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Abstract:

An investigation was conducted to determine what effect temperature, mol ratio of feed, and total mols
of feed would have on the reduction of sulfur dioxide with methane using a semi-continuous flow
fixed-bed catalytic process unit.

Sulfur dioxide was reduced with methane over 400 grams of catalyst while operating conditions were
varied between the following limits; temperature — 525°to 595°C., mol ratio of methane to sulfur
dioxide — 1.32 to 7.14, total mols of feed per hour — 6.06 to 9.09.

When operating at a mol ratio of 3.6 and 8.0 total mols of feed, a temperature of 562°C. gave a
maximum conversion to sulfur of 62 percent with fresh catalyst but after extended catalyst use a
temperature of 550°C. gave a maximum yield of 58 percent. In both cases a decrease in conversion to
sulfur was accompanied by an increase in the percent sulfur dioxide converted to other products at
temperatures above 562°and 550°C., and by an increase in percent sulfur dioxide which was unreacted
at temperatures below 562°and 550°C.

A 3.6 mol ratio of methane to sulfur dioxide produced a 62 percent maximum reduction to sulfur when
temperature and total mols of feed were held constant at 562°C. and 8.0 mols, respectively. A decrease
in reduction to sulfur was accompanied by an increase in percent sulfur dioxide converted to other
products at mol ratios greater than 3.6 and an increase in percent sulfur dioxide which passed unreacted
when mol ratios less than 3.6 were used.

The rate of feed which appeared most favorable for conversion to sulfur when used with a temperature
of 562°C. and a mol ratio of 3.6 was 8.4 total mols per hour and feed rates both greater and less than
this value gave a sharp reduction in percent conversion to sulfur accompanied by a corresponding sharp
increase in percent sulfur dioxide converted to other products.

It is believed that greater ultimate yield of sulfur may be obtained by operating at a temperature below
560°C, and a mol ratio less than 3.6 with subsequent recycle of the unreacted sulfur dioxide.

Extended use of the catalyst produced a definite change in its activity as indicated by a decrease in
maximum, conversion to sulfur from 62 to 58 percent, while the temperature at which these maximums
occurred shifted from 562°C. for fresh catalyst to 550°C. for catalyst which had been in service for 160
hours.

Time required to stabilize operating conditions was felt to be a source of experimental error since it
was included in the actual run.
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ABSTRACT

An investigation was conducted to determine what effect temperature,
mol ratio of feed, and total mols of feed would have on the reduction
of sulfur dioxide with methane using a semi-continuous flow fixed-bed
catalytic process unit.

-Sulfur dioxide was reduced with methane over LOO grams of catalyst
while operating conditions were varied between the following limits:
temperature -—- 525°%0 59500., mol ratio of methane to sulfur dioxide —-
1.32 to 7.1k, total mols of feed per hour —- 6.06 to 9.09.

When operatin% at a mol ratio of 3.6 and 8.0 total mols of feed, a
temperature of 562°C. gave a maximum conversion to sulfur of 62 percent
with fresh catalyst but after extended catalyst use a temperature of
550°C. gave a maximum yield of 58 percent. In both cases a decrease in
cohversion to sulfur was accompanied by an increase in the percent sulfur
dioxide econverted to other products at temperatures above 562°and 550°C.,
and by an increase in percent sulfur dioxide which was unreacted at
temperatures below 562°and 550°C.

A 3.6 mol ratio of methane to sulfur dioxide produced a 62 percent
maximum reduction to sulfur when temperature and total mols of feed were
held constant at 562°C. and 8.0 mols, respectively. A decrease in re-
duction to sulfur was accompanied by an increase in percent sulfur
diexide converted to other products at mol ratios greater than 3.6 and an
increase in percent sulfur dioxide which passed unreacted when mol ratios
less than 3.6 were used.

" The rate of feed which appeared most favorable for conversion to
sulfur when used with a temperature of 562°C. and a mol ratio of 3.6 was
8.4 total mols per hour and feed rates both greater and less than this
value gave a sharp reduction in percent conversion to sulfur accompanied
by a corresponding sharp increase in percent sulfur dioxide converted to
other products.,

It is believed that greater ultimate yield of sulfur may be obtained
by operating at a temperature below 560°C. and a mol ratio less than 3.6
with subsequent recycle of the unreacted sulfur dioxide.

Extended use of the catalyst produced a definite change in its
activity as indicated by a decrease in maximum, conversion to sulfur from
62 to 58 percent, while the temperature at which these maximums occurred
shifted from 562°C. for fresh catalyst to 550°C. for catalyst which had
been in service for 160 hours.

Time required to stabilize operating conditions was felt to be a
gource of experimental error since it was included in the actual rum.
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INTRODUCTION
A. Background

In the years following World War II, and particularly the years 1950
to 1952, there developed in the sulfur market a "tight"’situation in which
industrial supplies were sufficient to meet conéumer needs for only three
to seven mbnths,. This was not considered a healthy condition and steps
were taken by various Governmenf.agencies to remedy the situation. During
this period prices of sulfur ranged from $21 to $24 per ton at the mines
to as much as $100 to $200 per ton on the export market.

