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ABSTRACT

In order to lelucidate the mechanism of hydrogen
sulphide oxidation, the photo-oxidation and thermal oxidation
of hydrogen sulphide were studied, using gas chromatography
for.the analysis of final products. |

Photo-oxidation was studied at 130° and 150°C. Products
found were sulphur dioxide, hydrogen, water and sulphur.
Production of sulphur dioxide was found to be inhibited by
an increase in surface area. Whether in photo- or thermal
oxidation, the yield of sulphur dioxide . increased drastically
with slight increases in (02)/(H28)‘ratio. This was also
observed in the wield of hydrogen in photo-oxidation. Thermal
oxidation was studied at 160°, 170°, 190°, 210°, 225°, 240°,
‘and 260°C. Products were sulphur dioxide, water, and sulphur.
No hydrogen was found. An expression for the production of
sulphur dioxide was obtained:

S0,) | '

at
The overall activation energy was found to be 21.2k.cal./mole.
Comparison with previously reported works was made and a

mechanism proposed.
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INTRODUCTION




There have been many investigations on the oxidation
of hydrogen sulphide by oxygen. In each of these inves-
‘tigations, a certain special aspéct of the reaction was
studied, but no effort has been made to correlate these
observations as a whole. Thompson and Kelland28 Studied
the thermal oxidation at fairly high preséures and 02:H28
ratios. The activation energy was estimated to be in the
range 18-20 k.cal./mole. The Russian group of Emanuel,
Semehov et all'13 has made extensive studies on the thermal
oxidation of hydrogen sulphide by oxygen. Their investi-
gations were carried out at the temperature around 270o C
but they did not analyse their products beyond taking
the absorption spectrum of the intermediate (SO) and of the
final product SOZ' They based most of thei; study-on the
measurement of pressure changes. .

The results of Emanuel et al are nicely summarised

9. At 270° C and an initial pressure of

in :Semenov's paper
100 mm.'Hg maximum reaction rate was regched at 18-20%
conversion. 50% conversion was reached after two minutes;
The intermediate SO was identified by compéring the ab-
sorption spectrum of the iﬁtermediate with that of SO
obtained by Schenklh. SO was found to dimerise when the
temperature falls below 300o C‘9. Some'further study has

been made by Emanuel et al on this dimerisation by mea-

suring the pressure contraction on coolingll. They also
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found  that at 270° C there was an induction period for
the HZS and O, reaction. During this induction period,
which lasted about 20 seconds, only SO was formed. 802

was formed subsequently. After 40 seconds the conversion

was found to be 80% H,S == 50
20% HZS — 802
'Semenov9 proposed the following mechanism, based on

1-13

the results of Emanuel et al

Primary H2S + O2 — HZO S+ S0
Chain S + 0, == 30 + O - 0.8 k.cal.
Propagation '
0 + H28 — HZO + 8 + 45 k.cal,
Chatn
Branching SO + O2 — 802 + 0

Termination
| s+  wall
0 + wall
Negative interaction step

SO + S0+ O2 — 250

2
The last step was used to explain the fact that maximum
reaction rate occurred at 20% conversion.

Norrish and his collaborators studied the mechanism
of hydrogen sulphide combustion with flash photolysis

and kinetic SpeCtPOSCOpyl5’16.

An initial SH absorption
spectrum was observed which gradually disappeared. The
disappearance occurred much faster in the presence of 02.
In the presence of a large excess of inert gas, 802 was

formed in a very small amount and 8202 was the final pro-



duct which was stable even at high temperatures. When
inert gas was not added, OH spectrum appeared on the dis-
appearance of the SH spectrum. 802 was the final product
andeZO2 was always absent. On flash irradiation both
the spectra of 8202 and of 802 disappeared temporarily.

These authors proposed the following mechanism:

Initiation :
st + hv - SH + H (1)
H + st - SH + H2 (2)

In the presence of a large excess of inert gas, chain

termination :

SH + 0O, == 50 + OH (3)
OH + SH -—= S50 + H, (&)
SO+ SO  —» 5,0, (5)
Flash irradiation of 8202
S,0, + hv - SO + S0 (6)
SO+ 50 e~ S50, (5)
In the absence of inert gas
Chain propagation
SH + 0, =~ SO2 + 0 (3)
OH + H28 -~ SH + HZO (7)
Chain-branching
S0+ Oy = 802 + 0 : (8)
0 +  H,S =~-=0H + SH (9)

2
Chain termination and light emission

SO + 0 - 302"-.--...302 +  ho (10)



Flash irradiation of SO

2
s0, + hv — S0, * , (11)
S0, + SO, —= SO + S0 + 02. (12)
SO  + 0, === 50, + 0, (8)
0 + SO —= 30, (10)

The slow photo-decomposition of hydrogen sulphide and
the slow photochemical reaction between hydrogen sulphide
and oxygen have been studied by Darwent and Robertsl7 and
by Darwent and Krasnanskylg, respectively. By gas burette

17

methods, Darwent and Roberts analysed only the H2 produced.
The quantum yield was shown to be close to unity and to be
essentially independent of temperature, pressure, and

light intensity. The thermal décomposition reaction was
found to be heterogeneous at low temperatures and became
homogeneous of the second order at 650° C. No decrease in

rate was observed in the photolysis of HZS in large excess

of SF6. The following mechanism was postulated by Dar-

went and Robertsl7 :
HyS + hY =~ H + HS (1)
H + HyS =~ H, + .HS (2)
2HS —= H5+ S (3)
H + us fasg Hy + S (4)
2HS — H, + 5, (5)

Reactions (1) and (2) are well established. Reaction (3)
was found to be thermoneutral. Reactions (4) and (5) were
used to explain the quantum yield being bigger than unity.

Moreover, reaction (5) could explain the observation of 82
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bands in photochemically decomp031ng,HzS made by Porter
and by Ramsayzo. The thermal reaction was considered by
Darwent and Roberts as
3 - 2

ZHZS — ~H2 + 82

In studying the photochemical reaction of hydrogen
sulphide with oxygen, Darwent and Krasnanskyl8 analysed
only for H2 and used gas burette methods. They correlated

their results using the following postulated mechanism :-

H + X

H + HX — 5

H + O2 — HOZ*

HOZ* - H + 5

HOZ* + M — HO2 + M

HOZ* + O2 -— H + 202
The thermodynamically favourable reactions

HS + O2 -~ H + 802

HS + HO — H2 + S0

2 2

H +  HO, =~ 20H

2
were found to disagree with experimental data.

It should be noted that Emanuel, Semenov et all—13 did
not attemﬁt to measure any possible production of hydro-
gen. The Zeelenberg proposal16 included nearly all possible
paths; but measurements were only made by kinetic spec-

17,18

troscopy. Darwent et al practically ignored the 802 and

HZO produced.

Formation of sulphur has only been mentioned by

18

Darwent and Krasnansky and has not been taken into account
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by other workers. Sulphur was observed by the afore-
mentioned authors as a result of decomposition of HZS

or its oxidation. Moreover, it has long been known that
when HZS and‘SO2 are brought together, sulphur is deposi-
tedozl

Another reaction which is of interest is the one
between hydrogen and sulphur. This reaction has been
shown to be mainly heterogeneous at low temperatures,22
to have an activation energy of 26 k.cal. and thus ther-
modynamically favourable.

The present investigation was made in order to corre-
late all the previous data and to present a complete
mechanism for the photochemical §ysteh of H28 and 02. .An
attempt was made to study the slow photochemical and thermal
oxidation of hydrogen sulphide, analysing all the products
by gas chromatography. It was hoped that the results would

give a clarified picture of the mechanism of this complex

reaction.
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- The Vacuum System

The vacuum system (fig. 1 ) was of conventional design
with modification in order to avoid mercury in the sample
line. The traps between the diffusion pump and stopcock F
weré normally immersed in liquid nitrogen so that any
mercury vapour from the diffusion pump, the McLeod Gauge
‘and the Toepler pump could be collected between these
cold traps. These traps were removable for cleaning.

- Whenever stopcock Y in the sample line was open, the cold
trap.preceeding stopcock A, in the sampling system was
‘imﬁerséd ih liquid nitrogen. One exception to this opera-
~tion was when SO2 was passed through Y into the gas burette.
Iﬁ such a case, Y would be open for only fractions of a
second. Thus virtually no mercury vapour could enter the
samplé line. |

The vacuum system was constructed with pyrex glass
with the exception of the reaction cell, which was made of
- fused quartz with optically plane end windows. The mechani-
cal pump was a Welch No. 1400, "Duo Seal" twojgfi.pump.
The diffusion pumpAwas homeméde but of usual design. The
 trap between ﬁhe diffusion and mechanical pumps was used to
collect and drain bounced off mercury drops. The main
vacuum line.was 22 millimetres in diameter and the sample
line 12 millimetres., The lead to the spiral gauge was of
2 millimetres capillary and those from the cell to the

gas chromotograph system were also capiilary tubing.
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Stopcogks were generélly lubricated with Apiezon L grease.
vThose close to the furnace were lubricated with Apiezon N
grease. It was found unnecessary to use high temperature
grease. In this system a vacuum of 10-5 millimetre Hg

at the McLeod gauge could readily be obtained. Dark dis-
charge of the Tesler coil was easily reached elsewhere
except in the spiral gauge leads.

