
ml. of water and 10 ml. of acetone, dried at 105°C and weighed.
The metiod was tested on a number of known solutions and found
accurate to 5. It was further substantiated by the mass
balances obtained on sulnhur.

(c) Resultst- The first 27 runs were rejected since the

molecular weirhts were obtained on unrepresentative samples (page 42,
All the others in this series are listed in Tarle III excent Those
rejected because of generator trouble or loss of some of the product.
Sonne runs with low mass balances point out other items of interest

and have been included. Tie temperatures listed in the "Tewp. of



TABLE III
Generator current = 10 amperes

Tube Sulphur

Run P Size Used Diluent Temp., % S as % S as % S as Lower Total
No. c.c./min. in. . NaF gm. Cu gm. of Run S3Fyq SFg Fluorides w S

28 300 1 4.65 50 T - 18.2 = 34.2 51.6 94.0
29 300 1 4,27 40 - 26,2 2.8 55,0 114.0
30 500 1 4,51 75 - 21.5 50,0 45,8 97 .5
31 400 1 4,81 75 - 20,0 20.8 59,5 100.%
38 300 1 4.69 75 - 15.2 25.7 61.1 100.0
39 200 1 4,72 75 - 12.5 28.0 50.7 91.0
40 100 1 4,95 75 - 12.6 35.8 44 % 92.7
41 0 1 4.84 75 -5 5,05 58,2 29.0 92,5
42 0 1 5.00 75 0 5.50 B8.2 25.% 62.0
45 100 1 5,00 75 00 15.7 18.% 61.8 95.8
44 200 1 4.90 75 0° 9,65 15,4 70,0 9.1
45 300 1 4,95 75 0° i7.5 11.1 63.1 91.7
48 400 1 4.68 75 -5 15.5 25.5 57.5 98,5
49 400 1 4,85 75 0 17.2 16.0 67 .5 100.5
50 300 1 4,97 75 0° 24,1 18.2 55.5 97 .6
51 500 1 4.90 75 o° 14.5 15.1 67 .8 97 .4
52 500 1 4,34 75 - 16.7 25.0 5845 95,0
54 200 1 4,81 75 0° 20.% 24,9 50,4 95.6
55 400 1 4,99 75 0° 18.8 18,1 64,7 101.6
56 200 1 5.00 75 - 19.9 35,1 49,5 104.4
57 200410SFg 1 4,86 75 - 10.7 29.2 55,9 - 95,8
58 100 1 4,80 20 12° 9.58  67.7 25,0 100.1
61 100 1 4,60 20 -200 22,7 51.5 4.5 88,7
62 100 1 5.00 20 -50° 18.2 $7.2 49,4 104.,9
63 100 1 5.00 20 -20° 21.7 26,6 47,9 96.2
64 100 1 5.21 20 -10° 18.9 27.0 51,2 97.1
65 100 1 5,05 20 0° 18.9 48.9 29.0 96.8
66 100 1 5.02 20 -250 22.6 9.45 65 .4 95.5
67 100 1 4,37 70 ~10° 26.8 26 .4 50.0 105.2
68 - 100 1-7/8 5.05 70 -10° 22.5 25,7 5545 101.7
69 100 1-7/8 4.88 20 -10° 22,6 20.1 5545 96.2
70 100 1-7/8 4,90 20 -15° 25.1 16.0 42.9 86 .4
71 100 1-7/8 5,00 70 -10° 28.6 25,9 48,5 101.0
72 100 1-7/8 4.8l 20 -10° 25.2 22.0 55,1 100.3
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Run™ column are those of the outside jacket. Vhere no temperature
is given, the reaction tube was not cooled, but left uncontrolled.
A typical set of data of this series is given below.

Run 50

Charge - 75 gm. NaF and 5 gm. sulphur

Nitrogen rate - 300 cc./min.

Reaction tube used -~ 1 inch diameter

Temperature of run - 0°C

Weight of sulphur used (by difference) - 4.97 gn.

Time started - 1:15 A.M.

Pogition
Time a1 2 3 4
1250 119 80 60 20
2:00 g® 10° 6° 50
2250 70 90 13° 70
3200 40 g° 20° 15°
3250 50 50 17° 180
4:00 o° o 4° 10°
4:30 00 0° o° 0°

Time stopped - 4:45 a4.M.

Analysis of products in gaseous mixture:

Pressure 144.9 mn,
Temperature 297.69 K.
Weight 0.7693 gm.

R WT = 119.8%¥x297.6x0.7693 = 159.2
VP 144,.9
*For convenience, the volume of the density bulb, the gas

constant X = 82,07, and the atmosphere denominator 760 were
compressed into the "bulb constant® 119.8.

Molecular weight =
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This corresponds to 40.04 of 82F10 by weight.

Veieht of S.F duced = 144.9 X 40.0 x 6.00 X 254 = 4,76 gnm,
Welght of SpFyo produ 760 x 100 X 0.062 % 297.6 &

1 3 :4.763_(642(100-2.1
Yield of SgF1g (on sulphur) AR 4.1%

Wei - 144.9 x 60.0 X 6.00 x 146 = 4.11 e,
elgnt of SFg produced = SRt I r "5 88 x 207.0 1l en

- pur) = 4.11 X 32 x 100 = 15,44
Yield of SFg (on sulphur) AR AT 18.2%

Weight of barium sulphate precipitate = 1.0025 gm.

+ a id 1phur :l.0025X20X32-_-5.G
Yield of lower fluorides (on sulphur) T3 5 ¢ 4%

Sulphur accounted for: 24.l1%
18.2
93.4

7 .7%

Although inconsistent, certain general facts were
indicated by the first series of runs. It was evident that
nitrogen dilution raised the yield of SzFlO, the gradient
being greatest at low nitrogen flows (ca. 100 cc./min.).

A lower Jacket temperature seesmed to increase the production
of lower fluorides and to decrease that of 5Fg. No consistent
change in SgF,; was observed. The larger rezction tube
increased the yield of SgF;g, lowered that of 3%y and did not
affect the lower fluorides to any noticeable extent. Replacing
Nal¥ by powdered copper, without changes in volume, generally
raised the yield of SpFy, by about 4 to 5 per cent. Since

SF6 has a higher heat capacity than nitrogen, a run was
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done in which some SFg was mixed with the nitrogen diluent
to improve heat dissipation (Run 57). This resulted in an
increuzse in lower fluorides and a decreased amount ot S5Fg
and S2F10' Although runs could not be duplicaved, the
general changes observed in this series formed the basis ror

the next set of runs.

The Second Series

The first series indicaved that if any accurate
trends were to be observed more care would be unecessary
to establish uniformity of technique and analysis. ‘he
procedure was therefore altered in the next series in an
attempt to reduce the inconsistencies.

(a) Procedure:- The uncontrolled manner of placing
the charge in the creaction tube in the first set of runs
led to an uneven distribution of the solias throughout
the tube. 3ince little was known about the efiect of such
irregularities a more satisfactory method of filiing the
tube was ceveloped. The charge was placed evenly in a metal
trough, which was then inserted into the reaction tube,
inverted, and removed.

The large weight and bulk of the reaction tubes
led to inaccuracies ana awkwardness in handling the charge
for weighing purposes. This was simplified and standardized
by reacting all the sulphur that had been weighed out
accurately at the start. To ensure this, fluorine was

allowed to flow through the system for one half hour after
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it had reached sufficient concentration at the end of the
product traps to ignite a burner.

''he procedure used in starting the run was altered
to maintain a constant tluorine concentration at the beginning
of each run. Before connecting the reaction tube to the
tluorine line, the generator was turned on, and the purification
train and mixing chamber flushed free of air with fluorine,
The reaction tube was then attached to the mixing chamber
and the time recorded as before. The final time was taken
when the fluorine reached full flow at the outlet,

(b) Resultss- The results of the second series
of runs are shown in lable IV. The yields on current were
obtained in the following manner. In run 78,if the genecrator
ran for 140 minutes at 10 amperes,

Amount of electricity = 10 x 60 x 140 = 84,000 coulombs.

If the generator were 100% efficient and all the
fluorine reacted to form SzFlo’ the theoretical amount of
SZFlO produced would bes

84,000 x 19 x 854 = 22,1 gm.
96,500 x 190

Actual amount produced = 4.93 gn.

Yield of SoF on current
2¥10 { ) 58.1

As mentioned before, in this and future tables

lower fluorides are represented as L.F.
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TABLE IV

Generator current = 10 amperes
Reaction tube = 1 inch diameter
Sulphur used = 5.00 gm.

Diluent Temp. » 82F10
Run N2 NaF cu of Run % Sulphur as Total on
No. cc./min, gm., _gm. o¢ S2F10 SFs L.F. % S Current
76 100 75 0 14.7 53.8 35.2 103.0 11.6
77 200 75 0 20.8 36.8 40.0 97 .6 16.9
78 300 75 0 24.8 23.8 53.6 102.2 22.2
79 400 75 0] 23.4 22.7 51l.8 97.9 21.0
80 Hun spoiled
81 100 75 =10 19.4 53.2 37.4 110.0
82 100 75 -20 14.9 47.8 4l.4 104.1 12.5
83 0 75 0 5.65 67.9 27.4 101.0 4.4
84 500 75 0 18.1 12.7 68,5 99.3 12.6
85 100 75 -30 18.1 42.6 46.7 107.4 15.1
86 Hun spoiled
87 Run spoiled
88 100 240 0 18.0 28,5 39.8 86.3
89 100 75 -10 20.1 46,5 &9.8 106.4 15.8
90 100 75 +20 18.1 51l.2 4.8 104.1 13.7
91 600 75 6] 23.4 14.9 69.8 109.2
92 100 75 -20 17.5 39.8 44.9 101.2
93 700 75 0 18.8 10.7 69.4 98.9
94 100 0 0 4.47 ©61l.6 83.7 99.8
95 600 75 0 17.5 12.1 70.5 100.1
96 800 75 0 20.8 10.4 735.5 104.7
o7 900 75 0 10.4 l2.8 72.0 95.2
98 Run spoiled
99 Hun spoiled
100 100 75 -10 10.7 29.3 58.9 98.9
101 100 75 10 8.92 45.2 52.7 106.8
102 100 75 30 10.9 53.7 40.0 104.6
103 100 75 20 11.6 36.7 957.2 105.5
104 100 75 10 13.2 40,2 ©95l.8 105.2
105 100 75 -20 13.7 48,8 36.8 99.3
106 100 75 ~10 10.9 40,1 55.0 106.0
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The results verified the trends found in the first
series but were much more consistent. With increasing flow
rates of nitrogen, the yields of lower fluorides increased
and those of SF6 decreased continuously up to 600 cc./min.
(Fig. 7). From 600 to 900 cec./min. very little further
change occurred in the yields of these two products. The
SsF1g increased up to a rate of 500 or 400 cc./min. and then
decreased. The gradient of the curve Ifron 500 to 900
cc./min. was in doubt since runs 95, 9o and 96 (solid line)
indicated that the SyF, yield fell and then rose again
vhereas run 97 pointed to a general decreass (dotted line).
The runs with rates greater than 600 cc./min. were in doubt
because flows of this magnitude produced a large back pressure
in the system with consequent leakage of fluorine at the
KHFy insulation in the generator. a4 similar nitrogen series
has been repeated by McLeod, Bishinsky and the writer (Section
III and IV) and it has been shown that the gradual decrease
was correct. However, the gradient of the curve in this
region as shown in Ffigure 7 (dotted line) was probably too
sharp.