The upswing of the value of sulfur led to increased effort in the
search for additional sources of this commodity. O0ld mines were reopened
and new deposifé of sulfur ores were surveyed and developed, but'thése
gave only a 30 to 4O year reserve at present consumption rates. The high’
market value of elemental sulfur made recovery of this material as a by-
product from fuels and stack:gases econémically attractive. The need for
removal of sulfur from industrial gases to improve their utility as fuel
or to reduce air pollution encou;aged this type of sulfur produéﬁion, but
the greatest impetus was givén by the sulfur shortage. Many companies
that consume sulfur, particularly‘those in the petroleuﬁ induétry, saw an
‘opportunity to improve their individual supply positions by installing
equipment to recover,sulfur from their waste gases. These plants gave a
35 percent increase in the recovered-sulfur output.

Since 1952 extensive deposits of elempntal sulfur have been located

and developed in Mexico and mining methods have been improved in other
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parts of the world and, as a result, the price of sulfur has taken a
sharp drop, thus removing much of the incentive for the expeﬁditures of
capital on sulfur reclamation equipment at this time. The existiné.re—
serves of sulfur are not unlimiped and the time will coﬁe when other
sources will have to be developed to supplement the natural deposits.

In the metallurgical industry many of the ores of iron, copper,
silver, lead, and other metals are found and mined as the respective
sulfides in varying forms. One of the mefhods used for recovering these
metals from their ores, which has been iﬁ usg‘for centuries and is still
used extensively today, involves converting the sulfide ore to its
corresponding oxide and then reducing to the metal with carbon or some
other material. |

To convert the metallic sulfides to oxides, the ores are literally

burned, or sinﬁered, at relatively high temperatures in an air atmosphere.

Part of the oxygen frﬁmhthe air replaces the sulfur in the ore, thus
forming metallic oxides, and tﬁe displaced sulfur then reaects with suf-
ficient quantities of the remgining-oxygen to form sulfur dioxide or
sulfur trioxide. These sulfur compouﬁds, being gaseous, enter the flue-
gas stream and pass to the stack where they are dissipated into the
atmosphere. |

| Most smelters have for sometime recovered‘enough sulfur dioxide from
their stack gases to manufacture the sulfuric acid required in their own

plant and in the immediate area. To atbtempt to supply a market located

any distance from the plant is prohibited by the high cost of transporting
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the acid. Some plants have found it profitable to install fertiligzer
plants and other related processes wheréin additional amounts of sulfuric
acid can be used. These processes are generally seasonal in nature and
at best use only a small portion of the sulfur d10x1de which is produced
in the smelting operation. If some economical method were available by
which this wasted sulfur dioxide could bg converted to elemental sulfur,
a new source of revenue would be available to the smelters and a valuable

contribution would be added to our sulfur reserves.

B. 'Previous Work

In considering the problem of reduction of sulfur dioxide to obtain
eiemental sulfur, the literature was consulted to determine what previous
work, if any, had been done along these lines. No survey was made on work
which appeared in the literaﬁure pricr to 1929. It was found that consid-
erable work had been done on'the problem, both in the United States and in
other countries,

Arthur J. Caddick (1) carried out experiments in which a bed of in-
candescent coke was used to produée elemental sulfur from gases of varying
sulfur dioxide content. Caddick's results indicated that there was a
maximun recovery of sulfur and a minimum consumption of coke when the feed
gases contained seveﬁ percent sulfur dioxide by volume. In an experiment
in which steam was injected with the 505, Caddick reported the recovery
of T4.1ll percent of the sulfur content, with a consumption of 1.12 tons

of coke and 0.08 tons of steam per ton of recoverable sulfur.
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In experiments carried out by the Russians, (5), sulfur dioxide was
reported to react well.with methane at 900°C, over a bauxite catalyst to
form sulfur, hydrogen sulfide, water, and carbon monoxide. At higher
temperatures hydrogen and carbon monoxide were formed, while at lower
temperatures the methane was reported to react incompletely. When using
a methane to sulfur dioxide ratio of Q.43 and a temperature of 900°C.,,
their yield of sulfur, based on methane, was 89.2 to 96.5 percent.

J. W. Beckman (3) reduced sulfur dioxide in the presence of a
fsimple" catalyst by passing a mixture of sulfur dioxide and natural gas
or carbon monoxide tﬁrough a cylindrical chamber which contained the
contact mass, and whicﬁ was electrically heated to maintain the contact
mass at 427° to 470°C. The sulfur produced was condensed from the dis-
charge gases and was collected as a liquid. The reduction reaction was
found to be exothermic.

The reduction of sulfur dioxide was reported to be catalyzed by
bauxite (7) (5) or vanadium pentoxide (2), and the catalytic action of
bauxite was reported to be improved by the addition of iron or manganese
compounds (1).

A smelter located at Trail, British Columbia, (4), operated a plant
which utilized an incandescent bed of coke to reduce the sulfur dioxide
from their stack gases to elemental sulfur. This plant was operated on a
commercial scale.

After studying the information found in the literature and consider-—
ing the various reducing agents which were readily available, it was

decided that preliminary studies of the reduction of sulfur dioxide would
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be made using natural gas as a source of methane and activated alumina as
a-catalyst.

This paper is a discussion of the experimental reduction of sulfur
dioxide by methane and the effects on that reducfion produced by varying
temperaturs, mol rafio of reactants, and total mols of reactants passed

per hour.




A, Methods

~Ou

THERMODYNAMIC CONSIDERATIONS

In considering the reduction of sulfur dioxide with methane, it was

felt that some preliminary study of the thermodynamic aspects of the

problem should be carried out.