The mixing vessel was made out from a 125 millilitre
Erlenmeyer flask. The total volume was 148 cc. A magnet
enclosed in pyrex was placed inside while a Precision.
Scientific Co. "Mag—mix" was placed under the flask. The
speed of stirring could be controlled on the "Mag-mix".

' The spiral gauge had a sensitivity of 0.840 milli;
metres on the scale /1 millimetre Hg and could withstand
1 atmosphere on both sides. The calibration curve for the
spiral gauge is shown on fig. 2. More sensitive spirals
with a smallér range had been tried but found to be too
fragile. It was possible to read 0.5 millimetre on the
spiral gauge scale.

Optically plane windows were fused to the ends of
‘the unpaéked quartz cell, The internal measurements were
100 millimetres in length and 37 millimetres in diameter.
The volume was 107.5 céu. and the dead volume in the lead
to the cell was 8.5 ce:.

The internal dimensions of the packed cell was 100
millimetres in length and 28 millimetres in diameter. It

was packed with 100 quartz rods of 83 millimetres long and
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2 millimetres in diameter. The fxee volume waS‘BB.A'cca.
The dead volume in the lead was 3.6 ce«. The surface to
volume ratio was 4.3 excluding dead space and 4.5 including
the dead volume.

Referring to the admission system of the gas chro-
matograph (fig.3 ) the volume of the gas burette was 28.,7cec.
It was found that after 3 operations of the Toepler pump,
94% of the material in the reaction cell could be trans-
ferred to the gas burette. It was also found that the
volume of the sample iine, defined by stopcoegks N,0,P,Q,
R,S,T,U,V,W, was 109.5 cec.; the volume defined by V,X,Y was
5.6 cec.; that defined by Y,Z,AA,A' was 20.4 cec.; the

volume defined by C',D'",E',F' was 4.3 cec.
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The Gas Chromatographic system

The gas chromatographic system 1is represented in
fig. 3. From the rotameter.onwards, it was constructed
with pyrex. Carrier gas from commerciél cylinders was
first reduced to 20 p.s.i.g. before entering a Matheson
pancake type low pressure regulator in which the pressure.
was furthur reduced to 5 p.s.i.g. for helium and 9 p.s.i.g.
for nitrogen. Trap 3 was usually immersed in dry ice to
collect any water from the cylinders. A rotometer (No;

G 9142 B manufactured by the Monostat Corp., New York)
placed between the low pressure regulator and the ther-
mal conductivity cell, was used to indicate the flow.

The thermal conductivity cell was identical with the
one designed by Ryce, Kebarle and Bryce23. The only
difference was that the filaments were a pair of matched
tungsten coils of Z20aeach made by Gow-mac Instrument Co.,
Madison, N.J. It was found that the tungsten filaments
were even more stable and more sensitive than platinum
filaments. The cell block was wrapped with heating tape
and placed in an insulated can. Temperature was kept at

about 40°C. The cell block itself was grounded.
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The gas burette was made of 15 millimetres tubing
to ensure quick mixing. The leads were usually 8 milli-
metres in diameter, The lead from the columns to the
thefmal_conductivity cell were wfapped with heating tape.
The chromaﬁographic columns were made of 6 millimeters tubing
and 8% feet long. These were connected to the system through
No. 12 ball joints, lubricated with Apiezon L grease or
silicone grease according to temperature. Temperature of
the chromatographic columns was controlled by heating coils
placed inside a large glass tube. An even larger glass
tube fitted over the first one providing adequate insula-
‘tion. Ends of this double-layer tube were plugBed with
glass wool to prevent convection.

A few chromatographic packing materials had been tried,
namely, silica Gel, Perkin-Elmer Column W material, T.C.P.
on €elite 545, activated charcoal, and P-0190 on acid

washed chromosorb manufactured by F & M Scientific Qor-
poration, Wilmington,’Delaware. At room temperéture,
silica gel separated very well H,S froﬁ 0, but poorly

HZS from SQZ; It also irreversibly absorbed HZO' The
Perkin-Elmer material was supposed to give symmetric

peaks for polar materials such as H20 but its sensitivity
was lower than thaﬁ of the F. & M. material. T.C.Pﬂ on
Celite 545 would be good in separating organo-sulphur com-

poundszJ+ but did not give a good H2O peak. In this in-
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vestigation tﬁe useful property of the T.C.P. material was
not needed,

After a few trials, the F. &. M Corp. P-0190 material
with helium carrier gas was used to analyse 802 and HZO’
Operaﬁing temperature was set at about 90°C, flow rate at
5.05 centimetres of the rotameter equivalent to 32.0
ml./minutes, and pressure at 5 p.s.i.g. Under these con-
ditions hydrogen could be separated from oxygen and the
oxygen peak usually overlapped the HZS peak. The 802
and H20 peaks were far separated from the HZS and O2
peaks. (fig. 4). With a chart speed of 30 inches per
hour,>02vappeared at 18 millimetres, H28 at 25 millimetres,
\802 at 56 millimetres, and HZO at 23 centimetreé. The
tail for the HZO peak was considerable. The sensitivity
of analysis was 1.095 x 107° gm. mole of 50, in the un-
packed cell per square inch on the recorder chart. It
was possible to measure to 0,01 inches2. Due to the ten-
dency of H20 adhering to the wallsbof tubings, the cali-
bration for HZO in this column was not consistent. But
the value was about 3.28 x 1072 gm. mole in the unpacked
cell per square inch on the recorder chart.

| The activated charcoal used to analyée hydrogen with
nitrogen as carrier gas was B.D.H. AR grade charcoal of
50-200 mesh. The optimum operating conditidns were found
to be the following : pressure= 9 p.s.i.g.; temperature=
room temperature, but column in insulating enclosure as

~the F. & M. P-0190 column; flow rate= 4.0 centimetres on
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‘the rotameter, equivalent to 9.8 millilitres per minute.
Higher temperature would speed up the separation but sen-
sitivity would drop considerably. The relatively high
pressure was needed due to the fine particle size of
charcoal. Two columns were found suitable, one 8% feet
long and the other 5 feet long. The long column gave a

6

sensitivity of 4.88 x 107~ gm. mole/inches2 for hydrogen

andl.725 x lO-I+ gm. mole/inches2 for oxygen. The short one

6 gm. mole/inches2 for hydrogen and 2.87 x

had 6.99 x 10~
lO_LF gm. mole/inches2 for oxygen. For better sensitivity,

the long column was usually used. With the same recorder
chart speed of 30 inches per hour, lydrogen appeared at

37 millimetres, Helium at 34 millimetres and oxygen at

91 millimetres. Hydrogen and helium peaks overlapped each
other, but in any run, the helium from a previous analysis was

completely driven out by the nitrogen carrier gas before

any hydrogen was admitted to the system.
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Thermal Conductivity Cell Detector System : -

Fig. 5 is a schematic diagram of the electrical cir-
cuit for the thermal conductivity detector of the gas chroma-
tographic system. The matched 20&- tungsten filaments
formed half of a coﬁventional Wheatstone bridge. The other
half was composed of a pair of precision, temperature
constant 10 wire-wound resistors and other resistors for
control purposes. 6 volts D.C, from an accumulator was
usually applied across the bridge. The O.47-4 W.W. resistor
was used to unbalance the circuit so that a wide enough
range of inequilibrium could be controlled.The controls
were made up of a 100L and a 1l variable resistor in
parallel, the 100R being the "FINE™ control and the 1l
the "COARSE" control. These controls were used to place
the base line of the recorder at a desirable position on
the chart,

In place of the galvanometer; a ‘number of 1% precision
and temperature constant wire wound resistors were mounted
on a multiple. switch plate. Various potentials could be
taken to the recorder. This multiple switch provided steps
of sensitivity 0,1,2,4,10,20,50,100,200,400 and 800, the
last one being the most sensitive. The recorder used was
a Leeds & Northrop Series 60000 type with a range of 0-10

m.v. Chart speed was set at 30 inches/hour.,
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The Mercury Arc

The lamp (fig. 6) used for photolyses was a U-shaped
Hanovia D-88A-45 low pressufe mercury arc. Approximately
94% of the intensity was the unreversed 2537Ao. No filter
was necessary.

The arc was put inside a tubular housing. A hole
of about 1 centimetre in diameter allowed the light to
pass into the optical system. The size of this hole could
be varied by rotating a disc in which there were a set of
holes of various size and which covered the hole on the
lamp housing. The lamp was so aligned that this hole and
the two limbs of the U-shaped arc were iinear to allow
maximum emitted intensity in this direction.