The temperature effects were not clear and did
not give distinct trends as did the nitrogen dilution. The
most reliable results are collected in Table V and include

sone of the runs of the first series.



Figure 7

The First Results of the Effect of

Nitrogen Dilution
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LaBLE WV

Generator current

Reaction tub

Sulphur used

Charge
Nitrogen flo

e
5.0

W

10 awmperes
1 inch diameter

O gm.

Run Temp.of % Sulphur as
No. Run- 9C S2F10 SFg SF4
102 30 10.9 25.7 40.0
90 20 18.1 51.2 4.8
103 20 11.6 56.7 57.2
104 10 13.2 40.2 51.8
49 0 15.7 - -
76 0 14.7 55.8 35.2
89 -10 20,1 46.5 59.8
02 -20 17.5 59.8 4549
82 -20 14,9 47,8 4l.4
85 -30 18.1 42.6 46.7

75 gm. NaF and 5 gum.
100 cc./min.

Total

% s

104.6

104.1
105.5

105.2

105.0

110.0
106.4

101.2
104.,0

107 .4

sulphur

The only trend indicated was an increase in the

vield of SgF p &t lower temperatures.

The changes in SF6

and lower fluorides were lost in the general inconsistencies

of the results.

The effect of so0lid diluents is shown in Table VI,



TABLE VI

10 amperes
1l inch diametsr

Generator current
Reaction tube

Sulphur used 5.00 gn.

Nitrogen flow 100 cc./min.

Temperature 00¢C

Diluent

Run NaPF Cu % Sulphur as Total
No. gm, £, S2F10 SFe L.F. % 8
94 0 4 .47 61.6 35.7 99.8
63 20 18.9 48,9 29.0 96.8
76 75 14.7 33.8 35.2 105.0
67* 70 26.8 26.4 50.0 103.2
88 240 18.0 28.5 $59.8 86.3

Too few results were obtained here to observe any
trends whatsoever. It did seem, however, that increased
yvields with solid diluent were not due to catalytic action
since the crystal structures of copper and NaF were so
dissimilar. The role of these compounds was probably one
of heat dissipation since copper was a better diluent than

NaF.
Discussion

The unpredictable variations found throughout
this work were attributed in large measure to the iriegular
production of the rluorine generator. This would manifest
itself in the unusually large time required in some runs t0

react five grams of sulphur.

* Run 67 was mede at -10°C.
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The yields based on current are lower than those
based on sulphur since the generator was only 70 to 80 per
cent efficient and since a large amount of fluorine was blown
through the reaction tube unchanged. The best result on
sulphur was 28.6 per cent obtainea in run 71 with copper
diluent and 100 cc¢./min. nitrogen. Run 78 gave the highest
yield on fluorine, 22.2 per cent SpFyy being obtained. The
yields of S3F;p on reacted fluorine were much higher. The
following sample calculation on run 71 indicates the general
relationship.

Weight of SgF( produced = 5.069 gm.

Weight of Fg as SgFyg = 5-692§4190 = 4,25 gm,

Weight of STy produced = 5.44 gm.

Weight of Fy as S¥y = 5-44126114 = 4.25 gm.

aAssuning L.F., are SF,,

/ SF4 = 48.5, s0 weight of SFy = 22:2.X 3 = 2.42 gn.

Weight of Fz as SFy = 222X 70 = 1.70 en.

Total weight of fluorine reacted = 10.20 gm.

5 X 100 = <f
10.20 41.67

Therefore, yield of S2F10 = 4.5

A more complete analysis of the results has been
postponed until the ena of the thesis in order to present one
full discussion which includes all the results obtained in

SectionsI to IV.



Section II

Introduction

The results in Section I indicated clearly that
SgF1g could be produced in good yields by allowing fluorine
to react with so0lid sulphur. However, certain disadvantages
had arisen in using sulphur in the form of a solid bed. as
the fluorine reacted with the sulphur, the ratio of solid
diluent to sulvhur increased and so the concentration of
sulphur at any given time was not known.

Section I results also pointed to temperature
control as the most important factor in producing SZFlO'
the dissipation of heat from solid sulphur could notv be very
efficient,

The addition of the sulphur in the form of a sumoke
seemed a reasonable method of obviating these difficulties.
It had already been shown (Section I) that SyF1o could be
obtained from such a system. The rate of reaction could now
be controlled, and the relatively small particle size of
sulphur and large volumes of nitrogen would ensure adequate

heat dissipation.
Apparatus and ‘lechniques

The Reaction system

The reaction rate was regulated by variation of

the sulvhur smoke concentration and the rate of fluorine flow.
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'l'his involved the introduction of a Venturi-type flowmeter
wnich, in turn, made many other changes necessary.

The fluorine entered at 4 (Fig. 8) and was again
purified by passage througn two liquid air traps (C). =
vacuum pump was necessary at the end of the reaction train
to araw rluowrine through the capillary in the flowmeter
which used concentrated HgS04 as the liquid. ‘'his suction
was especially necessary when the back pressure in the system
was increased by large flows of nitrogen. Since only part
of the gas flow was used, a HyS0, bubbler (D) was introduced
to vent any excess fluorine. A positive pressure was
maintained at all times in the apparatus before the flow-
meter and was measured on a sulphuric acid manometer (B).

The fluorine passed tarough the flowmeter and into
a mixing chamber (F) with supplementary inlets for other
gaseous diluents. The reaction tube (G) showh in the figure
was the first of a long succession of designs used in this
study and represents the same reactor used for the work in
Section I. This reactor was later replaced by a glass tube
of the same dimensions without a cooling jacket and with a
thermocouple well through the centre of the tube. This
allowed visual observation of the inside of the tube and
measurerent of the teuperature at the point of reaction. The
inlets were designed to ensure as thorough mixing as possible
of the sulphur and fluorine at the point of reaction. Since

the reaction only took place in the first few inches of the



Figure 8

The Modified Reaction System
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long tube, the glass reactor was redesigned into a wore
convenient unit. The reactor shown in Figure 9 was typical
of all future tubes usedfor the sulphur sﬁoke. Fluorine
entered the one inch diameter tube at B, the sulphur smoke
at & and the products were removed at C. It was found that
if only one fluorine inlet was used, the reaction tended to
be localized at that point and a large percentage of the
sulphur settled out on the other side of the tube. ‘he
fluorine stream was therefore made to enter the reactor at
two inlets vhich were flanged in order to ensure a wide
reaction area. A thermocouple in D measured the teumperature
at any point in the tube. This reaction tube was 6 to 8"
long and could be immersed in a dewar and thermostated.

Other modifications of this type were also employed.
In one design, the tube contained a glass coil through which
Prestone could be circulated continuously for cooling purposes.
The reactor shown in rigure 9 was later filled with copper
turnings to increase the heat conduction from the reaction
zone to a constant temperature bath or vice versa. Finally,
a copper reaction tube Tilled with copper filings was
employed. |

The products were first condensed in the same set
of traps used in the Section I series of runs (H). However,
the use of a large number ofitraps, dewars, and lengths of
rubber tubing was found inconvenient and sometimes involved

the reaction of fluorine with rubber. A trap was developed



Figure 9

The Smoke Reaction Tube
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by C. Bishinsky which required only one large liguid alr dewar
and was efficient at least up to 900 cc./min. of nitrogen.
This trap consisted of a set of vertical glass tubes of
progressively diminishing diameters, joined alternately at

top and bottom. The gases first passed through two 7" lengths
of tubing of 13" diameter, then 4 lengths of $/4", and finally
2 lengths of 1/2"., The large diameters were used to ensure
both trapping efficiency and satety from plugging by the
product. Actually, solidification of the product at one point
sometimes effectively plugged the trap. Numerous modifications
of this system have since been devised including traps with
short horizontal rather than vertical lengths., All were
designed to fit into large liquid air dewars of s3" diaumeter.

The vacuum pump at the end of this reaction system
necessitated the introduction of some protection behind the
trap to keep tluorine from the Hy-vac pump. The bubbler
shown in Figure 8 {(J) was not introduced until the next
series of runs (Section III). Instead, the fluorine was
passed through two parallel tubes containing NapCO03. 'Lhe
introduction of appropriate stopcocks before and atfter the
tubes made it possible to recharge the carbonate in one tube
while the other was used in the system.

The NepCOyx was found satisfactory and a minimuu
amount of fluorine reached the pump. Passing the fluorine
through NaCl and then liquid air to remove the Cls worked
equally well. & charcoal trap, not shown on the figure, was

always placed immediately before the pump for further protection.
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Sulphur Smoke apparatus

A reproducible sulphur smoke was formed in the
apparatus shown in rigure 10 by passing nitrogen over sulphur
kept at constant temperature. A metered stream of dry
nitrogen was introduced at A and passed through a 1 cm.
spark produced by an ordinary spavrk coil. The spark forumed
nitrogen ions which turnished nuclei about which the vapor
could condense thus yielding stable smoke particles and a
100 per cent increase in concentration.

The nitrogen then passed into the sulphur boiler (B)
which was heated electrically and insulated by asbestos
cement. The temperature was kept constant within * 20¢ and
measured by a 360°C thermometer.

The nitrogen and sulphur were heated until they
reached the air condenser . The temperature in the outlet
was Xept at about 50°C above that of the boiler and was
also measured by thermometer. The more unstable portion of
the smoke and any sulphur vapor settled out in the condenser
which was removable and was connected to the generatof by a
ground glass Jjoint. ‘I‘he smoke finally issued at D.

The concentration of the sulphur smoke was measurea
by pyrolysis oi the sulphur to 350g and absorption of the
S0g in an iodine - starch solution. 4 standardized iodine
solution was used and the time taken for the disappearance

of the characteristic blue color. Siuple calculation ylelded



Figure 10

The Sulphur Smoke Generator
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the concentration of the sulphur smoke.

The smoke entered at E and Og was added at F. The
ratio of nitrogen to oxygen found suitable was 2/1, the
oxidation neither being incomplete or excessive with this
volume of oxygen. The gaseous mixture was pyrolysed in a guartz
tube (G) kept at red heat and was then passed through the
bubblers J. It was found that when only one bubbler was used
and connected to the system, & back pressure was introduced
initially which altered the nitrogen rate and disturbed the
equilibrium in the sulphur generator. Two bubblers were there-~
fore used and handled in the following menner. s given smoke
was pyrolysed and passed through the two way stopcock into a
water bubbler., The starch - iodine solution was added to the
second bubbler which contained the same amount of liquid and
same diameter inlet tube. The stopcock was turned gquickly to
the iodine bubbler, and the time taken. The manometer (H)
read the fluctuations in vressure. The final time was given
by the disappearance of the characteristic blue color. The
color changes were quite distinct and the accuracy good.