To do this, a number of reaction equations

involving sulfur dioxide and methane were postulated. These equations

were chosen to give various reaction products and to test how some of the

products might possibly be expected to behave in the presence of sulfur

dioxide.

The suggested reactions were set forth as only a portion of

those which could be written. It is possible that the reduction is by a

reaction which has not been presented. The six reactions which were

considered are:

(1)
(2)
(3)
(4)
(5)
(6)

ZSOZ(g)
b02(g)
>502(g)
3302(g)

502(g)

S02(g)

* Oy (g) —>
+ 30H, (g) —>
+ 3CH,(g) —>
+ ZCHh(g) -
* C5(g)
* 2Ha5(g) —>

S2(g) * CO02(g) + H20(g)

0S(g) + 2004,y + AH20(g) + 2HpS(,)
0S,(g) *+ 3/2 Sp(g) + 2005(5) + 610(,)
155(g) + pB(y) + 200y(,) + 2Hg0(g)
3/2 85(g) * COg(g)

3/2 sz(g) + 2H20(g)

In these equations the first four deal with reaction between methane

and sulfur dioxide, while the last two suggest some possible reactions

between sulfur dioxide and some of the products Pbtained in the first

four equations,
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Data from Table I was used to calculate;'a change of enthalpy at
standard conditions (A H298) by subtracting the tetal lr‘lea.ts of formation
(A HF298) of the reactants from the total heats of foﬁation of the
products. Similarly, the change in entropy (4 8298) was calculated by

subtracting the sum of 8° of the reactants from the S° of the

298 298
products. A4 temperature of neutral equilibrium (TNE), at which the
equilibriumn constant (Keq) equals one, was calculated by dividing the
53H298 of an equaﬁion'by itS‘correspondiné 418298' These respective
values of LSH298 and 433298 were then used to calculate the change in
free energy (AF) for each of the postulated reactions at temperatures of .
298°, 400°, 600°, 1000°, and lSOOOKg'using.the equation
AFT = AH298 - T(A 3298)

where ‘

T = tempefature being studied, in degrees Kelvin, (°K).
A more rigorous determination of the values of AF was not attemﬁted;
since heat capacities for some of the products formed were not available,

Equilibrium constants(Keq) were calculated for each reaction at each

of the temperatures, using the equatien

810 feq(r) F 2T;$ET
where
T = temperature in OK;
R = gas constant (1.987)

AF = change in free energy at temperature T.




~11-
A sample of these calculations is given in Table II along with the

calculated values of AH AS_ ', AFT and Kgq () for each of the

2987 T "298
postulated reactions,

B. Conclusions:

In the first five suggested reactions the-A‘F(T) values are all
negative and‘the'Keq(T) equllibrium values are all greater than one,
indicating that if these were the reactions ihvolved, they should proceed
toward the right at reasonable operating temperatures. Reaction six has
a positive ZSF(T) value in the lower temperature rangé but chaﬁges to a
(negative value at 8L1°K (538°C.), which might indicate that the reaction -
was questionable. The recovery of the sulfur as a liquid rather than a
gas might have given more favorable values for AF(T)‘

The values obtained for these suggested reactions indicated that a
reduction reaction should take place between sulfur dioxide and methane

in the temperature range considered, and that experimental studies of the

problem were justified.
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EQUIPMENT DESIGN AND CONSTRUCTION
A, Flow‘Sheet ,

In preparing for research investigations of the reduction of sulfur
dioxide with methane at various temberatures, mol ratios, and space veloc-
ities, a semi-continuous-flow, fixed bed, catalytic process unit was
designed and built. The early operation of the unit necessitated design
changes in which the original units were replaced or modified to overcome
specific operating problems as they were encountered. A block flow
diagram of the unit as it emerged in its final form is shown in Fig, 1,
and a detailed flow sheet of the unit is showm in Fig. 2. As this unit
was set up, sulfur dioxide and methane were metered by orifices and manom-
eters from their respective sources into a pipe which carried them to the
top of the reactor. The mixed gases then passed down through the preheat
section containing one-half inch Berl saddles and then over the catalyst
bed. The hot reacted gases then passed to the constaﬁt—temperature
condenser where the sulfur vapor was condénsed to the liquid state, after
which the liquid sulfur and the partially cooled gases .passed down the
center of the sulfur receiver to a cup in the bottom where the sulfur was
collected. The remaining gaseous materials then passed upward through a
glass—ﬁool filter where any entrained sulfur particles were removed, From
the sulfur receiver the gases were carried to a water cooled coﬁdenser
where most of the water they contained was condensed out and collected in
the water receiver. After the water was removed, the gases went to the

low temperature condenser where any unreacted sulfur dioxide was collected,
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and they then passed out the vent line to the atmosphere.