In order to keep the lamp temperature low for maximum
2537A° radiation, thg lamp housing was wrapped with copper
tubing in which cold water was passed. Cold air was blown
from the bottom of the lamp housing and was‘allowed to es-
cape mainly from the top. In such an arrangement, there
was a danger of mercury condensing around the area oppo-
site the opening to the optical system. To pre?ent this,
a small amount of hot air wés blown through a jet directly
at this area. Flow rate of cold water was regulated by
letting free flow from a can placed at a constant height.

Power supply to the lamp terminals was'through a
Sorensen voltage fegulator. With the above mentioned

arrangement, approximately 0.5 % stability over a few hours
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was always obtained. It was found that intensity greatly
depended on the temperature of the mercury arc.

In the pfeliminary experiments, radiatidn of 3130 &°
was tried. for this wave length, a Hanovia SH 100 U-shaped
high pressure mercury arc was used. The housing for this
lamp is shown in fig. 7. Cold air was blown from the
bottom of the housing to keep the lamp and environment
from excess heat. A filter combination for 3130 A° des-

25a 25b

cribed by Kasha and by Hunt & Davis was used in

conjunction with this lamp.

The Optical Bench

Fig. 8 shows schematically the arrangement of the
optical bench. Radiation from the mercury lamp was coli-
mated by two plano-convex lenses. The first one, with a
focal length of 7.5 centimetres was placed 11.0 centimetres
from the opening in the lamp housing. The second dne,
mounted on the furnace, was 23.55 centimetres from the
first one. The focal length of this second lens was 10.0
centimetres. The light beam was thus made approximately
parallel.. Another plano-convex lens of 7.5 centimetres
focal length was placed at the other end of the furnace
and focussed the beam to a photocell. When filters were
used, they were'placedlon a stand immediately behind the
first lens. A shutter, made of aluminum sheet and operéted

by manually lifting it, was mounted on this stand. The
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The whole optical system was enclosed in thin aluminum

sheets and was almost light tight.

The Photometer

The circuit diagram of the photometer is shown in fig.9..
7 a) Photocell. The photocell used was a British

Cintel QVA 39 with a quartz envelope designed for the U.V,
range. 1t was claimed to give an output proportional to
the intensity of light shone on it. A curve representing
relétive sensitivity vs. wavelength of incident radiation
is shown on fig. 10,z..0 -0 Jio. Lo w0 Liouarits of rooo-
Tooooowt o TienA oy T st e shoss, Nol 935 photocell
could also be used with this photometer circuit, but the
sensitivity of this photocell at 2537 A% was very poor.
b) Operation. The photocell current passed through the
resistor chain Rj-4 and the required vdltage was tapped
off with the selector switch Sl' An opposing volage was then
applied by the potentiometer circuit consisting of the battey
Bl and the series of dual decades R 5-12. Bl was normally
2V and ﬁhe voltage tapped from the potentiométer was ad-
justable to any valués betwe;n O and 2V with an accuracy
of 1 x 107% volts. |

The difference between the voltage tapped from the
resistor chain R 1l-4 and the opposing voltage from the
potentiometer was applied to the double friode amplifier

valwe V. The second triode unit compensated for supply

voltage variation. The output of the amplifier was then
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fed into the gélvanometer G via the altenuator Rl9-2h‘ The
galvanometer used wasva,Rubicon Catalogue'No. 34,02 and
“had a sensitivity of 0.O46mA./mm. delfection. The high
tension of the unit was derived from a 120 V, baﬁtery.
Filament cﬁrrent of the vdme 6SC7 was supplied by a bv
accumulator for maximum stability.

c)Photometric measurements.

In the actual apparatus, switches 82, 53 and Sh and the
switch for the filament current were mounted on a single
L-decked switch. Sl was set at the 4 position. S5 was
usually set at‘position 3.

In order to operate the photometer, the instrument
was turned on by closing the main switch and was allowed to
warm up foer about 15 minutes.
| With no light falling on the photocell and the dual-
decade potentiometer reading zero, the dark current from
the photocell was balanced by adjusting R13 and th for
Zero galvanometer.current. The circuit must be rebalanced
for each position of the selector switch_Sl. |

Sé was then closed, thus applying a standard voltage
across the resistor chain Rl—h' The potentiometer voltage
was then increased until the galvanometer showed zero
deflection and the potentiometer reading taken. This opera-
tion was carried out to ensure that Bl'gave a constant
voltage. The standard cell used was a SRIC miniature
Eppley standard cell manufactured by the Sensitive Research
Instrumént Corporation, New Rochelle, N.Y. The e.m.f. of

this standard cell was 1.0192 volts at 25°C.
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86 was then opened and light was allowed to fall on
the photocell. The potentiometer was adjusted so that the
galvanoﬁeter showed zero deflection and the potentiometer
reading taken. Assuming that the photocell characteristic
was linear, this potentiometer readingwas proportional to

the light intensity.

This unit was used to monitor the amount of light
passing the reaction cell, both when empty and when filled.
d) Actinometry

A potassium ferioxalate actinometer was used according

to Hatchard and Parker29;

(1) Ccalibration for Ferrous Ion.

Four ml of the standardized O0.1M Ferrous sulphate
solution was diluted to 500 ml with O.1lN sulphuric acid.
The resulting solution contained 0.8 x lO"6 moles Fe
per c.c. Next, 0,1,2,4, and 6 ml aliquots of this solution
were added to individual 50 ml volumetric flasks. A suffi-
cient volume of O0.1N sulphuric acid was then added to each
flask to make the total volume of acid equal to 25 ml,

Five ml of the 0.1% 1:10 phenanthroline solution and 12.5 ml
of the buffer solution(600 ml of 1N sodum acetate and

360 ml lN.sulphuric acid diluted to 1 litre.) were then
added to each flask. The fhsks were diluted to volume with
distilled water and allowed to stand for % hour. At the
end of £his time, the optical densities of the developed
solutions were measured at 510 m on a Unicam Sp. 600
spectrophotometer. A plot of the resulting eptical densi-

ties against the ferrous ion concentration is shown in fig. 12.
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(2) Calibration.of “Photometer

Both the iamp and photometer were warmed up. An
intensity reading wés made by the photometér. The photocell
was then replaced by a 1 cm. thick quartz cell of about
10 ml capacity containing standard potassium ferrioxalate
solution. This cell was covered with black tape except
the windown facing the origin of light. This solution was
irradiated for about six hours. At this time the photocell
was replaced and another reading of light intensity taken.
From the‘initial and final readings, an average value was
obtained.

After irradiation, the actinometer solution was
transferred to a 50 ml red coloured flask and 5 ml of the
phenanthroline solution and 5 ml of the buffer selution
wefe added. The volume was then made up to 50 ml with Ais—
tilled water and the»flask was allowed to stand for % hour.

This optical density of the resulting solution was then
measured on the Unical at a wavelength of 510 mp . The
resulting optical density was then converted to micro
moles of ferrous iﬁ produced. The above procedure was
carried out in duplicate and blanks were run along with
each determination.

- 1
This calibration produced a value of 6.13 x 10 0

12 @€insteins per Ohm-

12

quanta per ohm-second or 6.1l x 10~
minute for the No. 935 phototube and 2.42 x 107 ~° @insteins

per Ohm-minute for the QVA 39 phototube,
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The Furnace

Fig. 13 shows schematic diagram of the furnace
arrangement. The furnace block itself was a hollow por-
celaim cylinder of 5.5 cm internal diameter. On the outside
of this cylinder were grooves over which coiled heating
elements were around. The block was split traversely in
its centre to facilitate easy removal of the reaction cell.

The heating coils were made of nichrome wires. The room |
temperature resistance of each half was about 28 . This
furnace block rested on asbestos and Verﬁﬁcnlite insulation
méterial which in turn was put inside a rectangular metal
be with circular openings on each end over viich planoé
convex lenses were mounted. Glass wool was used as insu-
Alaﬁion over the furnace block. An aluminum sheet formed
the cover of the external metal box. It was found easy to
maintain *.07500 at 150°C over a period of a few hours
with a variac setting of about BOV applied to each half .of
the furnace heating coils. The thermocouple tip was glued
to the reaction vessel with G. E. Glyptal cement. The whole
furnace block was mounted on standard optical bench equip-
ment and placed in the optical path as previously described

in the section on the Optical system.

Thermocouple Circuit

Temperature measurements were made with copper-
constantan thermocouples. A common cold junction was

placed in a slush of ice and water in a Dewar flask.
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E.M.¥. measurements were made with a Rubicon Type S
potentiometer with a homemade chassis of controls as shown
in fig. 15. In this potentiometer, two ranges were provided
namely, 0-1.6 volts and 0-16 millivolts. Each range was
coveredby two measuring dials, the first of which was
composed of a 16 position switch controlling 15 fixed
10L standard resistors, and the second of which was
comprised of a li4-inch slide wire with 200 divisions. On
the upper range, 15 increments of 0.1 volt each were de-
veloped across the first dial resistors, the slide wire
- affording continuous variation throughout at 0.1 volt
intervals with 0.0005 wlt each. On the lower range, the
corresponding values were 1/100 of the foregoing, Thus
it was possible to measure down to 0,00l of a millivolt.