The concentration was varied by altering either the nitrogen
or the temperature of the boiler or both,and fairly con-
centrated and stable smokes could be obtained down to 500
cc./min. of nitrogen. The following teble (Table VII)
indicates the general conditions required for various sulphur
concentrations. The deposit was found by weighing the
condenser before and after a run and the vapor pressure was

obtained from the Chemical Rubber Handbook.
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TABLE VII
Sulphur Smoke Concentrations
Sulphur
Vapor Nitrogen

Temp. Pressure Hate Deposit Smoke Total Theoretical
0C Imm. cec./min, gm./hour gm./hour gm./hour gm./hour

200 2.1 300 0.23 0.12 0.35 0.25

600 0.31 0.22 0.53 0.50

900 0.36 0.55 0.71 0.74

210 b1 300 0.52 0.15 0.47 0.36

600 0.43 0.59 0.78 0.72

900 0.53 0.54 1.07 1.09

220 4.4 500 0.5 0.20 0.73 0.52

600 0.73 0.47 1.20 1.04

900 0.74 0.75 1.49 1.55

The Analysis Systen

The analysis system was essentially the same as that
used in Section I and shown in Figure 6. Modifications were
introduced only to increase the convenience and rapidity of
analyses. The water bubbler was found unnecessary and removed.
A duplicate of the gas density part of the apparatus was set
. up and the two halves separated by a stopcock. This enabled
the handling of two sauples at the same timé. The manometers
were altered and constant volume types introduced.

The amount of gaseous product remaining after
lower fluoride removal varied widely from run to run. In
order to allow samples of large enough weights and pressures
to be taken, a series of bulbs was added which were similar
to bulb 8 but of cavacity ranging from one half to 5 litres.

These changes ensured a higher degree of accuracy

and ease in handling of the products.
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Procedure

The Reaction System

The procedures used in section I had to be altered
to accommodate the changes made in the reaction system. 'The
fluorine generator was turned on, and the system flushed
free of air by passing fluorine through the train up to the
flowmeter and out through the H2304 vent (D - Fig.8).

At the start of a run, the smoke apparatus and the
fluorine train were both connected to the reaction tube.
Since the nitrogen tended to introduce a large back pressure,
the manometer first indicated a large negative value which
was quickly compensated by inereasing the suction.

The suction was controlled by careful adjustment
of a pinch clawp placed immediately before the Hy-~vac pump.
The nitrogen and suction were then manipulated simultaneously
throughout the run so that the fluorine and nitrogen rates
were kept at the reguired values.

''he time was recorded when the reactor was fiurst
connected to the sulnhur snoke generator and the fluorine
line. an excess of rluorine passing through the reaction
system was quickly indicated at the carbonate tube which was
sensitive to small awounts of fluorine and heatea up quickly.
A plug was sometimes observed in the product trap and was
removed by lowering the liguid air and warming the spot where
the s0lid had blocked the glass tube. The reaction was run

until ¥ - 4 gm. of sulphur had been fluorinated. The
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temperature at the point of reaction was observed throughout.

The sulphur smoke generator was tihen detached and
the fluorine generator and suction turned off. ‘The gases
remaining in the reaction tube were passed into the liguid air
trap by means of a nitrogen stream with the reaction tube

kept at 30°C,

Analysis

The vproducts were then analysed, as described in
Section I, only a few changes being made in the procedure.
After passage through the bubblers, the gases which had
condensed in F (Figure 6) were formerly analysed by a single
vapor density umeasureument (Sectionm I). The weight of Sg2F10
calculated by this method was checked occasionally by separation
and difect weighing. 1lolecular weight determinations on the
residual gas samples indicated the presence of a third coumponent
of molecular weight less than 146. This was more emphatically
illustrated during the sulphur smoke runs when molecular weights
of the "SFg" fraction were constantly low.

Because of the similarity in properties of this
low molecular weight compound and SFg, a separation was not
feasible in the simple apparatus shown in the figure. A pure
sample could therefore not be obtained tor a molecular weight
determination. The following method was euwployed in order
to obtain an approximate measure of the molecular weight.

A sample of SFg (b) and the unknown compound (a)
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was obtained by careful fractionation from SgF10 , and a
gas density taken on this sample. 7The following equation

applied to any such mixture

P-Pb.Ma « Eb . Mp =g

—r T
where P = total pressure observed
Py = partial pressure of the SFg
M, = molecular welght of unknown
compound
Mp = molecular weight of SFg
It = liolecular welght measured on

SFg + unknown
A sample of pure 5Fy was then added to the first
mixture and the molecular weight measured again. The equation
then became

Py - (Pp + Py) Pb + Px -

where P; = new total pressure observed
P, = partial pressure of the added
SFg
new molecular weight measured
on SFg + unknown

My,

This gave two equations, and solution for the two
unknowns (Pp and Ma) yielded the molecular weight of the unknown
compound. The average value obtained was 105. The only
known fluorides or oxyfluorides in this region were SF4
(M.W. - 108), SiF, (M.W. - 104) and S05Fy (M.its = 102), Since
the first two would be removed by the caustic bubblers, the
unknown compound was tentatively identified as SO2Fg. The

oxyfluoride was only slightly soluble in 10 per cent caustic
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and had other properties similar to the compound described
in the literature (cf. Historical - SOgFs). Since the vapor
pressure curves of SO0,F, and SFg parallel each other fairly
closely, it becawe obvious, then, why a simple fractionation
was not possible.

Further substantiation was obtained at a later date.
Since it was reported that S0pFo was destroyed by alcoholic
NaOH, a run in which a definite amount of S0gFs was to Dbe
expected was passed through two ceaustic and then an alcoholic
NaOH bubbler. The molecular weight of the residual gas sample,
with SpF) o rewoved, showed only the presence of SFg. This
further confirmed the claius made, unless the coupound was not
302F2 but was also destroyed by alcoholic NaOH. It is interesting
to note that during this operation a large percentage of the
S5F o is also decomposed by the alcoholic NaOH.

assuning the presence of 30F;, the analysis
proceeded as follows. The total sample was condensed into one
of the small bulbs (H,J,K or L - Fig.6) and surrounded by a
dry ice - acetone mixture (-80°C). Since the vapor pressure
of SgF1o is only 2 mm. at this temperature, only the SFg gpg
S0,Fy evaporated appreciably. ‘The latter gases were condensed
in liquid air and the separation continueda until the vapor
pressure above the sample was reduced to 2 mm. It was found
that two successive fractionations were enough to recover
all the SgFyp. Vhen pure, the SpF;o was a white solid which

melted near -80°C., The SgFjo was then weighed and a vapor
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density taken on the other fraction. Simple calculation

ylelded the weights of SFy and 502Fo,

Lower Fluorlde Analysis

During this period, the analysis for sulphur in
the lower fluorides was further modified and greater accuracy
achieved. The precipitations were carried out at PH 1 to
1.5 in hot solutions and digested for one half hour while
hot. The precipitate was filtered next day through Gooch
crucibles rather than sintered glass. They were then washed
with hot water and dried for one hour at 140°C,

At this time it was thought necessary to obtain an
insight into the composition of the lower fluorides. Since
all these fluorides either decompose or react with glass,
separation by fractional distillation was not teasible. The
weight of sulphur found from the analyses described above was
of little use in itself. However a knowledge of the mole
ratio of fluorine to sulphur in the caustic bubblers would give
an approximate indication of the compounds involved., for
instance, a ratio of 4/1 would indicate the presence of SF4, and
a ratio of 1/1, SgF5. Any given mixture ot these two would
yield an intermediate ratio. This, of course, assumed the
existence of only two lower fluorides in the bubblers and
would be complicated if more than two were present. It was
planned to measure the effects of variables on the F/S ratio
and so obtain general trends in the lower fluorides.

Various methods of analysis for the F ion were
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therefore attemnted, most of them unsuccesstul because of the
presence of sulphate ion and NaOH. A satisfactory procedure
was finally developed by L.A. McLeod using PbCls to precipitate
both the sulphate and the iluoride ions.
aAfter dilution of the bubbler solutions to one
litre, two suitable aliquots were taken, Hp0p was added as
before and the solutions boiled to destroy the excess peroxide,
They were then made acid to methyl red and alkaline to methyl
orange by adding HC1l to the alkaline solution. The solutions
were heated to boiling and a large excess of PbCly was added
dropwise. The combined precipitate of PbClF and PbS04; was
allowed to digest overnight and filtered on Gooch crucibles.,
The precipitate was washed several times with saturated PbClF,
once with cold water, dried for one hour at 150°C and weighed.
Since the weight of sulphur was known from the
BaS0O4 analysis, the weight of tluorine could readily be
calculated. Analyses with known solutions of »7, S04~ and
305= ions were accurate within 2 per cent. Recent evidence,
however, indicates that the ratios of F/S found up to the
present time have probably been incorrect, the error increasing
with smaller amounts of lower fluorides in the products.
It has been shown that, NaCl, formed by the NaOH and HCl in
the solutions, increases the solubility of PbS0Og. Since a
standard volume of caustic was usually used in the bubblers,
the excess NaCl in the solutions would assume greater importance
as the weight or PbSO4 decreased, Investigations, using a

method of analysis which involves the conversion of rluoride
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ion to 3iF, and consequent absorption in Hg0 and titration,
has confirmed these trends. Errors have been found as high

asgs 30 per cent on the fluorine analysed.
Results

The first set of runs with the sulphur smoke were
of little value since both the new reaction systen and the
sulphur smoke génerator were in the experimental stage and did
not perform consistently. xHuns 1 to 303 were therefore all
discarded. Runs ¥1 to 633 were done in the large glass reactor
similar to the copper reactor (Fig. 4) and described above
(Apparatus - Section II)., SO0yFs was first identified arter
run 4635 and subsequent runs all took cognizance of its presence.
The yields of SpF g up to this time may all have been in
error to varying extents.

The remainder of the sulphur smoke runs were carried
out in various types of small reactors (c¢f. apparatus). ‘Ihe
results are tabulated in Table VIII and the experiments done
with different reactors under different conditions are
separated into groups for convenience., Many runs have had %o
be discarded and excluded from the table. A4 leak would
sometimes develop before the reaction tube and air would be
drawn in, nullifying the results. It was found that at very .
cold outside Jjacket temperatures, in the reaction tubes
filled with copper filings, sulphur would tend to precipitate

rapidly at the inlet, and either the reaction tube would plug,
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or the sulphur concentration would be too low, or both., These
runs were usually not analysed and are therefore not shown.

The "Temperature" column indicates the highest
temperature shown by the thermocouple at the point of reaction
and not that of the outside temperature Jjacket or dewar. Those
runs which were not thermostated will be pointed out in the
discussion that follows the table.

All runs were done at a flow rate of 900 cc./min.
of nitrogen through the sulphur smoke apparatus. The yields
were calculated on the sulphur reacted as measured by the

analysis of the products.

A typical set of data for this series is shown below;

Run 853.

Fluorine flow = 60 cec./min.

Nitrogen flow = 900 cc./min.
Temperature of sulphur boiler = 228°C
Concentration of smoke = 1,07 gm.éhour
Highest temperature measured = 90YC
Time = 2 hours

Weight 9gF by weighing = 0.7790 gm.
Molecular weight on residual gas sample?
Pressure = 214.1 mm.
Temperature = 298,5%K
Total volume = 1633 cc.

L 121.0 x 298.5 x 0.7795
Molecular weight = 141

151.5
This corresponds to 67.0 per cent SFg and 33 per cent
S02F2 by weight.
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67.0 x 214.1 x 1.605 x 146
100 x 760 x 0.0821 X 298.5

Therefore, weight of SFg

1084 gm.

$3.0 X 214.1 x 1.633 x 102
100 x 760 x 00,0821 x 298.5

and weight of SO5Fs

0.632 gm,

Analysis of lower fluoridess:

Weight BaSO4/litre = 11.86 gm.