B. Design and Specifications of Component, Parts

Reactor: The reactor was made from a 27-inch length of 2-inch,
schedule 40, black-iron pipe. Standard cast—iron’pipe caps were used to
close the ends. See Figf 3 for details of reactor construction. Three
nichrome coils were spaced along the length of the reactor to supply the
outside heat necessary to maintain'any desired reactor temperature. The
resistance of the top coil was such thaﬁ it would draw 9 A.C. amperes
when connected to a 220-volt power supply. The resistances of the middle
and bottom coils were such that they drew 5.5 and 4.5 A.C. amperes,
respectively, when connected to a 110-volt power supply. A single layer
of asbestos tape was wrapped the full length of the reactor, then the
ceramic bead-strung heating coils were wound into place, covered with a
second layer of asbestos tape, and finally insulated with about one inch
of 85 percent magnésia. To permit filling and inspection of the reactor,
the top cap was not insulated, but the bottom cap and the exit gas line
were covered with the one-inch magnesia layer. A %—inch standard black-
iron pipe, welded closed at the top end, was passed through the center of
the bottom cap to serve as a thermowell in the reactor. A metal baffle
was placed in the top of the reactor to mix and diffuse the feed gases and
to prevent their impinging directly upon the end of the thermowell. A
stainless-steel screen was placed in the bottom of the reactor to serve as

a catalyst support and give an open space for free gas passage to the

i

outlet opening.,
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Sulfur Condenser: A-water—cooied condenser made of metal was first
tried, but the sulfur solidified in the tube and soon plugged it, thus
stopping the flow of gases. An insulated 3/8-inch glass tube approx-—
imately 24 inches in length was then tried, but it also plugged with
solidified sulfur. A constant-temperature condenser was then built which
would condense the sulfur and maintain it in a liquid state until it was
delivered to the sulfur receiver. Details of tﬁe condenser are shown in
Fig. 4. The center tube was made from a 30-inch length of i-inch diameter
thin-wall electrical conduit. A 26-inch section of l-inch diameter thin-
wall electrical conduit was used for the condenser jacket and was secured
in place by brazing at each end. Inlet and outlet connections for coolant
were provided by brazing seétionﬁ of %—inch‘black-iron pipe into holes
drilled at the top and bottom of the condenser jacket. The center tube
was packed with f-inch ceramic electrical insulating beads to give a
greater contact surface for the hot gases and to coalesce the fine part-
icles of sulfur which were suspended in the gas stream. A ceramic-bead-
strung nichrome heating coil was wound on the lower portion of the con-—~
denser to provide sufficient heat to constantly boil the coolant in the
condenser. Approximately 40O watts of heat was found to be sufficient
power to maintain boiling, A i-inch standard pipe was used to connect the
coolant outlet to the top of a one-quart coolant reservoir, and another
section of pipe was used to connect the bottom of the reservoir to the
inlet, or bottom, of the condenser. A water-cooled glass condenser was

connected to the top of the coolant reservoir to condense and return to
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the system any vapors formed by the boiling in the condenser. A 3/h-inch
layer of 85 percent magnesia was used to insulate the condenser, reservoir
and lines of the wunit. An‘ethyleﬁe—glycol—water solution, adjusted to boil
at 317°F,, was_used as the heat transfer medium in the condenser.

Sulfur Receiver: A 300-ml. Florence flask, to which a side arm had
been attached, was first used as a sulfur receiver, but difficulties were
encountered in that the sulfur could not be removed, and some sulfur part-
icles were entrained in'the gases and subséquently settled out in the
lines. To overcome these difficulties a sulfur receiver was constructed
from a 13-inch section of 2%-inch diameter glass tubing. Two large rubber
corks were used to close the ends, the top one being bored to take a nine-
inch section of one-inch diameter glass tubing which extended down into
the receiver to carry the gases and any entrained sulfur particles to the
lower section of the receiver. The lower section of the réceiver held a
small, easily removed, aluminum-foil cup in which the liquid sulfur
collected and solidified. From the bottom the gases passed upward thfough
glass wool loosely packed between the concentric walls of the two glass
tubes where any entrained sulfur particles were filtered out. A second
small hole in the top cork, fitted with a glass tube, served as an outlet
for the gases passing to the water condenser. When in opération, the
.sulfur recelver was surrounded by a boiling water bath to prevent any
water from condensing in it. See Fig, 4-A for details of sulfur receiver.

Water Condenser: A 36-inch long water-cooled glass condenser having

a 3/8-inch center tube was used to remove most of the water vapor from
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the gases.

Water Receiver: A one-liter Erlermeyer flask, attached to the bottom
of the water condenser, was used as a water receiver.

Cold Condenser: A 600-ml. distillation flask with the gas inlet tube
extending nearly to the bottom waé immersed in aﬁ acetone-dry-ice bath as
a first trial low-temperature condenser. The small amount of water vapor
present in the gases being cooled collected in the inlet tube in the form
of ice and soon stopped the flow of gases. An attempt to insulate the
inlet tube was made by wrapping it with a 3/16—igch layer of glaés wool
followed by a second glass tube, withéﬁhe annular sp;ces at the ends closed
with bored corks. This afforded little relief,from the formatioﬁ of ice
and the tube soon plugged. A nichrome heating coil was then wound on the
inlet tube, folléwed by a glass-wool insulation and a second tube, but ice
still formed in the section covered by the cork at the lower end and plug-
ged the tube. A larger flask with more room in the neck was secured., A
new inlet tube was constructed in which-a nibhroﬁe heating coil was spaced
at 3/1lé-inch per turn along its entire inside surface and the outside was
insulated tya 3/16-inch layer of glass wool covered by a second tubeal De-~
tails of condenser construction are. shown in Fig. 5. Approximately 12
volts applied by an autotransformer was sufficient to prevent formation of
ice in the tube. |

Vent Line: One-half-inch saran tubing.

Sulfur Dioxide Feed: Feed was started from a l50—pound supply in a

steel tank, but in order to obtain a more accurate determination of feed
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to the reactor, a steel tank of 2,500-gram capacity was filled from the
large tank and uéed as a feed sppply. This tank was small enough to be
weighed on the lgboratory ba}ance to determine the amounf used during each
run. r

Sulfur Dioxide Metering: A glass venturi-type orifice was used in
conjunction with'a water-filled manometer. GCalibration was done by
weilghing the feed bdttle—to determine‘the amount passed in unit time.