Calibration of the potentiometer was made by setting
switch Sé to the standard cell position and closing Sl.
Range connection was made to 1.6 volt and dials A and B were
set to the sﬁandard cell value. Key kl was tapped and the
"COARSE" and "FINE"™ resistors were adjusted to give a zero
galvanometer reading, K2 was then tapped for a finer
calibration. To make thermocouple e.m.f. measurement, |
the switch 82 was set to the E.M.F. position and the range
connection was made to the 0.016 v. terminal. Having
previously connvected all the cold sides of the thermocouples
to the terminal marked "™ - ™, the selector switch was‘then
set to the + terminal of the thermocouples in question.

Kl was tapped and dials A and B on the potentiometer ad-
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justed to give a zero galvanometer reading. Then K2 was
tapped to give é more accurate reading.

Values of e.m.f. vs. temperature was taken from
the Handbook of Physics and Chemistry, the L4lst edition26.

No actual calibration was done since temperature measure-

ments were made to + 0.5°C.



MATERIAL



- 38 -

Hydrogen Sulphide

Hydrogen Sulphide was obtained from commercial cylin-
dérs by Matheson Co. Only CP grade was available. The gas
was subjected to purification as follows:

A needle valve was fitted to the cylinder and a %ygon tu-
bing with a BlO come was joined to socket 82 in the vacuum
system. The tygon tubing was filled with HZS by gently
releasing the needle valve on the cylinder, and then the
gas was pumped away by opening stopcock L. This was:
repéated twice to drive away any undesired gas in the tygon
tubing. Having the system evacuated and all stopcocks
along the‘sample line closed except M,N,S, & U, trap 1 was
cooled in a slush of dry ice and acetohe. This was inten-
ded to trap out any water vapour. The storage bulb 3

was filled to about 1 atm. pressure, monitored by the
spiral gauge. Stopcock M was closed, the cylinder was
disconnected, and trap 1 was warmed and evacuated. Trap

2 was- immersed in liquid nitrogen freezing out all the HZS'
Bulb 3 was again evacuated. Bulb to bulb distillation was
performed between traps 1 and 2, with the cold side in
liquid N2 and warm side in a dry ice-acetone slush. Usually
4 such bulb-to-bulb distillations were performed. The
originally dried HZS contained a small amount of air as
impurity. After bulb-to-bulb distillation, no observable
amount of impurity was found by chromatographic analysis,
using silical gel and F & M P-0190 columns. Usually only 3
of the H,S originally filled was left after such bulb-to bulb

distillation.
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Oxygen

Oxygen was obtained from commercial cylinders manu-
factured by Airco. It was found to be remarkably pure.

The apparatus'used for filling oxygen in both storage bulb
is shown in fig. 14. |

The vacuum system was evacuated and all stopcocks
in the sample line closed except L and K. The portable
spiral trap was immersed in a dry ice-acetone slosh. The
filling system was flushed with oxygen. ‘Trap 1 was immersed
in a dry ice-acetone slosh, and trap 2 in liquid nitrogen.
Stopcock K was closed and M opened. Liquid oxygen was thus
condensed in trap 2. The pressure in the portable trap
system was maintained above atmospheric, so that no water
vépour could creep into the system. This pressure was
indicated by the mercury level in the T tube,

After enough oxygen had been condensed in t rap 2,
stopcock M & L were closed, K opened and the cylinder and
the portable trap system disconnected. After trap 1 was
evacuated, bulb to bulb distillation was performed.

Storage bulb 2 was finally filled to about 1 atm., moni-
tored by the spiral gauge. The purified oxygen was analysed
by the chromatography with molecular sieves No. 5 and

F & M P-0190 columns but no observable impurity was detgeted,

Carbon Dioxide

"Bone dry" carbon-dioxide was obtained from cylinders

manufactured by the Matheson Company. The same filling and
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purification techniques was employed as in the case for oxy-
gen. The F & M P-0190 column was used to analyse for

purity. No detectable amount of impurity was found.

- Sulphur Dioxide

Matheson "anhydrous" sulphur dioxide in cylinder was
used for calibration of the chromatographic chart areas.
Since a small amount of impurity would not alter the re-
sults appreciably, the gas was used without further puri-

fication,

Light Filter Solutions

For radiation at 3130 A°, a Hanovia SH 100 lamp in
combination with 2 light filter solutions and a glass filter
was used. This filter combination was recommended by

Kasha<”2 25b

and by Hunt & Davis to isolate a wave band of

about 200 A° width. |

a. Potassium Hydrogen Phthaiate.
O;SOO gm. of A.R. potassium phthalate was dissolved
in water and made up to 250 ml. This concentration
was used in a 1 em. thick quartz filter cell, This
solution was not stable to photolysis. It was
necessary to store the stock in the dark and change
the solution in the filter occasionallyQ

b. Potassium Chromate

0.246 gm. of A.R. potassium Chromate was dissolved in

water to make up 500 ml. of solution. This was used

in a 1 em. thick quartz filter cell, This solution was quite
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stable to photolysis.
c. Glass Filter
A 2 mm. thick Corning 9863 filter was used in series

with the above-mentioned filter solutions.



EXPERIMENTAL PROCEDURE
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Experimental Procedure

At the beginning of each experiment, the vacuum system
was evacuated so that a dark discharge was obtained in the
sample line near the reaction vessel. The lamp and the photo-
meter were allowed to warm up for at least fifteen minutes.,
The gas chromatographic system was allowed at least thirty
minutes.for equilibrium to be reached. The furnace was
never turned off except for repairs and for removal of the
reaction cell. Most of the phecochemical éxperiments‘were
made ét 150°C with a few at lower temperatures and a few
at 160°C. |
1. Photolysis and pyrolysis of HZS alone...

Transmitted intensity I. was measured when the reaction
cell was empty. The spiral gauge scale reading for an empty
sample line was taken. Then with the light shutter open
and with all the stopcocks closed except U and W, HZS was
metered into the sample lineband the reaction vessel. The
timer was immediately made to run. The value of transmitted
intensity measured,the reading of the spiral gauge taken and
the stopcock X closed.\Under the experimental conditions,

; the gas was warmed up in a negligible amount of time so
that the spiral gauge reading corresponded to the actual
pressure of the gas in the reaction vessel. Periodic
measurements of the intensity were made throughout the
experiment.,

Experiments on the thermal reaction alone were carried

out in a similar manner. In this case, no light was shone
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through the reaction cell and no measurement of intensity
was necessarye.

At the end of the experiment, the recorder for the
gas chromatographic system was turned on and trap 3 was
immersed in liquid nitrogen. In the meaﬁtime, the charcoal
column in the chromatographic system was prepared and nitrogen
was pasSed through. This carrier gas was allowed to pass through,
one after the other, the by-pass ard the gas burette, so
that any unwanted helium left over from a previous analysis
could be driven away from the bores of the stopcocks. The
carrier gas finally was directed to flow through the by-
pass and the gas-burette evacuated. All stopcocks were
closed except Y, C' and E'. The shutter on the light path
was closed. Final '‘readings of time and intensity were made.
Stopcock X was opened to allow the condensable gasses to
condense in trap 3 and the Hz(product) to pass to the gas
burette. Cf was then closed, A" and F' opened. The mercury
level in thé Toeppler pump was allowed to rise. After a
few operations of the Toeppler pump, the hydrogen could .
be exhaustively transferred to the gas burette. By turning
stopcocks G*Y and H' simultaneously, the carrier gas was
directed to sweepp through the gas burette, carrying the
hydrogen inte the charcoal column.

When the stopcocks G' and H! were turned, a kick en
the recorder chart was registered, marking the starting
point. The chart was turned off only after the expected

peak or peaks had emerged.

2. Photolysis or pyrolysis of HZS with CO2 as an inert gas.
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When CO2 was used 4s an inert gas, the gas-metering
procedure was slightly altered. With all stopcocks closed
except P,U, and W, HZS was admitted by turning the stop-
cocks. The pressure was measured. The sidearm of the
mixing vessel was immerséd in liquid nitrogen thus all the
H,S could be fozen here. Stopcock P was closed and the
sample line plus the reaction cell were evacuated by opening
stopcock O, vThen stopcock O was closed again and 002 was
admitted into the sample line and the reaction cell. Stop-
cock P was opened so that all the CO2 in the line and cell
could be condensed with the HZS' Stopcock P was closed
again., Liquid nitrogen was removed and the mixture was allowed
to warm, while stirring was applied by turning on the
magnetic stirrer. In the meantime, stopcock O was opened
so that the line and cell could be evacuated. Intensity was
measured. Stopcock O was elosed; The warmed mixtﬁre was
admitted to the cell by opening stopcock P, The light
shutter was opened, the timer set to run, the pressure
measured, and the stopcock X glosed. The difference of the
two pressures gave the préssure of C02. |

The analysis part of this experiment followed the same
procedure as in part (a) above.