Wieight PbClF + PbS0O,/litre = 51,60 gm.
Weight Pb304/litre = 308 X 21.80 = 15.42 gn.
.*. weight PbClF/litre = 56,18 gm.

22 X 11.86 = 1,628 2om,
233.1 &

Moles sulphur as L.F. iégéé = 0.0509

Weight sulphur as L.F.

19 x 56.18 = 2,580 g,

Weight fluorine as L.F.= 56T

Moles fluorine as L.F. = 2:980 & 0,1360

19
F/S ratio = 0.1360 = 2,67
0.0509
Weight sulphur as lower fluocorides = 1,628 gm.,
Weight sulph SF, = 52 X 1.84 = 0.40
Nelg sulphur as 6 136 5]
Weight sulphur as SgFyg = 84 ng47790 = 0,195
Weight sulphur as SO0gFg = 92 fog'ﬁsz = 0,198
Total weight sulphur reacted = 2.426 gm.

Per cent sulphur as

Lower fluorides = 687.1%

SFq = 16.6

S2F10 = 8.0

SOgFZ = 8¢3

|

Total =100. 0%



Fluorine
Run Rate
No. cc./min.
Group 1
313 90
323 60
363 40
333 30
358 15
Group 2
565 60
508 30
525 15
Group 3
598 60
603 60
61S 60
578 10 - 15
623 10 - 15
653 10 - 15
Group 4
683 60
74S 60
673 60
695 60
703 60
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Sulphur
Conc.
gm.(hour

l.o7
1.07
1.07
1.07
1.07

0.25
o. 25
0.25
0.45
0.25
0.25

1.07
1.07
1.07
1.07
1.07

TABLE VIII

Sulphur Smoke Hesults

Nitrogen rate = 900 cc./min.

Sulphur
Temp. Reacted
o¢ g,

150 4,27
120 4.80
95 4,05
75 Sedd
55 2.90
65 2.06
75 3659
55 2,91
50 1.62
125 4.40
200 1.14
50 1.21
200 l.44
510 1.47
207 2.96
100 1.84
140 5.12
250 2454
400 2.09

% Yield on Sulphur
SpF10 SOzFy

SFg

29.8
55.a
17.3
10.2
21.0

-
X O®
(3L B |

oONHFHNOI
o - ) [ ] L
upLoOOO

GG

F/S

Ratio

2.19
2.20
2.0
2.56
2.86

2.46
2449
2.46

2057
2.72
$5.06
2el4
1.92
5.19
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TABLE VIII (continued)

Fluorine Sulphur Sulphur

Run Rate Conc. Temp. Reacted % Yield on Sulphur F/8
No. cc./min. gu. /hour o¢ g, L.F. SFs SgFp S02F2 Ratio
Group S

805 30 1.07 20 1.51 71.4

77S 45 1,07 20 2.21 69.9

765 60 1.07 20 2.28 67.6

79S 75 1.07 20 2.19 5749

78S 90 1.07 20 2.11 5l.4

Group 6

85 60 1.07 90 2.43 67.1

913 60 1.07 85 2.21 67.0

863 60 1.07 200 1.71 48,0

873 60 1.07 300 1.73 38.8

883 60 1,07 400 0.99 37 .8
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Discussion

Although many of the trends were not distinct, the
results are discussed here in a gualitative manner. s£s in
Section I, an analytical treatment has been postponed until
the General Discussion.

The first group of runs (Group 1), in the long
glass reactor, represent the changes observed when the tluorine
rate 1s varied at a constant sulphur smoke concentration.

Lower fluorine rates resulted in an increase in the yield of
lower trluorides, a decline in SFg, and, in general, an increase
in SpF . This same variation was repeated in thes same reaction
tube using half the concentration of sulphur smoke (Group 2).
Duplicate trends were observed in the SF6 and lower tluorides
but the SBFlO yields were not consistent, the amount falling

off sharply at 15 cc./min. fluorine (Run 525). Io temperature
control was attemptea in all the above runs so that the

effects observed could not be attributed solely to the t'luorine
variationse.

In Group ¥, the sulphur concentiation was halved
again (% egm./hour), and the temperature varied attwo aifferent
fluorine rates. The reactor was heated electrically by
nichrome wiring wound around the outside of the tube and
controlled so that the desired temperature was still obtained
in the thermocouple well. In both instances, an increase in

temperature led to an increase in SFq and a decrease in lower
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fluorides and SgF,,5. The changes in 9pF;( were small, however,
relative to the changes in SFg and lower fluorides. This
indicated that macroscopic temperature effects might not be
an important factor in SgF;(g production.

The small reactor containing the glass coil in the
inside of the tube was used for the Group 4 series of runs,
For the lower temperature the reactor was cooled by circulating
cold Prestone through the coil. Nichrome wiring was used for
heating purposes. &t constant fluorine and sulphur concentrations,
the increase in temperature resulted in distinct trends up to
250°C, similar to those observed in Group 4. Two explanations
can be offered for the sharp breaks observed in run 705. At
higher temperatures fluorine attacks glass to give SiF4 and
sulphur oxyfluorides which would be absorbed by the bubblers
and show up as lower fluorides. 4&l1ll the fluorine could there-
fore have appeared as lower fluorides rather than SFy or
32F10° The sharp jump in the F/S ratio would tend to substantiate
thigs. The claim of Lioissan and Lebeau (13) that hot sulphur
vapor and SF6 react in hot glass to give lower fluorides may
be another plausible explanation although Simons (14) has
disputed this work (¢f. Historical - SF6).

The Group 5 runs were done with the reactor shown
in Figure 9 but filled with copper turnings. &n increase in
fluorine at constant temperature and sulphur concentration
resulted in the same trends observed in Group 1, namely, an

increase in SF6 and decrease in lower fluorides and SzFlO’
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The trends in SgFyy were again not as distinct as the other
two.

Since it was thought that the results of teuperature
variation tfound in the glass reactor were obscured by the
possible reaction of glass and fluorine at higher temperatures,
this series was repeated using & copper reactor of the szame
design as that shown in Figure 9 and filled with copper turnings
(Group 6). The general increase in SFg and decline in lower
fluorides and ST was again observed up to 300°C. Since the
decomposition temperature of SgFy4 lies in the region of 250 -
BOOOC, the reason for the SsFy decrease at high temperatures
was obvious. Numerous factors could account for the sharp
decrease in SF6 at 400°C in run 883. The small change in
lower fluorides would indicate that not much deconmposition of
SFg to lower fluorides had occurred. However, the high
temperature at which this run was done resulted in a nuber
of changes in the reaction conditions themselves. The rubber
connections to the copper reactor were hot and could have
reacted to give carbon fluorides. If these fluorides did not
react with NaOH, a swmall amount in the gas density system,
could decrease the molecular welight significantly and give
false values for the weight of SF6 and S05F5. It was also
found that copper reacted with both fluorine and sulphur at
this temperature, so that the concentration of the variables
could not be ascertained. The result i1s really of little

significance since the general trends are indicaved up to 500°C.
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In all this work no attempt was made to draw
positive conclusions from the results of one run. The trends
were not distinet and could not be evaluated in their proper
perspective until verified later with far greater accuracy
by the runs discussed in Section IV,

The fluorine - sulphur ratio has not been mentioned
significantly in this discussion since it is believed that the
inaccuracies in the fluorine analysis completely prevent

any positive conclusions tc be dravnm.



Section IIIL

Introduction

With the development of the new reaction and analysis
system used in the sulphur smoke experiments, it was now
possible to investigate a wide range of conditions with greater
accuracy. Although inconsistencies were often observed, the
yields of SgF(p were generally of the order of 5 to 10 per
cent on sulphur. This was low compared with the amounts of
S5F1 g obtained vhen fluorine was allowed to react with a solid
bed of sulphur. Further research with the smoke might have
given a clearer insight into the mechanism of the sulphur -
fluorine reaction, but the low yields were undesirable from a
commercial viewpoint. It was therefore decided to forego
theoretical investigation with the sulphur dispersion and
re-examine the solid system using the new technigues and
apparatus.

It has been shown in Section I that the sulphur
concentration in a solid bed could be varied by .addition of
solid diluent. The rate of reaction could now be controlled
further by the variation in fluorine flow. Since useof
suction eliminated back pressures, the nitrogen changes could
be reinvestigated without limit and the effect of larger
dilutions determined more accurately (c¢f. nitrogen dilution -
Section I).

As has been mentioned, research up to this time
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indicated that production of large amounts of SpFqy required
the use of nitrogen diluent. 7This method ot preparation

was not feasible on a commercial scale because of the
difficulties involved in handling a gas like nitiogen which
was so dift'icult to condense. 4 search was therefore uade
for a higher boiling gas, inert to fluorine, which would
replace nitirogen. bDichlorotetrairluorethane {sold under the
trade name "Freon 114" by Kinetic Chemicals Ltd.) which boils
at 4°C was thought to rill these requirements. Since all
previous work indicated that the diluents exerted a thermal
effect, Freon had the further advantage otf higher heat capacity
compared to anitrogen. Less gaseous diluent would therefore

be required to produce comparable increases in the yields of
S 0

Apparatus and Technigues

Only slight changes were made in the apparatus
described in Section IXI. Since a method of analysis for
fluoride in the caustic bubblers had been developed, and since
the fluorine could be metered accurately, it was now possible
to tollow the fluorine as well as the sulphur balancef This
necessitated complete reaction of any fluorine that entered
the reaction tube.

The charge was made up as betore but 10 rather than
5 gm., of sulphur was used. If only & to 4 gm. was reacted,

an excess of sulphur was ensured, and if the nitrogen dilutions
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were not too great, the fluorine did not pass the sulphur
bed unchanged. The 1™ reactor was again employed in this
work but it was filled in a ditrferent manner. The solids
were now distributed evenly in a copper trough which was then
inserted into the reaction tube. Lhe amount of sulphur used
was found by weighing the boat before and after reaction,

It was found that if nitrogen dilutions were used,
some fluorine did pass through the reaction tube. A KI
bubbler (J - Fig.8) was therefore introduced after the product
trap to absorb the unchanged fluorine. Titration, with
standard a4S,04,0f the iodine formed yielded the weight of
fluorine. Since the bubbler served to remove any excess
fluorine before the gases reached the Hy-vac pump, the carbonate

tubes were removed for all consequent experiments.
Results and Discussion

The First Series of Experiments

No results were obtained with Freon. Several
attempted experiments with varying dilutions were unsuccessiul
since an explosion always occurred befoie enough products could
be collected for analysis. These explosions took place even
if sulphur was not present and indicated that the ¥reon -
fluorine mixture was responsible. Since later work showed
the presence of oxygen in the fluorine stream, it was possible
that the reactions were initiaved by the impurity and that
the pure gases would not explode. No other work has since been

done in this direction.
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Following the unsuccessful attempts with Freon, it
was decided to re-examine the nitrogen dilution and to
investigate the effects of other variables. The results are
shown in ''able IX. UNo rluorine balances were obtainea until
run 10a when the XI bubbler was tirst installed.