Methane Metering: A glass venturi-type orifice was used in con junc—
tion with a diesel-oil-filled Bachafach inclined mangmeter. ‘Calibratiﬁn
was done with a Precision Scientific 20~cu.ft. Wet Test Meter.

Sulfur Dioxide Metering Valve: Ideal-Aerosmith needle valve.

Methane Metering Valve: Hoke brass blunt-spindle needle valve.

Low-Temperature Bath: Solid cérbon dioxide and acetone in a four-
liter vacuum bottle.

Autotransformers: One 220-volt Powerstat for the top reactor coil,
two 110-volt Powerstats for the middle and bottom reactor coils, one
110-volt Powerstat for the constant temperature condenser, and one 110~
volt Powerstat for the low temperature condenser.

Thermocouples: Three iron-~constantan.

Quick-disconnect: One six-pole, self-aligning disconnect for thermo-~
couple leads.

Temperature Indicator: A Leeds and Northrup 18-point indicating

potentiometer,
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PROCEDURES AND MATERIALS
Procedures '

Reactor Assembly: With the reactor supported in upright position,
the inside of the reactor was inspected to be sure the stainless steel
screen was in position at the bottom. Next, 400 grams of catalyst were
carefully poured in so that a uniform bed was obtained. ~This gave a
catalyst bed 13 inches in depth; The remaihing space was filled with
L-inch Berl.saddles which were dropped in a few at a time, after which the
metal baffle plate was put into place in the top and the cap screwed oﬁ,

A graphite-in-oil thread dressing was used to prevent seizure of the
threads. The reactor was then set in. place and the féed lines connécted
to it. Heating coil leads were plugged into their resﬁective powerstéts
and the thermocouple disconnect was secured in its socket.

The constant-~temperature condenser was then secured in place and
connected to the reactor, after which it was filled with coolant and the
coolant condenser was fitted into place. Cooling-water lines and heating-
c;oil powerstat were then connected to it.

Start-up: Cooling water £o the two water~cooled condensers was
turned on. Powerstats for the heating coils of the reactor and the
constant-temperature condenser were turned on and adjusted to their proper
settings. A clean sulfur receiver, water receiver, and . low-temperature-
condenser flask were each weighed and placed in the unit, and their re-
spective ﬁeighﬁé were recorded, Ail lines were connected and all con-

nections were checked to make sure they were gas-tight. A five-liter
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beaker was placed around the sulfur receiver and filled with hot water.
An electric hot-plate was placed under it to keep the water boiling.
Small pieces of dry-ice were added to the acetone bath df the low-temper-
ature condenser until the bath temperature dropped to that of the dry ice,
after which an excess of dry -ice was added. The low-temperature-condenser
powerstat was turned on and adjusted to 12 volts. |

The reactor was heated to temperature over a three-hour period.

When the temperature of the preheat section reached 5lOOC,, the methane
flow was started through the system. Sulfur dioxide flow was started and
-the powerstats were adjusted to operating settings when the two catalyst
temperafures were 20 degrees below the desired eperating temperature,
since it was found that these two temperatures would rise 20 degrees and
start to level off in the first 10 minutes after the sulfur dioxide flow
was started.

Operation;: Temperatyres were controlled by adjusting the power input
to the reactor heating coils with the poweystats. The preheat section was
held at 510° to 515°C. except when it became necessary to change it to
control a difficult temperature situation in the catalyst bed. An attempt
was made to hold the two cataiyst temperatures the same, and this temper-
ature was determined by the conditions of operation., Methane and sulfur
dioxide flow were regulated by adjusting their control needle—vélves to
give the desired manometer readings. The sulfur dioxide supply bottle
was welghed before and after eaéh run and the weight used during the run

was obtained by the difference. Enough dry ice was periodically added to
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keep it in excess in the acetone bath of the“low;temperature condenser.
Readings were taken and adjustments were made at'lO—minute intervals
during the run. |

Shut-down: To shut the unit down, the valve on the sulfur dioxide
tank was closed, and power to the reactor heaters, constant-temperature
condenser and the hot-water bath were turned off., Methane was left flow-
ing for 10 ﬁinutes to sweep all of the sulfur diogide from ﬁhe unit. The
power to the low-temperature condenseér was turned off and the flask wa.8
removed from the acetone bath and weighed, then corked and connected to
the veﬁt'line to permit any sulfur dioxide which had been collected to_
boil away. The flask was then weighed again and the amountiof sulfur
dioxide collected was obtainéd by the difference betwéen this weight and
the weight at the end of the run. The difference between the flask's
final weight and its weight at the start of fhe run gave the amount of
water which had collected in it. The sulfur‘and water receivers were’

weighed and the amount of material contained in each was oﬁiained by

difference,

Materials

The sulfur dioxide used in this research was a commercial grade,
obtained from Matheson Company of Joliet, Illinois.

Methane used as a reducing agent for the sulfur dioxide was obtained
from the natural gas lines of the local utility company.