3. Photochemical & Thermal Oxidation of H.S

2
The admission of HZS was the same as described in the

previous section. With only stopcocks P,V and W open, H28

was let into the system by turning stopcocks S. The pressure

was recorded. The HZS was then frozen into the side arm of
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the mixing vessel. Stopcock P was closed. Stopcock O
was then opened to evacuate the sample line and the reaction
cell. W, O were then closed, and P opened. Oxygen was
admitted by turning stopcock R. P was next closed. Liquid
nitrogen was removed from the side arm of the‘mixing'chamber
and the magnetic stirrer turned on. In the mean time,
stopcock O was opened to evacuate the sample line and the
reaction cell., Initial reading of intensity, lo , was taken
and the light shutter left open. Stopcock O was closed, P
opened, The timer was set to run and the total pressure
readings gave the pressure of O2 in the cell. Stopcock W
was then closed, Periodic measurements of intensity It
was made at appropriate intervals.,

During the run, the vacuum system other than the
reaction cell was constantly pumped. Chromatographic
Column F & M P-0190 with helium as éarrier gas was prepared.
At the end of the experiment, stopcocks V, Y, A', B', D' & F'
were closed and C' and E' opened. The light shelter was
lowered, reaction time noted, and stopcock X was opened.

Y was then opened for about a second to allow the products
to flow to the gas burette. Stopcocks C' and E¥ were closed
and G' and H' turned simultaneously, so that thé products
were swept into the chromatographic column. Trap 3 was

immersed in liquid nitrogen and stopcock Y opened. All

condensable products and reactants were thus condensed.

After the O0,, H,S, SO

21 72 2
the F & M P-0190 column, the chromatographic system was

& HZO had passed through

swept with nitrogen and the charcoal column prepared.
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The hydrogen from the reaction cell was Toeppler-
pumped into the gas burette by the following séquence of oper-
ations. Stopcocks A', B' and D' were closed and then C'
opened. C' was closed and A' opened. The mercury level
in the Toeppler pump was allowed to rise by letting air
into the reservoir through I', The hydrogen was forced
into the gas burette. Repreated operations were performed
to transfer the hydrogen practically completely into the
gas burette. Stopcock D' was then closed and G' and H' |
turned simultaneously to allow the hydrogen to be swept into
the charcoal column.

The reaction cell and leads were evaluated and the
intensity measured.

The procedure for thermal oxidation was the same

except that no irradiation was involved.

4. Photochemical and Thermal oxidation of HZS with CO2 as
an inert gas.

The only difference in procedure from the above section
was tﬁe admission of_COz. HZS was first frozen in the side
arm of the mixing vessel and stopcock P was closed. The
sample line was evacuated and all stopcocks were closed. COj
was admitted to the sample line by turning stopcock Q.

The spiral gauge reading was noted. Stopcock P was opened

and the CO2 allowed to greeze in the sidearm of'tﬁe mixing ves-
sel with the HZS‘ Oxygen was admitted in the same way és

in the preceeding section. The final pressure of 002 in the

reaction vessel was calculated from the volume measurements
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of the sample line, reaction vessel and mixing vessel,
assuming perfect gas behaviour. The pressure of oxygen
was found from the difference in total pressure and the

" pressures of st and 002.

The subsequent experimental procedure and analysis

were the same as in the prececding section.



RESULTS
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Photo-oxidation

Photo~oxidation of hydrogen sulphide was studied at
temperatures of 130°C and 150°¢. Photolysis of hydrogen
sulphide alone gave hydrogen and deposits of sulphur,

The products of photolysis of a mixture of hydrogen sulph-
ide and oxygen were SOZ’ H2, and HZO and sulphur.

| Great difficulty was encountered in obtaining reprod-
ucible quantitative data. This might arise from a number
of reasons.,

1. HZS absorption under experimental conditions was
about 1%. Fluctuations in lamp intensities was of this
order. Thus it was difficult to measure acéurately the light
absorbed. This was partially remedied by calculating the |
light absorbed from a pre-determined absorption coefficient.
The absorption of HZS at 2537 & and 130°C is shown on fig. 16.
It is seen that the BgeruLambert Law is not strictly followed.
For the experimental pressures, however, the portion of the
plot is straight and the absorption coefficient for calculating
light absorbed has been obtained from this region. Thus

I _
log —I-f = 7.03x107%P  at P = 0-60 mm.Hg.

2., The extent of the reaction between SBZ and HZS

was not known. The amount of 802 measured could be different

from the amount produced.
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3. The effect of the surface was not known. Experiments
in a packed cell did not reveal any pertinent information.

The product in such an experiment was hardly measurable and this
could be due to the small free volume of the packed cell., The
nature of the surface was also unknown. A clean quartz surface
would have a different effect than one which was deposited

with finely divided sulphur. However, sulphur was observed

only at the colder leads to the cell.

Despite the difficulty in reproducibility, a few observ-
ations were definite. The yield of SO2 and H2 increased with
increase in the initial ratio of (02)/(H28). This is shown
in Table 1. The ratio of quantum yields of 802 and of H2 was
about 20 in all photolysis experiments, indicating a chainn
reaction in the production of SOZ' This is shown in Table 2.

Photolysis of hydrogen sulphide alone in the packed cell
gave hydrogen. The quantity,of hydrogen was reduced when
oxygen was introduced. The production of 802 was not observed
after 700 minutes of radiation with a (02)/(H23) ratio
exceeding 2. This might have arisen due to the small amount of
reactants photblysed ahd the low intensity absﬁrbed. However,
at this temperature(150°C) the thermal reaction should have
been appreciable. Results of photo-oxidation in the packed
cell are shown in Table 3.

Whether in the large cell or the packed cell thermal
oxidation was appreciable at 150°c. It was often difficult
to differentiate the quantity of the product due to the thermal
reaction or the photo-oxidation. At lBOOC, however, the thermal
reaction was neglipible. Complete results are shown in the

Appendix.
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Table 1.

PhotoBoxidation results showing the effect of PO : PH 3 ratio on iSO & §H

2 2 2 2
Reaction P P P P, P 3 xlO"3 3
Expt.No. Temp.OC Time min. Io‘l HZS mm 02 mm C02 mm. 02/ HZS SO2 »H2
134 149 75 890 5.5 92.1 - 16.7 7.86 -
129 152 L5 1080 6.8 96.7 - 14.0 7.70 -
169 149 - 65 740 6.4 62.5 - 9.78 6.15 -
165 152 244 550 5.9 32.0 - 5.40 3.68 -
159 152 104 770 6.4 25.2 145 3.94 2.05 -
151 154 265 820 5.5 21.6 - 3.92 2.04 -
273 149 150 2010 15.1 LO.3 2.67 0.994 55.0
272 149 178 2050 18.5 33.6 1.81 0.348 16.4
271 149 210 2250 15.9 - 26.0 D.63 0.229 11l.4
269 147 203 2090 13.4 12,6 0.94 0.138 7.14
268 147 200 1940 15.4 7.1 0.458 0.046 5.33
322 148 169 3590 18.5 110 6.0 0,188 9.2
324 147 235 3416 16.8 99.4 5.9 0.258 9.8
326 146 L15 3270 17.6 96.1 5.5 0.187 7.0
325 145 198 3140 20.6 97.4 L.7 0.068 6.2
323 147 294 3170 23.5 105.8 he5 0.090 5.6
327 147 149 3054 22.2 91.5 L.l 0.086 5.4

..'[S-.



Table 2.

Photo-oxidation results showing consistency of #g, /EH

2 Hp \
Reaction P P P. /P, o B..x107> 8 3. /3

Expt.No. Temp. °C Time min. 0@ . 125 mm, O mm, 0O HpS "S0; Hy 730,77t
256 151 243 23,0 244 Ll .9 1.8L 0.20 0.708  27.4
269 147 203 2090  13.4 12.6 0.9 0.138 7.1k  19.4
271 149 210 2250  15.9 26.0 1.63 0.229 1l.L 20.1
272 149 178 2050  18.5 33.6 1.81 00.348 16.4 21.2
273 149 150 2010  15.1 10.3 2.67 0.994  55.0 18.6
322 148 169 3580  18.5 110 6.0 0.188 9.2 20.2
323 147 294 3170 23.5 106.8 b5 0.090 5.6 16.0
324 147 235 3416 16.8 99.4 5.9 0.258 9.8 26.4
325 145 198 31,0 20.6 97.4 .7 0.068 6.2 11.5
326 146 415 3270 17.6 96.1 5.5 0.187 7 23.6
327 147 149 305, @ 22.2 91.5 B3 0.086 5.4 16
263 148 175 2000  15.5 bl 2.87 0.787 31.4 25.1
266 148 132 1360  14.3 47.0 3.29 1.1, 53.1 21.5
27kt 148 123 2100 12.2 47.9 3.93 04252 9.75 25.8
275 1.6 . 120 2020  15.5 39.1, 2.5L 0.206  13.3 15.5
278 147 112 2060  14.7 38.6 2.62 0.516 28.6 18.1
283 145 135 1670  21.8 59.6 2.73 0.357 15.8 22.6
286 13}, 121 16,0 15.1 63.14 k.53 1.39  52.7 264
292 136 123 2,00  26.6 764, 2.9 0.222 10.4 21.3
296 136 120 1520  19.3 65.9 3.41 0.835 32 26.1
307 150 255 297  16.8 178.5 10.6 18.7°° 804 23.3
315 152 331 880  20.2 114 5.59 1.16 58 19.2
318 147 99 3552 15.1 104 6.9 0.104 L6 23
328 148 230 3014  20.2 87.3 k.3 0.132 7.2 18.2
329 146.3 150 2862 17.6 82.3 4.7 0.062 2.6 23.0
331 151 211 2030  22.1 75.5 3.4 0.090 5.8 15,3
334 149 178 2827 13.9 73 .4 5.3 0.132 6.9 19
336 149 204 3350  1h.3 61.7 k.3 0.215 11.8 18.3
343 150 209 3270 24.0 45.3 1.9 0.088 4.6 19
359 161 35 2560  10.9 90.6 8.31 9.98 516 19.3
363 169 3L 1700 11.3 83.1 7.32 14L.1 710 20.0
338 152 234 3170 19.3 L3.6 2.3 0,042 3.5 21,
3Ll 151 318 3290  16.8 39.4 2.3 0.072 4.3 16.7