Runs 6 to 13A and 16A show the variation in yields
with increased nitrogen dilutions (Fig. 11). The yields
and trends observed followed the same general behaviour found
by Lossing and the writer in Section I (c¢f. Table IV and Fig. 7).
The SFq yields decreased and the lower fluorides increased,
and then both levelled off sharply, whereas that of SgFyg
passed through a maximum. At first glance it might appear
that the gradient of the SZFlO curve was again in doubt beyond
the maximum value. However, closer examination of the results
indicate that the SgF,y yield in run 9A was probably incorrect.
Although the values of SF6 and lower fluorides were duplicable
at these higher flow rates of nitrogen, the amounts of both
these products were inconsistent with the general trends. The
SgF g curve has therefore not been drawn through this point
(9A) and a gradual decline in yield has been shown at nitrogen
dilutions greater than 800 cc./min. Further justification
for this representation will become evident later in both the
experimental results and discussion.

An attempt was also made to examine the effects of
solid diluent, temperature, and fluorine rate, in the absence

of nitrogen. Although no trends were observed, these



TABLE IX

Series A

Weight sulphur in charge = 10 gm.

wt. Sulphur
Run Fluorine ©Nitrogen NaF Temp. Reacted 7% Yield on Sulphur % Yield on Fluorine F/3
No. cc./min. ce./min. gm, _OC gm, L.F, SFg S2F10 S0gF2 L.F. SFs BSgF10 SO02F2 Ratio
104 90 0 30 0 $.28 23.4 54.5 13.2 8.9 8.5 72.9 14.6 4.0 1.66
64 90 300 50 0 4.84 43,5 31.5 18.0 7.1 2.43
11A 90 450 50 (¢ 4,12 58.9 17.4 19.4 4.4 4¢3.,1 24.6 22.8 2.1 5,12
7A 90 600 50 0 4,68 537.3 13.6 22.4 6.7 2.73
12A g0 750 50 0 4.23 65.0 8.9 22.9 363 46.,0 12,5 21,0 1.6 3,00
84 20 900 50 0 3.93 66.0 9.0 17.0 8.0 S .47
164 90 900 50 0 3.36 69.0 8.7 17.9 4,6 46.,1 10.5 18.1 1.8 $.30
9A 90 1200 50 0 3464 67.9 10.9 14.2 7.0 5.86
13a 90 1500 50 0 4.40 74.8 9.9 17.3 2.0 42,9 7.3 18.0 0.8 2,83
144 30 o] 50 0 2.23 36.4 3l.4 17.3 1l4.8 24.4 46.6 21.6 73 2.73
18A 45 0 50 0 5.58 42.8 30.0 11l.9 15.4 22.1 51.7 17.3 9.0 1.80
254 45 0 50 0 1.96 32.2 38.2 14.8 14.8 21.6 54.0 17.6 6.9 2.86
154 60 0] 50 0] 4.96 24,3 42.6 22.4 10,7 16.1 55.0 24.2 4.6 5.08
304 60 0 50 0 3.15 22.6 55.5 10.8 1l1l.2 10.6 72.4 11l.5 4.8 2.37
364 60 0 50 0 341l 4.1 58.4 6.8 10.9 14.2 74.0 7.2 4.6 2.82
174 75 0 50 0 5.20 41.0 31.2 5.4 22.5 2,60
244 75 0 50 0 4,19 30.4 60,2 4.1 5.5 2l.4 72.5 4.1 1.9 3.51
104 90 0 50 0 3.28 23.4 54,5 1l3.2 8.9 8.5 72,9 14.6 4,0 1.66
274 60 0 0 0 3.52 28.1 55.7 2.3 13.9 16.6 74.5 2.7 6e3 5446
26A 60 0 25 0 3.70 31.7 49.4 4.1 14,9 19.3 69.1 4.7 6.9 2.69
234 60 0 100 0 5.94 46.0 28.2 7.4 19.5 32.5 47.0 10.3 10.2 2.55
344 60 0 50 <20 2.94 18.4 64.4 9.9 7.8 10.2 76.8 10.0 Se2 2.78
324 60 0 50 50 2,94 19.1 64.3 4.8 1l1l.¢ 10.6 79.8 4.9 4.9 2,68
384 60 0 510] 75 2.97 12.1 70.4 5.7 11.8 5.8 84.2 5.5 4.6 2.28




Figure 11

The Effect of Nitrogen Dilution in

Series A and B
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experimental results have been included in the table and

show the wide variations encountered in this system,

Effect of Oxygen

These inconsistencies persisted even though apparently
identical reaction conditions were maintained. A careful
review of all the data was therefore made in an attempt to
find an explanation for the variable results.

It was noticed, especially in the smoke runs, that
even when trends were sometimes obtained with lower fluorides
and SFg, the fluctuations of SyFy persisted. These in-
consistencies could either be due to errors in the analysis
of the products or to lack of reproduction of reaction
conditions. & review of the analytical procedures showed
that the variations were too large to be accounted tor in
this manner.

However, a possible source of error did exist in
the reaction system. A rough analysis had shown the presence
of some impurity in the fluorine stream. kioreover, in neacly
all the runs in Sections II and III, SO02Fs had been found
in the products. It was observed that a rough correlation
existed between the amount of SOgF2 produced and the yield

of 52F Although no trends were noticed in either of these

10°
two products, an increase in the amount of S05F; was usually

accompanied by a decrease in 5,F5 yield. This was particularly
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evident when a leak had occurced before the reaction tube
and ailr was drawn into the reaction zone. These runs would
invariably require repetition because of low SgF,, yields.
Since the inconsistencies persisted with a leak-proof system,
a variable amount of some impurity, probably oxygen, in
the fluorine stream was suspected as the source of the trouble.
Analysis of the fluorine showed the presence of
approximately 45 per cent oxygen, although later work indicates
thaﬁ this value was probably too high. The analysis was
carried out in a gas analysis system, the fluorine being
determined by absorption in KI and the oxygen by absorption
in pyrogallol. Fluorine samples which gave 70 to 80 per
cent fluorine and over 20 per cent oxXygen with this system
have been found to contain more than 95 per cent fluorine
by an analysis with mercury. However, it is known that
oxygen was undoubtedly presentlsince the percentage of
fluorine was comparatively low, and for other reasons vhich
will become evident later.
To show that the formation of SgFjg was being
inhibited by oxygen, a series of experiments were carried
out in which known amounts of oxygen were added to the

fluorine stream (Table X).
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TABLE X

Effect of Oxygen

Fluorine rate = 60 cc./min.
Weight of NaF diluent = 50 gm.
Temperature = 00¢

Oxygen ,
Run Nitrogen added % Yield on Sulphur F/5
No. cc./min. c¢c¢./min. L.F. SFe S2F10 S02F2 Ratio
36A 0 0 4.0 58.4 6.8 10.9 2.82
38A 0 10 46.4 3544 1.5 18.8 2.15
394 0 18 52,0 26.4 1.8 19.9 2046
404 0 30 54,9 2l.4 2.6 21.1 24581
414 300 10 72 .6 14.3 8.2 4.8 2.26

The results are illustrated graphiéally in Figure 12.
As anticipated, it can be seen that increased oxygen led to
a sharp increase in SO0pFs accompanied by a corresponding
decréase in yield of 32F10' Both curves levelled off at the
same point. 1t is also interesting to note the changes in
the other two products. The production of 5F, was inhibited
as much as the SgF,4, and the yield of lower fluorides in-
creased rapidly. It seemed, then, that the presence of
oxygen increased the yield of lower fluorides at the expense
of the SFg. This increase in lower fluoride yield could have
been due to the formation of another oxyfluoride which was
absorbed in the caustic bﬁbblers.

an attempt was also made to determine the effect
of oxygen in the presence of nitrogen. If runs 6 and 4la
are compared, it can be seen that 10 cc./min. of oxygen in
the presence of ©00 cec./min. nitrogen did not arffect the

yield of SOgF, but the lower fluorides increased markedly.



Figure 12

The Effect of Oxygen
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Since the yields of SFy and SgFig both decreased, it seemed
again that the amounts of these compounds were associated
with the yields of S0pF; and some compound in the lower fluorides,
presumably SOFs.

It is also interesting to compare runs 38 and 4la
in which the effect of 300 cc./min. nitrogen in the presence
of 10 cec./min. oxygen is shown. The increase of SgFq was
not as rapid as usual but a change from Z to 8 per cent was
observed. It would seem, therefore, that although oxygen did
exert some poisoning action, its effect was not as critical
as before. If the volume of oxygen originally present in the
fluorine stream was not too large, this would explain to some
extent the relatively consistent trends found in the presence
of nitrogen. This is particularly true at higher nitrogen
dilutions where the same volume of oxygen is even less signi-
ficant. These experiments will be discussed in greater detail
in the general theoretical discussion.

4 careful review of the apparatus showed that the
only source of oxygen which could not be eliuinated readily
was in the fluorine. It was therefore decided to replace
this cell with one which would produce as pure fluorine as

possible,



Section IV

Introduction

The sensitivity of the reaction to oxygen and the
critical effect of oxygen on the yield of SgF1o indicated
the necessity of obtaining a source of pure fluorine. This
need was further demonstrated by the results of run 15A where
22.4 per cent SZFlo was found. Although only an isolated
experiment, this run showed the potentially large amounts of
SgF1p that could be produced with this system even in the
absence of gaseous dilution.

During this time, the Electrochemistry Department
at Toronto University had successfully constructed a low
temperature generator which produced fluorine of approximately
95 per cent purity (9). This equipment was transferred to
MeGill and incorsporated into the set-up by Dr. Burt-Gerrans
and Mr. C.W. lMacKinnon., With this new cell, it was hoped that
large yields could now be obtained under commnercial conditions.
Since nitrogen dilution was not suitable for large scale
production most of the trends were investigated in the absence

of any gaseous diluent.

Apparatus and Techniques

The Second Fluorine Generator

The apparatus was essentially the same as that used
in Section III with the exception of the new fluorine cell.

This generator and its auxiliary parts are shown in Figure 13.



Figure 13

The Second Fluorine Generator
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It consisted of a graphite pot (B), 5" in diameter, 9" long
and 1/2" thickness, surrounded by a black iron cylinder (4)
flanged at the top. The graphite and iron were machined to
make a close fit and the former served as the anode. A
sheet nickel diaphragm (C) was supported by a ring cover
which was bolted to the pot flange at J. A gauze (D) was

| attached to the diaphragm as shown and consisted of a single
layer of 35 mesh 0.010" monel wire, bound on with No. 24
nickel wire., This gauze supported a sheet nickel bottom.

The combined cathode (F) and hydrogen outlet (G)
was supported by another iron ring which was bolted to the
first. To provide an outlet for the hydrogen, the iron pipe
cathode was vented at the top as shown. The rings were insulated
from each other and from the pot by asbestos paper gaskets (K).
Insulation for the bolts consisted of fibre bushings and
washers. The first ring supported a thermometer well not
showvn in the tigure. The second ring supported the fluorine
outlet E and the plug H which could be removed for sampling
of the electrolyte. An auxiliary line in G, not shown in the
diagram, allowed tor the addition of HF.

Blectrical connection was made to the anode and
cathode by copper strivs welded to the iron flange and to the
hydrogen outlet respectively. IFor cooling at the higher
electrolysing currents, the pot was provided with a jacket
through which o0il could be circulated. This jacket was

surrounded by a nichrome wire heater threaded vertically in
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the channels of the inside layer of standard corrugated
asbestos insulation. The bottom of the cell rested on 1/2"
asbestos mill board.