Pelletized activated alumina catalyst manufactured by the Harshaw

Chemical Company was used for this study. One-eighth-inch extruded
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pellets were used,
The materialr used for packing in the preheat section was i-inch
ceramic Berl saddles. |

One-fourth-inch ceramic insulating beads were used for packing in the

constant-temperature condenser.
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EXPERIMENT DESIGN

A series of runs was made to obtain daté regarding the reduction of
sulfur dioxide with methane and to study the effect variations in temper—
ature, mol ratio of reactants, and total mols of reactants passed per hour
had on the reaction. The first runs made were of a purely exploratory
nature and wére nade af conditions which a study of the materials involved
had indicated might be favorable to the reaction. After.several runs héd
been made, the data was arranged into groups in which only one of the op-
erating conditions varied. This was done in‘an attempt to find trends in
the effects exerted by variation in operating conditions. When these
trends were ascertained additional runs were:madé in the ranée which
appeared most favorable in an attempt to more closely pinpoint the con-
ditions giving the greatest reduction to sulfur.

Conditions found to give favorable reactions were then used to set up
runs in which each variable was studied individually. After enough data
had been collected to plot rough curves of the effect of each variable,
the length of the runs was extended from two hours to three-and-one-half
hours to minimize the effect of experimental error introduced by line-out
time, (time required fo stabilize operating conditiéns), and an extensive
study was made in which only one operating condition was varied while the
other two were held at the previously determined optimums. A maximum
percent reduction to sulfur was sought as the desirable result.

In the series of runs made to check the effect of temperature, the

results obtained did not correspond with results obtained from runs made
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at the beginning of the test which were made under identical operating
conditioné. To check a possible change in catalyst activity due to ex;
tended use, the catalyst was removed and replaced with fresh material,
after which another series of runs was made. In this series, temperature
was varied while other conditions were held at the same values used for ;
the previous température study.

In this study, temﬁerature was varied between 525°C. and 59500.,

mol ratio of methane to sulfur dioxide was varied between one and seven,

and total feed was varied from six to ten mols per hour. A 40O-gram

catalyst bed was used for the runs.
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DISCUSSION OF RESULTS
4. Temperature

‘A definite effect was found to be exerted on the reaction by temper-
ature. The plot of data obtained when using fresh catalyst, shown in
Fig. 6, gives a maximum of 62 percent conversion of sulfur dioxide to
sulfur per pass in the range of 560° to 565OC. Above this temperature
range the reduction to sulfur drops off rapidly with a corresponding rapid
increase of sulfur dioxide which was converted to other materials. Temper-
atures below 56000, gave é sharp decrease in conversion to sulfur and in-
crease in percent sulfur dioxide unreacted, but the decrease in sulfur
dioxide converted to other products was small. At 52500. there was L1.5
percent of the sulfur dioxide recovered unreacted as compared with two
percent at 56500. The sulfur dioxide converted to other products dropped
from approximately 36 percent at 56500. to 28 percent at 525°C.

When the catalyst had been in service for 160 hours the maximum per-
cent conversion of sulfur dioxide to sulfur had decreased to 58 percent
and this maximum had shifted from the 560° to 565°C. range for new catalyst
to 550°C. Above 56OOC. the percenf reduction to sulfur dropped off very
rapidly, as shown in Fig. 7, and was less than ten percent at 5750C, as
compared to 52 percent for fresh .catalyst at this temperature. At 52506.
the sulfur dioxide‘which remained unreacted was 29.5 pgrcent for used

catalyst. and 28,0 percent for fresh catalyst.
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B. Mol Ratio

A mol ratio of methane to sulfuridioxide of 3.6 gave the greatest
percent sulfur dioxide reduced to sulfur on a single pass basis. Above
this mol ratio reduction to sulfur dropped off very rapidly to fogr per-
cent at mol ratios of five or greater, as shown in Fig. 8. For mol‘ratios
less than 3.6 conversion to sulfur dropped off very rapidly to 15.5 per-
cent at 1.32 mol ratio, while the percent sulfur dioxide which remained
unreacted increased very rapidly from eight to sixty percent as the iol
ratio was decreased from 3.6 to 1.32, A greater ultimate yield of
sulfur might possibly be realized by operating.at lower mol ratios and

recycling the unreacted sulfur dioxide as is shown in Fig. 11.

C. Total Mols of Feed

A plot of data obtained by vérying totai mols of feed per hour,
Figﬂ 9, indicates that a maximum conversion to sulfur‘wag obtained with
8.4 mols of feed per hour using 400 grams of catalyst. No extensive study
was made using this value for an operating condition and slightly higher
yields of sulfur might have been obtained using it in conjunction with a
mol ratio of 3,6 and a temperature of 565°C., Fresh catalyst might also
have given better results, since the catalyst used to obtain this data

had been in service in excess of 125 hours.

D. Theoretical Recycle of Unreacted Sulfur Digxide

A comparison of the graph showing percent sulfur dioxide reduced to

sulfur per pass versus temperature, Fig, 6, with a graph of ultimate yield
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of sulfur versus temperature, Fig., 10, indicates that a slight increase in
ultimate yield of sulfur might be effected by performing the reduction at
5559C, and recycling the unreacted sulfur dioxide rather than using a
single pass operation at 563°C., Similarly, a comparison of the graph of
percent conversion to sulfur per pass versus mol ratio, Fig. 8, with the
graph of ultimate yield of sulfur versus mol ratio, Fig. 11, indicates
that a considerable increase in ultimate yield of sulfur could be obtaineé
over single pass operétion by using a methane to sulfur dicxide mol ratio

of 2.7 and recycling the unreacted sulfur dioxide.