Table 3

Photo-oxidation in packed cell. 1

Volume = 35.4 c.c. Surface/}plume rgtio = 4.3 cm.”
: Reaction : P P P, /P -3
Expt.No. Temp. °C Time min. Ion HZS mm. O2 mme. O2 HZS §SOZX]‘0 §H2~
379 149.3 205 450 7.1 88.2 12.4 0 20.2
380 150.2 322 620 21.0 - 92.0 4.38 0 6.2
381 149.0 182 655 11.3 77.6 6.87 0 6]
382 d54.1 L33 630 - 12,6 78.5 6.23 0 0
383 153.1 641 600 18.9 68.1 3.61 0 0
384 151.0 650 650 10.6 8L.8 7.78 0 31.2
385 150.6 645 605 -10.9 86.5 794 0 22.8
388 150.6 612 650 28.2 0 - - 8.8
389 152.2 670 660 20.2 126 6.25 0 1.4
390 152.2 575 640 15,1 135.6 8.98 0 2.2
391 152.2 406 650 25.2 0 - - 9.2
392 152 589 610 24,8 73.9 2.98 0 3.4
393 149.5 559 - 18.9 125,1 6.62 0 0

—gg-
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Thermal Oxidation

Thermal oxidation of hydrogen sulphide was studied at
temperatures of 160°, 170°, 190°, 210°, 225°, 240° and 260°cC.
Products were 802, HZO and sulphure No hydrggen was found.
About 3}(10"8 gm.mole of hydrogen could be detected on the char-
coal column. The amount of SO2 usually produced was of the order
of 5){10—6 gm.mole. The yield of SO2 increased drastically with
slight incfease in (02)/(H28) ratio. Under certain conditions
at 260°C, 19 mm. of hydrogen sulphide and 26Imm. of oxygen
(ratio = 1.33) led to a small explosion with a light emission
about 5 seconds after introduction of the mixture into the
reaction vessel. Increased pressure, with the ratio of (02)/(H28)
kept constant also increased the yield, as shown on Table 4
and fig. 17.

Runs were made (a)hodding the oxygen pressure constant
and (b)holding the hydrogen sulphide pressure constant. Initial
rates were calculated at less than 10% completion. log(initial
rate) was plot against log(H28) or log(OZ) as the case might
be. The order of reaction was calculated from the slope.

The plot showing runs with (0,) held constant at 258.5°C
is shown in Tabke 5 and fig. 18. It is seen that the order
with respect to (HZS) varies with (HZS) from 1 to O to -1
and again to O. The plots for runs with (HZS) held constant
at seven temperatures are shown in Tables 6-12 and figs.
19-25. It is obvious that the order with respect to (02)
is 3. Overall results could be expressed as

. )3

_ -1l
Rate = k(st) (O2

The slopes and intercepts of these lines were calculated

by the least squares method. The initial rates for (HZS)
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= 9..75:(10'5 gm. mole in the reaction cell and (02) = 1.00x10™%
gm. mole for.seven temperatures were calculated and plot against
1/T. This plot, shown on Table 13 and fig. Zé, turned out
" to be a smooth curve, but the closest least squares line
gave an¢ overall activation energy of 2l.2&k.cal./mole.

The effect of inert gas(COz) at 260°C was studied.

The effect of 002 up to 3 times the total pressure of
hydrogen sulphide and oxygen together was not appreciable.

Complete results are shown in the Appendix.



Table 4.
Thermal Oxidation - Effect of total pressure - 256.6°C.

Reaction s :
Expt.No. Temp. °C. Time min. HZS — PO2 mm. Ptotal mm. POZ/PHZS égtzliio gm.mole/min.
509 258.1 2.0 15.5 13.9 29.4 0.892 0.85
519 257.9 2.1 21.0 18.1 39.1 0.860 2.71
520 257.0 1.9 15.1 10.5 25.6 0.694 Oo474
523 255.6 2.8 21l.4 18.1 39.5 0.843 2.16
525 257 44 2ol 19.7 16.8 36.5 0.851 2.10
526 258.3 Re2 31.9 26.9 58.8 0.842 478
529 . 256.3 L6 50.0 Li.1 9L4.1 0.883 5.33
530 255.8 1.9 33.6 29.0 62.6 0.862 6.0
531 256.7 2.l L5.4 32.3 77.7 0.713 5.91
510 256.9 2.4 25.6 2L.8 50.4 0.967 5.88
514 254.0 L.8 24 . L 23.1 L7.5 0.948 2.56
517 259.0 2.3 23.1 22.2 45.3 0.964 3.04
527 255.7 3.2 26.4 24.8 51.2 0.936 3.42
528 254 .4 3.3 38.2 37. 7542 0.967 6.18
513 254.8 3.1 19.7 21.8 L1.5 1.11 3.97
515 255.2 1.8 2753 28.1 5. 55.4 1.03 10.4
516 259.0 2.3 23.1 25.2 48.3 1.09 6.65
522 255.6 2.3 22.7 23.5 46.2 1.04 6.48

=96 -
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Table 5.

Thermal Oxidation at 558.300.
(02) = 1.26x10"™ gm. mole in the reaction cell.

r =AA(SOZ)/4t = initial rate in gm.mole/min.

° Reaction .

Expt. No. Temp. ~C Time min. log(HZS) log r

The straight portion of the plot:
L7L 258.5 3.8 -4.788 -5.628
477 256.3 3.8 -4.450 -5.306
L82 255.4 - 1.4 -4 .383 -5.025
L8 257.1 1.4 -4 .131 -4 .883
505 260.0 2.0 ~4.206 -4 .827
507 260.0 2.5 -4 432 -5.188

Thus log r = l.27xlog(HZS) + 0.44

The curved portion of the plot:
l+85 25603 2.0 —30998 -40896
486 255.1 1.7 -3.979 -4.862
4,88 25881 2.2 -5.820 -5.138
Ll'89 25809 107 "’30697 ’5013[4’
490 259.0 3.1 -3.590 -5.336
491 259.6 3.2 -3.527 -5.430
492 2544 2.6 =3.434 -5.484
493 260.6 3.3 -3.340 -5.545
I+95 256.1 307 "30270 "5.579
496 263.1 3.1 ~3.234 -5.582
L97 263.0 2.2 -3.955 ~4.961
1}98 258.7 2.1 "3.852 -50107
500 260,2 1.5 -3.821 =l . 904
501 260.7 1.7 ~3.918 -4.827
502 257.6 2.1 -3,857 -5.084
503 25706 205 -3-772 "5.258
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Table 6.
Thermal Oxidation at 162.0°C.
(HZS) = 9.593{10"5 gm.mole in reaction cell

r =»(50,)/at = initial rate in gm.mole/min.,
Redction

Expt. No. TemB. °¢ Time min. log(Oz) log r
573 162.4 55.1 -4 .627 -9.750
57l|' 16205 5200 "40398 -9cl+21+
575 162.1 103.9 -4 .206 -7.86.4
576 161.5 93.3 -4.,074 -7 hlly
578 161.5 58.5 -3.818 -6.714
579 163.4 33.3 -3.629 -6.179
581 161.8 ) 81+06 —30950 -70125
582 160.9 50.8 ~3.772 -6.684
583 161.4 2L.0 -3.618 -6.578

584 16a.2 19.5 ~3.556 -6.218

Thus ~log r = 2.9Oxlog(02) + L.31
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Table 7.
Thermal Oxidation at 171.4°C.

(HZS) = 9.30x10'5 gm.mole in reasztion cell
r ==4(802)/ot = initial rate in gm.mole/min.