The electrolyte, about 10 tc 12 lbs. of KHFs was
dried by radiant heat at 140°C before addition to the cell.
The composition of the melt was maintained close to KF,

1.8 HF. This was accomplished by following the melting point
and adding HF whenever the measurement indicated a low HF
content. To obtain a melting point, H was removed and a
copper-plated, copper - constantan thermocouple, fitted with
a plug assembly for a four prong radio socket, was dipped into
the electrolyte for a moment. It was quickly withdrawn and
carried a drop of the electrolyte which was allowed to
solidify. The thermocouple was then mounted in the plug so
that electrical connection was made to a galvanometer. The
assembly was gently heated by a Nichrome heater and the
galvanometer reading taken when the electrolyte became molten
and dropped off the thermocouple Jjunction. The mole ratio

was read directly from the galvanometer reading on a calibra-
tion chart prepared from Cady's data (5). The method had
been checked by direct analysis of the melt composition and
was accurate for mole ratios between 1.0 and 1.8 (9).

The anode compartment of the cell was provided with
a mercury manometer T which was set fto operate a warning
bell when the differential pressure between the anode and the

cathode chambers reached 5 mm. of mercury.
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The fluorine and hydrogen passed from the generator
through 1/2" stream line copper pipes into a water-cooled
condenser L. A CaClg drying tower to prevent the entrance of
moist air was attached to the hydrogen outlet (M). Since the
vapor nressure of HF was still high at the temperature of the
condenser, a U-tube packed with dry NaF pellets was connected
to the fluorine outlet., This removed all the HF from the
fluorine stream. The condenser and the U-tube were connected
to the line by unions which were readily reumovable and
equipped with rubber washers. Replacement of the NaF was
necessary approximately every 100 hours of operation. From P,
the fluorine entered the apparatus shown in Figure 8, and
the copper was connected with glass by de Khotinsky cement.

vThe outlets at S and R were employed for saupling
and current efficiency determinations and were closed off by
globe valves when not in use. A simple apvaratus and technique
was developed for the analysis of the fluorine stream. 4
glass sample tube of approximately 100 ce. volume, provided
with stopcocks at both ends, was connected with S and the
valve opened. The tube was flushed free of air and a sauple
taken by passing fluorine through for 10 to 15 minutes with
the generator operating at approximately 10 amperes. The
stopcocks were closed and the tube, whose volume had been
measured accurately, was weighed. The stopcocks were handled
so that the contents of the tube were at atmospheric pressure.

approximately 5 ml. of mercury was added and the tube and its
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contents shaken until complete reaction had taken place.

It was then weighed again and allowed to fill to atmospheric
pressure with water. A4 final weighing was then made and
simple calculation yielded the total wvolume of uercury and
water which had replaced the fluorine. Knowing the volume

of the bulb, the purity of the fluorine could then be found.
All analyses with fluorine from the new generator showed umore
than 95 per cent purity. It should be mentioned that with
this method any water soluble material would be absorbed and
the values obtained would be high.,

Current efficiencies were umeasured by drawing the
fluorine from R through a concentrated solution of KI and
titrating the liberated iodine., The gas was diluted with a
large volume of air which entered at S. In this way, all the
fluorine passed through the KI scrubber. The runs were
usually done with the generator operating at 10 amperes for
10 minutes while the XI was vigorously stirred to ensure
complete reaction. Current efficiencies were usually of the

order of 90 per cent.

The Reactors

Although most of the experiments were done with
the 1" reéction tube shown in Figure 4, some runs were later
carried out in a 4" reactor. This tube was closed at one end
with a copper plate which carried a 3/8" inlet. The other
end was provided with a standard iron pipe cap which threaded

on to the reactor and seated on a flange which had been
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soldered to the outside of the reaction tube. an outlet tube
of 3/8" copper pipe passed through the center of the cap and
a rubber gasket provided an air-tight seal between the cap
and the flange. The reactor was thermostated by soldering it
into a container in which water could be maintained at any

desired temperature.
Procedure

The only modifications in procedure were to ensure
the absence of leaks and oxygen in the system. All seals
before the reactor were made with de Khotinsky cement. If
no nitrogen diluent was used, the rate of bubbler formation
in the KI bubbler (J - Fig.8) decreased continuously as the
nitrogen in the reactor was displaced by products. If the
system was leak-proof this rate fell off to 1 to % cc./min.

The absence of colour in the bubvler indicated that no fluorine

was passing the reaction tube unchanged,
Results

The influence of six variables on the solid sulphur -
fluorine reaction was investiaged.

1. Rate of fluorine flow

2., Amount of NaF diluent

3. Amount of gaseous diluent

4. Temperature

9. Copper diluent

6. Size of reaction tube



- 99 -

The data obtained are shown in Tables XI to XVIII
at the end of this section and are represented graphically
in Figures 14 to 18.

Although yields on both fluorine and sulphur have
been calculated, and included in the tables, the fluorine
trends have not been shown in some of the figures. It will
be seen (Tables XI and XII) that the yields based on fluorine
do not differ to any marked extent from those calculated on
sulphur. They are included since fluorine costs are important
from a production viewpoint. The discussion of results will
be concerned with the yields on sulphur unless otherwise
stated.

A complete analysis of the results is again postponed

to the general discussion.

Bffect of Fluorine vVariation

The effect of the rate of fluorine flow is shown
in Table XI and Figure l4. The yield of SgFip rose sharply
as the rate of fluorine flow was decreased, and reached a
maximum yield of $0.7 per cent at a fluorine rate of 7.5
cc./min. This change was accompanied by a decrease in the
yield of SFg. The inflection in the SgF1g at 15 cc./min.
of fluorine pointed to a limiting yield of approximately 31

per cent at very low fluorine rates.

Effect of NaF Diluent

The effect of diluting 10 gm. of sulphur with
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varying amounts of NaF is shown in Table XII and Figure 15.
Addition of NaF first resulted in a marked increase in Sp5Fq
but seewmed to approach a limiting value. The trend was not
followed any further since a physical limit on the amount of
NaF which could be added was determined by the size of the
reaction tube. Corresponding with this change in the amounts
of SgFy(p, there was a continuous decrease in the yield of 3Fg

and a slow increase in lower fluorides.

Effect of Nitrogen Dilution

Table XIII shows the effect of nitrogen dilution in
the absence of any solid diluent at a fluorine rate of 90
cc./min. {solid line - Fig.ll). The same trends were observed
as in other gaseous diluent investigations (c¢f. Figs. 7 and 11),
but the maximum yield of'SQFlo was slightly lower than that
obtained when NaF was present.

The series of experiments shown in Table XIV and
Figures 16 and 17 represent an attenpt to increase the yield
above 20 per cent, the maximum obtained at low fluorine rates.,
Nitrogen in varying amounts was added to 15 cc./min. of
fluorine, and the temperature was varied at the high nitrogen
flow rate. A sharp decrease in SgFig to 21 per cent was
observed with increased gaseous diluent. On warming the

reaction vessel, the yield rose again to 26 per cent.

Effect of Temperature

The temperature effects were investigated at fluorine
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flow rates of 15, v0, 60 and 90 cc./min. (Table XV and Fig.18).
The yields of lower fluorides decreased and those of SFg
increased with a rise in the temperature which confirmed the
trends suspected in Section I. The amounts of SZFlO fell

off above 35°C, and although only two values were determined
at -40°C, the trends of Figure 18 indicated that the best

yield at this temperature would be less than 30.7 per cent.

At all temperatures, the yield of SpF;y was higher at the

lower fluorine rates. It is interesting %o note the maximum

yvield at different temperatures

Temperature Max. Yield of 32F10
00C 30.7
450C 25.0
850C 22.5

Ixperiments with Copper Diluent

Experiments in Section I indicated that copper might
serve as a better diluent than NaF., Tables XVI and XVII show
sormie of the results obtained using copper powder under different
conditions. Although yields as high as 28.6 per cent SgFig
were obtained, further investigation was abandoned when the
diluent was found to be a mixture of copper, copper sulphide,
and copper fluoride, with the latter two increasing propor-
tionally from run to run. This made it iwmpossible to obtain
a constant composition of fthe solid diluent and reproducible
results., In addition no check on the sulphur balance was

possible.
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Effect of Size of Reaction Tube

To determine whether the results could be duplicated
on a larger scale, a series of experiments was done in the 4"
reactor (Table XVIII). An attempt was made to simulate the
conditions for maximum yield in the small reactor. The flow
rate of fluorine was 120 cc./min. and this space velocity
would correspond to 7.5 cc./min. in the 1" reaction tube.
The first set of runs was inconsistent and gave low yields
of SZFlO’ Since the large reactor had been installed when
the weather was very humid, and since Mungen and Lossing (12)
had indicated that moisture had a deleterious effect on the
production of SzFlo, it was suspected that incomplete drying
of the reaction system and reactants was responsible. after
run 86B, precautions were taken to exclude moisture and the
yields in the 4" reactor were comparable to those obtained in
the small reactor, as shown below
Size
Size of of

Run Reactor Fluorine Temp. S/NaF Charge 7% Yield on Sulphur
No. in. cc.,/min. ©°C Ratio gem. L.F. SFg BS2F10 S02F2

16B 1 7.5 0 10/50 60 25.2 39.0 30,7 4.8
88B 4 120 0O 10/50 1500 21.2 50.7 26.2 1.9

Mole Ratio of Fluorine to Sulphur

As mentioned previously, F/S ratios were determined
in the caustic bubblers to obtain some insight into the
composition of the lower fluorides. although the values are
included in the tables, it is evident that no trends are

indicated and that no conclusions can be drawn from the results.
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In addition to the inaccuracies in the analyses for fluoride
ion at low concentrations (cf. Section II), slight reaction
of the lower fluorides with the glass of the product trap and
with the inlet tube of the first bubbler was observed. J3ince
reaction with glass is known to produce oxyfluorides, and
fluosilicates which may remain on the glass walls, it was
evident that this would result in a further error in the F/S
ratio.

The investigation of the oxygen effect indicated
that the addition of oxygen resulted in larger amounts of
lower fluorides, and it was suspected that the rapid increase
was due to the increased production of the oxyfluoride SOFs.
This change would predominate in the lower fluorides and a
trend in F/S towards the value of 2/1 should have been observed.
However, as shown in Table X, the values were inconsistent and
hence no trend was indicated,

Finally, the possible presence of compounds like
80Fz, SiF, etec. in the bubblers showed that the F/S ratio would
be an average of many different types of molecules.