E. Catalyst Activity

The data for the two temperature studies, shown in Tables IV and V
and plotted in Figs. 6 and 7, indicate that the catalyst had a definite
change in activity with extended use. A comparison of these two series
reveals that the fresh catalyst gave a maximum reduction to sulfur which
was four percent higher than the catalyst which had been in service more
than 160 hours., The maximum yield for the fresh catalyst was obtained
using an operating temperature of 56200.,‘but 55100. gave the best yields
of sulfur after extended catalyst use.— An increase in temperature above
562°C., with a fresh catalyst gave a corresponding decrease in yield which
appeared to be a neérly straight line function, while a very sharp drop in
reduction to sulfur accompanied a temperature increase from 560° to 570°C.
in runs with catalyst which had been in use more than 160 hours. At 525°C.,

the fresh catalyst gave only 30.5 percent reduction to sulfur but after .
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extended use the conversion to sulfur was 41.0 percent at the same temper-
ature. The sulfur dioxidé which was converted to other produéts was
virtually the same for fresh and used catalyst at 525°C,, but the percent
cdnverted to products other than sulfur increased much more rapidly for
the used catalyst at temperatures above_SéOOC° This indicates that with
extended catalyst use there was a shift in activity which favored increased
reduction to'sulfur at temperatures below 56C°Cn and a sharp increase in

products other than sulfur at temberatures.greater than 560°C,

F. Lineout

No provision was made to separate lineout time (time required to
stabilize operating conditions) from the rest of the run; cohsequently,
this will present a definite source Qf experimenﬁal error. An average of
20 minutes was required to bring operating conditions to the deéired,level,
but some runs required as long as one hour for lineout. ' This tends to

make the experimental error greater for some runs than for others.
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SUMMARY
Temperature was found to affect reduction to sulfur and highest
yields obtained per pass were 62 percent reduction to sulfur at 562°C,
with fresh catalyst and 58 percent reduction to sulfur at 550°C. with
catalyst which had been in service ‘160 hours.
A mol ratio of methane to sulfur dioxide of 3.6 gave the highest

sulfur yields for single pass operation bu@'a greater-uiﬁimate yield

' appeared to be possible on a recycle basis at lower mol ratios.

The feed rate which appeared to give the best sulfur recovery was
8.4 total mols per hour using 40O grams of catalyst, but no extensive
studies were made using this value;

A slight increase in ultimate yiéld might be realized by operating
at lower temperatures and recycling the unreacted sulfur dioxide. The
greatest increase in ultimate yield made possible by recycle seemed to
be when operating at a mol ratio of methane to sulfur dioxide of 2.7.

A change in catalyst activity appears to accompany extended catalyst

use. The change favored the formation of more gaseous products and less

sulfur above 560°C. At temperatures below 56000,, catalyst which had been

used extensively gave éreater sulfur recovery and less unreacted sulfur

dioxide than was obtained with fresh catalyst at the same temperatures.
Lineout time was believed to introduce expgrimental error into the

data since no provision was made for separating it from the actual run.
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Compound

Heoog

Kecal

02(g)

: S(Rombic)
52(g)
®(er)
)
2(g)
%2 (g)
CHy(g)
125(e)

H20(g)

b

Calculated

-70.96
0.0
31.02
0.0
~26.42
-9L.05
22.08
-17.89
- 4.815
~57.80

by Parachors from Hougen and Watson (‘6).
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TABLE I

THERMODYNAMIC DATA

_ s° 208
E.U.

59.2L

7.62
S5h.ll
1.36
47.30

51.06°

57.1
L5

19,15
L5.11

Tc PC
°k Atm,
430.3 7.7
1313.2  23h.5
134.4 34.6
304.1 72.9
546.2 76.0
191.1 45.8
373.5 88.9
6L7.3 218.2
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TABLE II

SAMPLE CALCULATIONS AND CALCULATED VALUES
of AHyq4, ASy04, Ty, AFp, and K for REACTION EQUATIONS

g
) #02(g) * Hiu(g) > Sa(e) * Pag) * H20(g)
AHyee  2(=70.96) - 17.89 —> 31,02 - 94.05 + 2(~57.80)
' AHygg = -18.32 Keal

ASp0g  2(59.2h) + bh.5 —> 5h.L1 + 51,06 + 2(45.11)

43298 = 32,71 E.U.

Ty = AH = -18820 = -5559¢
AS 32,71

AF298 = AH298 - T(A 3298). = 18820 - 298(32.71) = 18820 - 9740

-28560 cal = -28,56 Kcal

Log, K = -AF = 28560 = 28.5
. 2,3 8T (2.3)(1.987)(298)
Keq = 6.80 x 1020
‘Temp. 'K AF Keal K,
A Hygp = ~18.82 Keal 208 . -28.56 6.8 x 10°0
4 Sygq = 32.71 B.U, 1,00 231,90 2.46 x 10%7
Tp = -555°K. 600 38.37 8,92 x 1000
1000 ~51.53  1.78 x 10%F
1500 —67.92  7.60 x 107
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TABLE II (continued)