0 Reaction = . (g ) :

Expt. No. Temp. ~C Time min. 2 log r
585 172.0 137 -4.368 -7.666
586 169.6 73.8 -3.998 -6.871
587 170.7 - 36.2 - ~3.745 -6.044
588 171.6 37.8 -3.836 -6.256
589 170.7 67.0 ~4.114 =7.242
590 172.6 27.8 -3.631 ~5.851
591 172.6 18.0 -3.640 ~5.902

Thus log r =:2.96xlog(02) + 4.91
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, Table 8. .
Thermal Oxidation at 191.0°C
(H28) = 9.21+x10_5 gm.mole in reaction cell
r =<°(SOZ)/ot = initial rate in gm.mole/min.

Expt. No. Temp. °c %iigtégg. lOg(O2) log r

566 189.6  35.6 ~4.830 -8.854
567 189.6 34 b ~4.528 -7.893
568 190.6 29.5 -4 .228 -6.938
569 191.8 11l.1 -4 . 004 -6.180
570 191.8 9.1 -3.955 ~6.016
571 191.8 Lol ~3.757 -5.682
572 192.3 L.1 ~3.605 -5.296

Thus log r = 2.96xlog(02) + 5.55
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Table 9.
Thermal Oxidation at 209.5°C.
(HZS) = 9.80){10"5 gm.mole in reaction cell
r ==4(802)/At = initial rate in gm.mole/min.

Reaction
Expt. No. Temp. °¢ Time min. lOg(OZ) log r
556 211.2 29.7 ~-5.050 -8.775
557 210.3 37.7 ~4.575 -7 424
558 208.3 17.7 -4.383 -6.995
559 209.6 10.3 ~4.206 -6.428
560 207.6 10.1 ~4.217 -6.460
561 209,5 2.8 -3.900 -5.430
562 208.2 4.0 -4.074 ~-5.854
563 210.8 2.0 -3.79% -5.168
564 212.6 2.2 -3.772 -5.150
565 209.2 2.2 -3.733 -5.078

Thus log r = 2.89xlog(92$)+ 5.78
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Table 10.
Thermal Oxidation at 225.0°C.

(H28) = 9.913(10-'5 gm.mole in reaction cell
r ==6(802)/ot = initial rate in gm.mole/min.

| Expt. No. Temp. °c %iggtigg. lOg(OZ) log r
546 285.3 20.8 -4 .788 -7.700
547 224.5 2.5 -4 . 684 -7.487
548 223.7 13.6 -4.338 -6.678
549 223.3 10.0 -4.250 =644
550 227.8 L.2 -4.097 -5.802
551 227.1 . 3.9 -3.921 _ -5.212
552 225.6 3.5 -3.838 -4.921
553 224.1 2.6 -3.782 -4.936
554 224.8 1.4 -3.740 -4 .673
555 224.1 1.7 -3.684 -4 ,660

Thus log r = 2.91xlog(02) + 6.15
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Table 11.
Thermal Oxidation at 240.5°C.
(HZS) = 9.24,x10™° gm.mole in reaction cell,
r =-4(802)Aot = initial rate in gm.mole/min.

o Reaction log(0,)

Expt. No. Temp. ~C Time min. 2 log r
537 243.6 L.6 -4.830 -7.622
538 243.5 21.9 -4 . 684 -7.396
539 240.9 10.9 -4 .432 ~-6,767
540 240.6 3.8 -4.186 ~-5.917
541 239.3 10.4 -4 .368 -6.616
5L2 239.0 2.6 -4.031 . =5.385
543 239.8 1.4 -3.951 -4.962
544 239.8 1.7 -3.838 -4 .807
545 239.1 1.2 -3.660 -4 .51k

Thus log r = 2.93xlog(02) + 6.34
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‘Table 12.
Thermal Oxidation at 258.5°C.
(HZS) = 1,12x10"% gm.mole in reaction cell
r ==4(SOZ)/4t = initial rate in gm.mole/min.

o - Reaction log(0.)

Expt. No. Temp. "C. Time min. g% ) log r
L55 259.0 0.2 -4.114 -5.,784
LL7 258.0 . k.5 -1y, 052 ~5.674
L|,31 260-9 6.1 "3-961 "5014'68
l+30 260:9 501 -30979 -5014'08
4438 258.0 L.l -3.817 -4.984
449 258.0 3.9 -3.921 -5.296
450 258.0 6.4 -3.830 -5.178
}4'51 258.0 1+ol “30927 -50186
l+53 25603 LPOLP "30666 "‘Llr0869
L5k 257.7 5.1 -3.74L0 -4.952
l{'ssq 256.1 108 "3-678 "40536
457 257.0 3.8 -3.827 -4.980
14’58 25902 [+.O "3-876 "50223
L"59 25709 L!rol -30998 "5-14'57
L60 257.9 5.1 =4.097 -5.830
462 255.9 L.6 -4,114 -5.820
L63 257.7 Lok -4.166 -5.905
L6L 256.9 L.2 -4.298 -65.203
1+65 25907 ' . 8.2 -40383 "6014'88
L66 260.9 12.6 ~L .65 -7.146
L67 259.9 20.5 -4.928 ~-7.900

Thus log r = 2.56xlog(02) + 4.72
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Table 13.
Thermal Oxidation - Dependence of initial rate on Temperature.
r =«$(SOZ)/At = initial rate when '
(H,S) ‘-‘-:‘9.753{10'5 gm.mole in reaction cell
(02) = 1.00z107% gm.mole in reaction cell.

Temp. °C. 1/T x10° log r
258. 5 1.881 _5.52
240.5 1.947 ‘ -5.38
225.,0 2.007 ~5.49
209.5 2.072 -5.78
191.0 2.154 ~6.29
171.4 2.249 -6.93
162.0 2.298 ~7.29

Thus  log r = ~4.66x10°/T + 3.62
Therefore, overall activation energy = 21.2%k.cal./mole.
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Photo-oxidation

In the phdto—oxidation, difficulty in obtaining reproducib-
ility made quantitative measurements of little value. The
possible explanation for this difficulty have been described
earlier under "Results™. It should be expected that all the
factors mentioned plajed a part. In all previous work the
fact that hydrogen sﬁlphide reacted wiﬁh sulphur dioxide to
deposit sulphur was neglected. This could have been the most
important factor in affecting reproducibility, since when any
sulphur was deposited, a new surface was formed on the walls
of the vessel. There was no evidence that the vessel could be
"seasoned",

8202 was not found at all by gas chromatography. It should
be expected that under the chromatographic conditions, the 8202
would have decomposed before reaching the detector.

" The fact that H2 was found in the photolysis of hydrogen
sulphide alone agreed with the generally accepted initiation
steps: |

HZS s SH + H
H+H2§ —--H2+SH
In the presence of oxygen, these were the initiation steps
as well.

17, 18 did not meashre sulphur

Darwent and his co-workers
dioxide as a product and their conclusions could not be complete
without considering the sulphur dioxide production. In the
present work, the quantum yield of hydrogen increased wiﬁh the
addition of oxygen and with the increase in (02)/(H28) ratio.
This could be due to oxygen inhibiting the terminating reaction:

H + SH e st*

MhA damnaranca. 3m Mmiantiim vialAd Af anlnhiir dinvide conld he due
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to the same effect. More important, however, could be oxygen
as a third body preventing collision of hydrogen sulphide with

sulphur dioxide in the overall reaction:

| 2H28‘+.SO2 — 35 + 2H20

Similar results were obtained by Thompson and Kelland28
but no plausible explanatioms were made. The same results
were not observed by hoth Darwent and his co-workersl7’18 and

Norrish and his collaboratorsl5’16.

The common ratio of ISOZ/IHé'v 20 indicates that sulphur
dioxide must be produced by a complicated chain reaction. It
is likely the sulphur dioxide is produced in more than one
reaction. This observation was not made by éither Darwent and

his co—workersl7’18 15’16,

nor by Norrish and his collaborators
since they did not measure the quantum yields of both sulphur
dioxide and hydrogen.

The fact that sulﬁhur dioxide has not been found in the
photo-oxidation in the packed cell indicates that terminatioh
steps in the chain reaction producing sulphur dioxide mﬁst
be hetsrogeneous. The production of Hydrogen was not inhibited

by the increase in surface area. Any proposed mechanism must

be in agreement with this fact.
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Thermal Oxidation

In the thefmal oxidation, it was significant that
hydrogen was not found, indicating that
HZS-{--M—-—H-!:-SH-&M
was not the initiation step, as postulated.by Norrish and his
co-workersl5. A more reasonable suggestion would be
H28+02-----SH+HO2
with the HO2 radical disappearing subsequently at the wall.
The variations in the order for (HZS) with HZS pressure
could be explained in the following way. The first part of
the plot with order = 1 was probably the genuine HZS + 02
reaction. In the region where order = -1, a retardation by
HZS was indicated and this was probably due to the reaction

2H,S + SO, === 35 + 2H,0

2
In the region where the réte is independent of st pressure,
the hydrogen sulphide was in such a large excess that (HZS)
could be considered as constant. 8202 was not found as in the
case of photo-oxidation.