No confidence could therefore be placed in the ratio
obtained, and the values have not been discussed in this

thesise.
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TABLE XTI

Effect of Fluorine Variation

Weight sulphur in charge = 10 gm.
Nitrogen rate = O cec./min.
Heaction tube = 1 inch diameter
Temperature = 00C

: Wt. Sulphur Iluorine
Run Fluorine ©NaF Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/s
No. cc./min. gm. gm. L.F. 8Fg SsFi0 SOgF2 g£m. L.F. SFg 352F10 SO02F2 Ratio
16B 7.5 50 3.74 25.2 39.0 30.7 4,8 10.84 18.2 48,1 31l.6 1.9 3.52
14B 15 ’ 50 2.89 26,6 40.0 29.93 4406 8.18 16.9 50.4 30.9 2.0 ©.00
4B 30 50 4,12 21.4 50.1 22.6 6.1 11.51 l4.3 59.0 24.1 2.4 3.17
3B 45 30 4404 19.3 56.2 17.2 763 11.91 11.7 ©68.1 17.4 2,9 3.01
7B 60 50 4,03 18.8 62.6 12.8 5.3 12.13 10.2 74.2 12.6 2.3 2,94
11B 60 50 4,31 12.4 58.5 16.3 5.8 1o.11 11.4 68,5 15.9 4.2 3.01
128 90 50 3.61 10.6 178.7 8.3 2.4 12.21 8.8 83.1 7.2 0.8 4,72
5B 135 50 2.96 16,0 78.3 2.8 2.8 9.78 11.8 84.6 246 1.1 4,10
TABLE XIT
Effect of NaF Variation
Weight sulphur in charge = 10 gm.
Nitrogen rate = O cc./min.
Reaction tube = 1 inch diameter
LTemperature = 00C
Wt. Sulphur Fluorine
Run Fluorine NaF Reacted % Yield on Sulphur Reacted % Yield on rluorine F/s
No. cc./min., gm. g, L.F. SFg SgF10 S02Fs _ gu. L.F. SFg SpFy10 SO5F, Ratio
23B 90 0 S.62 6.6 90.4 1.5 l.4 12,35 3.9 94,3 l.4 0.5 3.38
218 90 25 3.4l 7.6 84.2 8.2 0.0 11.60 4.9 87.9 7.1 0.0 35.63
12B 90 50 S3.61 10.6 78.7 8.3 2ed 12.21 8.8 83.1 7.2 0.8 4,72
228 90 100 3432 9.0 77.0 9.4 44D 10.71 4.5 85.2 8.7 1.7 2,59
30B 90 100 3.63 10.4 77.3 10.5 1.9 12.35 5.6 B84.6 9.2 0.1 3.07
25B 90 125 S5.61 11.9 67.8 17.2 Sed 11.46 6.5 76,2 16.1 1.2 5.09
36B 90 125 4,11 11.7 68.3 17.4 2.6 13.12 6.6 76.1 16.2 1.0 35.04
40B 90 150 3,66 14.9 64.8 14.9 0.8 11.11 7.4 75.9 14.5 2.2 2.54
448 80 240 3.75 17.1 62.2 15.7 5.0 11.31 9.5 73.%5 15.5 1.9 2.77
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TABLE XITT

Effect of Nitrogen Dilution in Series B

Weight sulphur in charge = 10 gm.

Weight of solid diluent = 0 gnm.

Reaction tube = 1 inch diameter

Fluorine rate = 90 cc./min.

Sulphur Fluorine
Run Nitrogen Temp. Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/s
No. c¢e./min. ©C gm. L.F. SFg S2F10 SO02Fy gn. L.F. SFe SzF10 SO02F2 Ratio
23B 0 0 5.62 6.6 90.4 1.5 l.4 12.35 3.9 94.3 1.4 0.5 9.38
538 300 0 4,01 22.4 67.5 1l0.2 0.0 12.18 10.7 79.5 10.0 0.0 245
56B 500 0 3.89 56.4 50.5 11.8 1.3 11.00 25 ¢4 65.5 12.4 0.9 3.06
658 600 0 4,15 37 o4 48,9 13.4 1.0 11.75 24.8 60.5 1l4.1 0.4 3.17
57B 700 0 4,08 0.4 26,1 23.0 0.6 11.70 35.4 40,7 23.6 0.3 3.4l
598 200 ¢] 4,37 64.4 16.6 18.4 0.8 10.54 52.5 24.4 22.6 0.4 S.52
TABLE XIV
Effect of Nitrogen and Temperature at a Low Fluorine Rate

Weight sulphui in charge = 10 gm.

Weight of NaF diluent = 50 gum.

Reaction tube = 1 inch diameter

Fluorine rate = 15 cc./min.

Sulphur Fluorine

Run Nitrogen Temp. Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/S
No. c¢c./min, ©C g, L.F., SFg S2Fi0 SO02F:  enm. L.F. SFp S2F10 S02F2 Ratio
14B 0 0 2.89 26.6 40,0 29,3 4,6 8.13 16.9 50.4 30.9 2.0 $.00
31B 25 0 5.86 46,8 24.4 28.1 0.7 10,59 ¥5.8 $2.4 8l.2 0.3 3.46
28B 100 0 5.77 70.1 7.1 20.8 1.4 7.81 56.9 13.2 29.8 0.8 313
51B 100 45 3454 46,0 25.9 26.1 1.3 8.26 26.4 59.6 835.9 0.7 2.22
52B 100 85 S 034 32.4 41,0 25.1 1.6 8.73 16.8 54,2 28,5 0.7 2.28
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TABLE XV

Effect of Temperature Variation

Weight sulphur in charge = 10 gm.
Weight of NaF diluent = 50 gm.
Nitrogen rate = O cc./min.
Heaction tube = 1 inch diameter

Sulphur ¥luorine

sun fluorine Temp. Reacted 7 Yield on Sulphur Reacted % Yield on Fluorine ¥/8
No. cec./min. ©C gnm, L.F. SFg SpF10 SOgFy £, L.F. SFe S2F10 SO0z2F2 Ratio
61B 15 ~40 2.54 64.3 9.6 18.7 7.5 5.93 57.9 14.7 238.7 5.8 3.55
14B 15 0 2.87 26,6 40.0 29,3 4.6 8,13 16.9 50.4 30.9 2.0 35.00
54B 15 45 2,76 8.9 62.8 25.8 4.6 8.61 4,0 71.6 22.6 1.7 2.35
58B 15 45 2.38 8,9 62.4 24.5 4.2 7 +48 4,6 70.7 23.2 1.5 2.74
558 15 85 2.75 5.1 68.6 21.9 4.4 8.82 1,9 76.2 20.3 1.6 2.04
62B 30 -40 S.44 33.8 47,9 15.0 3.5 9.99 24,6 58.7 15.3 1.4 35.58
66B 30 -40 3.63 3349 40.7 19.4 6.1 10.15 25.0 51.8 20.6 2.6 5.48
4B 30 0 4,12 21.4 50.1 22.6 6.1 11.31 14,3 59.0 24.0 2.4 3.17
478 30 45 3.79 9.8 64.7 23,9 1.6 11.79 2.6 74.0 22.8 0.6 1.39
49B 30 90 3.75 73 70,1 19.3 .1 11.85 1.5 79.1 18.2 1.2 1.11
7B 60 0 4,03 18.8 62.6 12.8 5.9 12.13 10,9 74.2 12,6 2.3 2,94
11B 60 0 4,31 19.4 58.5 16.3 5.8 13.11 11.4 68,5 15.9 4.2 5.01
45B 60 45 3.05 10.4 68.2 14.8 6.9 9.35 4,2 80.1 13.3 245 2.06
4638 60 85 3.45 5.6 84.1 8.0 2.2

12B 90 0] 3.61 10.6 78.7 8.3 2.4 12,21 8.8 83.1 7.2 0.8 4,72
48B 90 45 3.48 8.4 82,3 5.0 3.9 11.17 2.5 90.8 5.1 l.4 1.59
30B 90 80 3.56 8.0 86,9 2.0 Sed 11.58 1.9 95.2 1.8 1.2 1.52
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TABLE XVI

Effect of Lopper Variation

Weight sulphur in charge = 10 gm.,
Nitrogen rate = 0 cc./min.
Reaction tube = 1 inch diameter
Temperature = Q0°C

Wt. Sulphur Fluorine
Run Fluorine Cu Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/s
No. cc./min. gm. gm. L.F. SFe S2F10 S02F:2 gm. L.F. SFg 82F10 S02F2 Ratio
258 90 0 3.62 6.6 90.4 1.5 l.4 12.85 3.9 94,3 1.4 0.5 3.38
26B 90 25 3.83 8,7 68.2 20.2 3.1 12.30 4,6 75.6 18.7 1.1 2 .84
278 Q90 50 349 18.3 60.2 17.2 4.2 10.48 9.7 71.6 17.1 1.7 2467
3438 g0 100 3.76 17.1 6l.4 17.7 3¢9 11.45 949 71.7 17.3 1.5 2.86
248 20 200 S5 57.0 33.6 5.6 3.9 7.91 37.0 53.5 7.5 2.0 .45
TABLE XVII
Effect of Fluorine Variation in the Presence of Copper Diluent
Weight sulphur in charge = 10 gu,
Nitrogen rate = 0 cc./min.
Reaction tube = 1 inch diameter
Temperature = 00C
Wte Sulphur Fluorine
Run Fluorine Cu Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/S
No. cc./min, gm. gm, L.¥. SFg SgFy1o SO0oFp gm. L.F. SFg S2F10 SO02F8 Ratio
$3B 15 25 5.23 26,1 46,0 24.2 346 9.57 19.1 55.2 24.2 1.5 S.67
358 30 25 4,12 1¢.1 49,7 28,6 2.8 12,96 12.2 99.7 26,9 1.1 3.40
328 60 a5 5495 15.4 63.2 19.2 2.3 12.52 10,3 70.8 17.9 0.9 5497
26B g0 a5 3483 8.7 68.2 20.2 3.1 12.30 4,6 75.6 18.7 1.1 2.84




TABLE XVIII

Experiments with Large Reaction Tube

Reaction tube = 4 inch diameter

Nitrogen rate = O cc./min.
Temperature = 0°C

% Yield on @ulphur
SFg  SgF10 SO0F2

Sulphur

Run Fluorine Reacted

No. c¢c./min. S/NaF gm, L.F.
73B 150 10/0 4,59 32.2
78B 30 10/50 3.48 53.2
79B 120 10/50 4.81 41.3
70B 150 10/100 4,71 56.0
76B 150 10/100 4.27 30.7
69B 150 10/200 4,17 22.6
68B 150 10/300 3467 39.2
758 150 10/300 4,06 39.0
74B 150 10/500 44,30 31l.1
77B 30 10/500 4437 52.5
858 120 1000/0 34043 72.3
81B 120 300/1500 5.24 46.8
86B 120 1000/0 4,09 37 .8
87B 120 1000/0 4439 3444
89B 120 500/1300  4.87 43 .3
88B 120 300/1500 4.35 21.2
90B 120 210/1590 4.50 38.4
94B 120 90/1710  6.07 8.7

49.1

. 30.5

39 .6
41.9
47 .8
45.1
3343
08.9
48.8
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g L.F,. 3Fg SgFi1g 80979
12.91 23.2 62.1 39
8.3 3762 495.7 1.7
12.73 29.3 D3.4 27
12.85 24.9 54.5 2.4
12.38 19.8 58.7 0.5
11.05 1%3.1 60.4 6.6
12.83 21.8 59.8 349
10.89 27 .0 51.7 1.9
12.21 21.2 6l1l.1 1.5
9.92 $3.8 4£7.6 2.0
10.2% 72.8 22.5 2.5
13,39 29.6 07,9 1.1
10.99 25.5 98.7 2.6
12.29 23.8 D9.6 2.8
12.28 30.2 53.1 349
14,20 13.7 59.8 0.8
12.71 30.6 5l.2 2.7
19,55 5.3 69.2 0.7

r/8
Ratio

5.40
2.82
54195
5.18
5.76
2.60
5.28
S.12
3.10
2‘46
2.77
2.72

5.06
3.26
2.70
3.31
5.80
5435
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Figure 17

The Effect of Temperature in the
Presencé of Nitrogen at a

Low Fluorine Rate
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DISCUSSION

Throughout the course of this work, it has been
evident that the mechanism of the reaction of fluorine and
sulphur could not be elucidated by the ordinary kinetic methods.
The situation was complicated by the essentially dynamic nature
of the system, the variety and number of products, and the
difficulties attendant upon the isolation and identification
of the lower fluorides.

However, temperature control at the point of reaction
has been shown to be the most important factor in determining
the yields of the various productse.

ith this in mind, and from the general facts arising
out of the experimental work in Section IV, an hypothesis has
been developed which furnishes a reasonable explanation for
the trends which have been observed with the many variables,
Although it is not claimed that this hypothesis is the only
one wvhich can be shown to fit the experimental data, it is
believed that any other theory wbuld necessitate more assunptions

than will be needed here,

As mentioned before, the reaction between fluorine and
sulphur is extrenely energetic and exothermic. although it
is knovmn that the heat developed when pure sulphur is used is
enouzh to melt the solid, there is no evidence that such &
physical change occurs when the reaction is carried out under
controlled conditions. In the discussion which follows, the

reaction is therefore assumed to take place on the surface of
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a solid rhombic sulphur crystal,

Mark and Wigner have shown that such a crystal
consists of an interlocked lattice of sulphur atoms in which
a space cell contains 128 units (40). Each crystal would
present for reaction a surface of sulphur atoms linked to
each other and to other units in the body of the solid.

The reaction may therefore be assumed to occur in
the following manner. Fluorine molecules or atoms will collide
with the surface lattice of atoms, adsorb momentarily and react,
The energy released by this reaction will result in the rupture
of various S - S bonds and the formation of numerous sulpaur -
fluorine fragments wihich will immediately be vaporized fronm
the crystal,.

The nature of the fragments, which could contain
1,2,%--~ atoms of sulphur, has not been ascertained. IHowever,
there is very little evidence for the existence of groups
containing more than two sulphur atoms. although 1t has not
yet been possible to isolate any of the intermediates in the
products of the sulphur - fluorine reaction, the behaviour of
the lower fluorides would indicate that these compounds, at
least, consist of gases such as 2Fy, SgFs, S0Fg etc. Further,
no fluorinated compounds which contain an Sz, Sg--- have been
identified in this work or reported in the literature. The
nature of the sulphur molecule itselr is of interest in this
regard. The existence of 3g, 38g, and 3; groups has been

established with certainty, but although some workers have
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claimed that intermediates, such as S4 and Sg, can be forued,
they have never been able to isolate or identify these structures.

It would appear, then, that whereas the 35 and Sp
fragments possess some inherent stability, the large fragments
even if formed by the original reaction, would be unstable and
would decompose.

Although it has been assumed, for convenience, that
the sulphur acts as a rhombic crystal, it should be mentioned
that the argument presented above is not radically changed if
the sulphur mwelts before reaction. ‘Altnough a lattice of
atoms is no longer presented to the fluorine for reaction, there
are still Sg molecules in the liguid which can combine with the
fluorine to yield similar fragments., However the probability
of formation of 53, Sq etc. fraguents will be further diminished
because of the shorter sulphur chain length,

It is assuued in the following discussion that only
37 and 8g groups are formed. If an 32 fraguent is produced,
the reaction will proceed in the following manner. asswuing
that the 3 - 8 bond remains unbroken the fraguent can be
progressively fluorinated to SgFyp. Pauling has given the
bond energies for F - F and 5 - 3 as 63.5 and 6.8 kecals,
respectively (41). At first glance, it might appear, then,
that the energy released by the formation of the S - F linkages,
whatever value they may have, would accumulate in the molecule
and at sowe stage in the fluorination, result in the split of

the S - S bond. However, during the many collisions necessary
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for cowmplete fluorineation to SgFyp, it is probable that this
excess energy would be dissipated in further collisions either
with the solid diluent, the walls, nitrogen diluent molecules,
etc.

SF6 will be formed frow the complete fluorination of
51 groups produced in the initial sulphur degradation. If,
at any stage in the formation of SaF1gp, enough energy is
available to split the S - S bond, two single sulphur fragments
will result which may or may not be Iluorinated to SF6, but not
to SZFlO' Some workers have suggested that SgFg may be formed
by fluorination and recombination of these S "radicals".
Although improbable, this type of mechanism is discussed in
greater detail later,

Some enerzy (activation energy) will be needed to
prepare both SF6 and S2Flo from the original fragments and
experimental evidence indicates that the necessary energy will
be greater for SF; than for S5F . It has been found, for
instance, that production of S5Fg is much more sensitive than
35F o to temperature changes.

However, it will be shown later that where there is
reason to believe that the energy available for the activation
of the fragments 1s comparatively low, the rate of formation of
SZFlO’ as well as of S8Fg, is affected markedly by teuperature
chianges.,

If the energy reyuired for complete fluorination is

not available, then the fraguents will appear as lower fluorides.
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During the nitrogen dilution experiments in Section I, a sulphur
ring was often observed in the first liquid air product traps
(cf. page 40). Since 82F2 is knowvn to decompose on glass
vielding sulphur, this indicates that possibly SgFs was a
freguent which was proceeding to SpFy, but lacked the requisite
energy for couplete fluorination.

If it 1s assumed that the formation of SgFyqg 1s
contingent on the presence of an S linkage, it is obvious that
the yield of S5gF10 will be related to the number of initial Sg
fragments produced., This number will, in turn, depend on the
degree of degradation of the sulphur crystal. It does not seem
improbable that the microscopic temperature at the point of
reaction will determine the nature of this decomposition, and
that the less the heat, the larger number of S, groups which will
be forimed. Since this temperature will be proportional to the
rate of reaction, it is obvious that suitable variation of the
reaction conditions will control the deg.ree of degracation of
the sulphur crystal and therefore the number of Sy groups. The
number of these groups will also depend on the teuperature of
the reaction vessel since it will contribute to the thermal
energy at the point of reaction. The yields of SgFyg and 3Fg
will therefore be related bhoth to the rate of reaction and the
gross teumperature of the reaction tube.

However, these yilelds will also be determined by the
enerzy available in the zas phase for activation of the

fraguments. It is probable that this energy will be only slightly
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affected by the rate of reaction since changes in the temperature
of the solid bed should result in only slight variations in
energy in the gas phase. In this connection, the eriects of
the temperature of the reaction vessel and the addition of gaseous
diluent will be much more significant.

With these considerations in mind, a review will now
be made of all the results obtained in this work and it will
be shown that the trends are consistent with the general
hypothesis that has been advanced.

During all the experiments in which sulphur was diluted
with NaF a gracient of sulphur was observed in the bed. At
the fluorine inlet, the sulphur had reacted through the entire
depth of the NaF diluent. A little further along the tube only
part of the NaF was depleted of sulphur, at the top of the bed,
and this trend continued until the concentration of sulphur was
uniform throughout the solid diluent. This indicated that
the fluorine reacted over a umeasurable length of charge and
was therefore always in contact with the products of reaction.
Since the gradient was observed at all fluorine flows it can,
therefore, be assumed that even at low rates enough fluorine
was present to fluorinate the fragments completely if sufficient
energy was available,

This was further confirmed when nitrogen was used to
dilute the fluorine stream. When these dilutions were large,
some fluorine passed through the reaction tube unchanged and

was observed in the XI bubbler.
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The effect of variation in fluorine flow is best
examined by following the trends with decreasing rate (Table
XI and Fig.l4). 4As the rate of fluorine flow is diminished,
the rate or reaction and, thererore, the microscopic temperature
at the point of reaction will be decreased. This will result
in a greater proportion of S;'s and an increase in SpFg as
shown. Simultaneously, the yield of SF6 will decrease since
the number of Sl's will be diminished. As mentioned before,
the decrease in the gross temperature of the solid bed will
not significantly affect the thermal energy available in the
gas phase. Since this is determined primarily by the temperature
of the reaction vessel, sufficient energy will usually be present
to allow the fluorination of Sl and S5 fraguments to proceed
almost to completion. However the thermal energy available for
activation will be decreased slightly and consequently a swall
gradual increase in lower fluorides, at the expense of both

S_F and SF is observed as the rate of fluorine flow 1is

2710 6’
diminisihed.
at low fluorine rates (7.5 to 15 cc./min.) the yield

of SZFlO seems to be approaching & limiting value. This value
will be determined by two factors. It is assumed that there

is a limiting number of Sg groups that can be formed and,
therefore, the relation between this number and the degradation
of the sulvphur crystal will not be linear. It is probable,

then, that the number of S groups and therefore the Sg/Sl

ratio will not increase as rapidly in this region.
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In addition, the thermal energy necessary to maintain
the rate of fluorination may also be approaching a limiting
value, so that even if Sy fraguents are formed, lnsufficient
activation energy is present for reaction of these groups.

This decrease in avallable energy will, no doubt, reduce the
rate of formation of 3Fg, so that its yield will also be
affected easily at this point. Although no measureinents were
made at very low fluorine rates (less than 7.5 cc./min.), the
yields of SFg and SgFyg would probably decrease and the lower
fluorides would increase.

From the above discussion, it 1s evident tnat at
high fluorine rates enough energy 1s available in the gas
phase to fluorinate nearly all the sulphur fragients. However,
the rate of reaction and, therefore, the temperature of the
solid bed is too high to yield enough Sg's to give large amounts
of SgFyg. If nitrogen is added to this system, the yield will
be affected ih two ways. The dilution of the fluorine stream
will result in a decrease in the rate of reaction and therefore
the sulphur crystal will be degraded in such a manner as to give
more Sg £roups.

However, at the same tiwme, by collision with the
fragments, nitrogen will also be effective in removing energy
necessary for fluorination.

These two factors, then, will counteract each other
in determining the yield of SgF1po. This 1s lmnedlately apparent

in Figures 7 and 11 (Tables IV, IX and XIII). Since the trends
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obtained in all thres series illustrate the same general
characteristics, for convenience, tihe discussion will be
concerned with the Series A runs {(dotted line - Fig.ll).

Ur to 800 cec./min., although the energy available
for activation is decreasing, enough 82'5 are being formed to
more than counteract this reduction and the yield of SZFlO
increases. However, beyond this point, the Sy formation
avoroaches its limiting value, the availavle energy still
decreases, and the trends reverse with consequent decline in
the yield of 5,F 4.

The twio factors discussed above will alsc determine
the trend in the amounts of SFge. With increasing nitrozgen
dilutiocn, the SF6 vield will fall off due to both a decrease
in the nuwaber of 3¢'s and a decredse in the rate of formation
of 3¥g because of insufricient energy. The sharp gradient in

he curve, and the low yields at high dilutions, indicute
the imnortance of energy considerations in the production of
SFg-

although nitrogen dilution snould ultimately yield
tae saue nuwaber of S5 groups as that obtained at low fluorine
rates, the yields of 35F 1 will, of course, be lower in the
presence of & @caseous diluent. However, it is interesting to
note that even at 800 cc./min. of nitrozen, cnourh energy is
availlable to produce vields of SBFlO only a few vner ceunt less
than the maximum yield at the low fluorine rates. This

indicates that the activation energyv necessary for the



fluorination of S, fragments to SuF{y 1s not as large as that
reaquired for SF6 and 1s nrobably very low.

This is further eimhasized by courarison again with
the fluorine cur