It is difficult to comprehend the rate being dependent
on the third order with respect to oxygen. A complicated
chain reaction must take place. To explain the overall rate
expression of

Rate = k(H,8)™" ~"*1(0,)’

the following mechanism is postulated:



Initiation: HyS  + 0, —e SH  + HO, .(1)
Chain propagation:  SH + 0, w— SO + HO (2)
| HO + HyS  —e= H)0 + SH €39
Chain branching: SO + 0, —= 50, +0O (4)
0 + H,S  ——=SH + HO (5)
Termination: SO + 0 —- 503 R S0, (6)
SO + S0 —== 5,0, | - (7)
8,0, + 0, ~—= 250, (8)
HO —— wall (9)
0 — wall (10)
SH —= wall (11)
HO, — wall (12)

By stationary state considerations,

por L)~ 0, k) (H,5)(0,) - k,(0,)(SH) + ky(H,S) (HO)
| + kB(HZS)(O) - kll(W)(SH) += 0,
ror U50) - o,k (0,)(sH) ~kk, (0,) (50) = k/(S0)(0) ~ ky (W) (0)
2 =

- k,(80)" + k_,(5,0,) = 0.
ror LHO) — 0, k,(0,)(8HI) & ky(HgS) (HO) = k(W) (HO) + ky(H,8)(0) = O
vor £9) — 0, K, (0,)(S0) - ky(HyS)(0) - k(80)(0) - k(W) (0) = o.
For 408202) = o,k (s0)? - k_,(8,0) = kg(0,)(8,0,) = O.

-
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An expression for (SO) can be obtained from the above equations
using the following assumptions for simplifications

kg(W) << kB(HZS)

ké(SO)<< kS(HZS)
klo(wﬁ << k5(H28)

then
a(80)% + b(S0) + ¢ = 0

where

ko (W) Lk, (K _, + kg(0,)T + Kok ko Qk_,+ kg(0,)3(0,) 4k kok_,(H,S))
k k (k_, + kg(0,)3(0,)

kX1

k

o+ khkloklm(W)

5 k5(H285

b ==-thk5k7(H25) + kh](Oz) +
c = ky(H,8)(0,)

The solution is

-b + ;b2 - Lac

2a

(80) =

It is clear that the solution cannot be explicitly expressed,

but will have the form

0,) + a

(50) = 2,(0,)° + a,(0,) + a,

where aj, a5, ageece.. are coefficients of terms of (02).



Therefore,

Thus from reaction

Rate =

From reaction (6),

Rate =

From reaction (8)

Rate =

B

- 8l -

= kh(so)(oz)

= alé@02)3 + a13(02)2 +a),(0y) +a),

k6(SO)(O)
al6(02)5 + a’jigé(oz)‘F + a28(02)3 + 319(02)2

+ayy(0,) +ay

kg (5,0, (0,) |
3122(02)LP +'a23(02)3 + aZA(

BT

2,
0,) +fa25(02)



Since reaction (6) is a radical-radical collision process and
regction (&) is an intermediate-reactant process, both cannot
be important. Moreover, the rate expressiors from both these
reactions contain terms of higher order than (62)3 whereas

the experimental expression is only to (02)3. Thus the react-=
ion mainly responsible for sulphur dioxide production must

be reaction (4), and the rate is third order with respect

to oxygen preésure.

The above mechanism is very similar to that proposed by
Norrishl5. The major differences lie in the initiation step
and steps (7) and (8). Without these two steps, no terms in
third order of (02) can be obtained. Though 5,0, has not
been found, it is assumed to be an intermediate. Suphur
formation is not accounted for, since it is attributed to
the reaction |
0

2H,S + SO, e=—e 35 + 2H

2 2 2

the mechanism of which is unknown. Norrish and his co—worker315’16
were able to identify the reacting species, except atomic

oxygen, but using kinetic spectroscopy, they could not obtain

data for the rate dependence on order with respect to each

reactant, and they were unaware of the different initiation

step in thermal oxidation.

Another plausible mechanism which on stationary state

considerations gives for the rate expression one term out

of about ten in (02)3, is as follows:
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Initiation: HyS + 0, —= SH + HO, (1)
Chain propagation: SH + 0, == 560 + HO (2)
HO  + H,S ———= H,0 + SH (3)
Termination: S0 + S0 mm== 5,0, (4)
5,0, + o2 —= 250, (5)
580 + HyS === H,0 + 5, (6)
SH — wall (7)
HO — wall (8)
HO, ~ wall (9)

Since the (O‘z‘,)3 term in this mechanism is not important,

it is believed unlikely. This mechanism, however, indicates
sulphur to be a direct product of HZS'oxidation in addition
to being a product formed from the primary product reacting
with the origmnal reactant.

~In fact, in order to establish whether atomic oxygen is

involved, 036 should be used in mixture with O%z. From the

exchange reaction of

16 & o8 o3

8%“ should be able to be determined mass-spectrometrically.
3L
02,

Again, the amount of produced may be too low to be detected.

The overall activation energy found, 21.26%k.cal./mole,
was in good agreement with the very rough estimate of 18-20
k.cal./mole made by Thompson and Kellandzg. These authors did
not study the thermal oxidation to as low a temperature as the

present work and the estimate was very approximate indeed.
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If the following values of bond energies are used,

S-H 81.1 k.cal./molez“2
$-0 118.5 k.cal./mole30
0-0 peroxide 33.2 k.cal./mole32
0-0 molecule 118.3 k.cal./moleB_2
0-H 110.6 k.cal./mole>?
H-OH 118 k.cal./mole’!

the enthalpies of the reactions (1)-(5) can be estimated

to be

i

Reaction (1) +56 k.cal./mole

Reaction (2) = -~ 3 k.cal./mole
Reaction (3) -37 k.cal./mole

Reaction (4) = +27 k.cal./mole

oo« ol « s o S = of
]

Reaction (5) = ~30 k.cal./mole.

The overall activation energy of 21.22k.cal./mole is

smaller than the enthalpy for reaction (1) and indicates

k

that a term may be very important in the overall rate

2
constant expression(giving an expected value of 22 k.cal./mole.)
This cannot be verified due to the complexity of the rate

equation.



(3)

(&)
(5)

(6)
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Other results on Photo-oxidation
P

o
S,
g

Reaction , P.

Expt. No. Temp. °C Time min: o4 HZS mm. O2 mm. 02 HZS SQ2
242 1504 103 2932 8.8 23.1 2.62

243 150.4 107 2980 7.1 75.1 10.6

244 135 65 2960 7.1 43;6 6.14

245 135 75 2940 5.92 L5.4 8.13

246 134.6 102 2920 7e6 Ll .5 5.85

247 135 L2 2880 7.1 4L5.8 6.45

248 133 212 2550 8.4 794 9.45

24,9 133 50 2670 13.4 117.3 10.3 266
265 149.1 316 1860 15.5 30.6 - -
276 147.4 124 1980 13.0 37.0 2.8L 734
277 146.1 123 1760 14.3 37.4 2.62 336
279 146.8 66 1960 12.2 56,2 L4.61 282
280 147.3 199 1930 . 16.8 L4L6.1 2.75 79
281 147.5 200 2100 14.3 8.0 0.56 0
282 148.3 252 1860 12.2 L1.1 3.38 2210
284 147.5 152 1870 - 20.6 56.6 2.75 680
285 147.5 352 1540 15.5 L.6 0.30 59
287 134.0 127 1350 14.3 68.0 L.75 1395
288 134.6 168 970 16.0 68.0 4,25 3245
289 137.0 135 2100 13.9 69.7 5.0 2690
290 137.0 112 2060 26.0 643 247 2250
291 136 129 1440 26.0 63.0 2.42 1172
293 136.6 383 2210 2743 74,0 2.71 606
295 135.7 125 1840 17.2 68.9 L.0 1020
297 140,2 123 2LLO 29.4 76.0 2.58 354
298 140 335 1570 23.1 : 70.5 3.0 1020
308 149.6 427 413 . 19.3 197.5 10.4 0
310 147.2 120 256 16.8 170.0 10.1 2465
319 148.8 127 3780 21.0 121 5.8 109
320 150.7 282 3680 18.5 122.4 6.6 363
321 149.0 110 2880 2035 113 5.5 86
330 147.0 208 3365 23.5 794 34 Th
332 149.3 181 3430 21.0 67.6 3.2 6.
335 148.2 177 3260 16.4 63.0 3.8 99
337 152.0 180 2930 19.7 42.0 2.1 30.
339 148.7 180 2565 - 19.7 50.8 216 39.
340 149.6 253 3020 22.2 L5.3 2.0 32.
341 147.8 237 2830 21.0 L6.1 2.2 22
343 149.1 233 2980 19.3 37.8 2.0 24
345 148.3 230 2970 18.5 26.0 1.4 16
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Thermal Oxidation - Effect of Inert Gas at 257°C.

r ==A(SOZ)AAt = initial rate in gm.mole/min.

P P P

Expt. No. HZS mm. O2 mm. CGZ mm. log r
536 18.5 10.9 o -6.395 -
532 18.9 15.1 22.6 ~6.100
533 19.3 15.0  30.3 ~6.306
534 2l.k 13.7 37.6 ~6.246

535 17.2 L5 67.2 ~6.186