SAMPLE CALCULATIONS AND CALCULATED VALUES

for REACTION EQUATTIONS

q
(2) ASOZ(g) + BCHh(g) — CSz(g) +2C02(g) + /.q.HZO(g) + 2H23(g)
Temp, °K. AF Keal Keq
. 69
Ay = ~Th.7h Keal 298 -95.14  3.98 x 10
As298 = 68,50 E.U. 400 -102.14 6.30 x 10°°
Tyg = —1090°K. 600 -1i5,84 1.26 x 10"
1000 -143.24  1.58 x 10°%
25
1500 -177.54  6.30 x 10
(3) 580, () *+ 30H, (g) => OSy(p) + 3/2 Sa(g) * X02(g) *+ GH20(e)
Temp. K. AF Kcal Keq
_ 5
AB,oq = =73.148 Keal 298 -77.25 3,98 x 10
‘A‘sz% - 13.78 E.U. 1,00 78.66  7.95 x 10%
‘ 2
Tyg = -5300°K. 600 -81.41  3.80 x 10 7
1000 -86.93  8.93 x 10°°
1500 ~93.83.  L.46 x 107
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TABLE II (continued)

SAMPLE CALCULATIONS AND CALCULATED VALUES

of AHygg, 4Syq4, Ty, 4Fp, and K, for REACTION BQUATIONS

(W) 380(g) + 20y (g) —> BB2(g) + 2pS(g) H00(g) + 2H20()

R ~‘€ .

i Temp. °K. AT Keal Keq
AHpgq = -h9.16 Keal 298 64,40 1,26 x 1047
: ABygg = 51.13 E.U. 4,00 ~69.61  7.95 x 10°7
Ty = -961°K. 600 ~79.86  1.00 x 10°7
R 1000 -100.29  7.95 x 10~
1500 J125.76 1,78 x 107
() S0y(g) + O8yg) = 3/2 Sy(4) + CO(g)
) / Temp. °K.  AF Keal Keq
Ay, = 143 Keal 298 2343 3.24 x 107
48,5y = 16.32 B.U. 400 -5.10  6.03 x 10°
Ty = 88°K. 600 -8.37  1.12 x 10°
1000 214.89 1.7 x 100
1500 23.07  2.29 x 100
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TABLE II (continued)

SAMPLE CALCULATIONS AND CALCULATED VALUES

of AHygg, 4850, Tos AF, and K, Tor REACTION BQUATIONS

805(g) * 2H2§(g) -—$ 3/2 Sz(g) + 2H20( )

AH298

43298

NE

i

g

Temp. °K.  AF Keal K
11.58 Keal 298 73,0 .26 x 107
14.28 E. U. 400 5870 742 x 107
811°%. 600 | 3020 8.15 x 10~

1000 -2690 3.86

1500 -9810 2,69 x 10

5
2

1




Run Average
No. Temp. °C.
E-1 . 61!-9 ® 14'
E-2 L35
E-3 581.8
E~ly 583.9
E-5 59.9.
E-6 563.2
E-7 524..7
E-8 566.9
E-9 5794
E-10 559.7
E-11 562.1
C E-12 575.9
E-13 575.7
E-1) 550.6
E-15 566.9
E-16 560.2
E-17 560.5
E-18 573.2
E~-19 569.6
E-20 5The5
E-21 573.2
E-22 568.9
E-23 570.:8
MR-1 558.9
MR~2 559.2
MR~-3 566.6
MR~1 562.9
ME~5 5645

TABLE III

OPERATING CONDITIONS AND PRODUCT YIELD
i

% S0 % SO
Grams 302 Conver%ed % S0y to Otﬁer
Used to- 3 Unreacted Products
174 Lob 1.15 9L .25
343 2.92 .58 96.5
375 30.9 L5.1 24.0
329 274 18.85 53.85
128 18.75 1.56 79.7
316 4L1.8 32.9 75.3
326 15.95 62.20 21.95
256 55.5 1445 30.1
239 27.6 0.4 72.0
7L 43,1 14.95 42.0
227 h2,25 0.44 57.3
278 33,69 0.366 67.3
217 51.2 461 47.94
235 L2, :
329 5.1 Not Determined
218 57.7h o146 41,8
282 37.6 21.3 41,1
565 18.05 67.85 1.1
229 hh .55 33.65 21.8
204 33.32 0.49 66.19
315 L2.5 29.85 27.65
165. 13.35 0.6 86.05
314 39.5 2.5 36.0
370 52.5 il.1 36.4
513 57.3 11.9 30.8
. 363 56.7 15.14. 28.16
480 5L9.2 30.4 20.4
598 38.4 L2.2 19.2

Mol Ratio

L.58
2,28
1.91
2.85
3.83
2.83
2.73
2.95
3093
LoR7
3.63
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TABLE III (continued)

OPERATING CONDITIONS AND PRODUCT YIELD

% 505 % 50 % SO
Run Average Grams SO Converted 2 to Other
No, Temp. °C, Used to S Unreacted Products
MR-6 565.9 763 26,0 59.9 14.1
MR-7 56L.4 330 63.0 1.8 35.2
MR~8 563.3 360 . 5Ll 0.0 L5.6
MR-9 563.1 333 34.3 0.6 65.1
MR~10 561.0 328 33.6 0.2 66,2
MR-11 562.4 243 L.12 0.41 95.5
MR~12 563.3 313 5.12 0.32 Oh.56
MR~13 563.6 220 L.55 0.91 9. 54
MR-14 56.1 350 L8.00 0.0 52.00
MR-15 56L.5 340 35.3 0.3 6lyoly
MR~16 562.8 330 32.8 0.0 67.2
MR~17 5615 308 3.9 0.0 96.1
TM-1 563.3 383 39.2 - 0.2 60.6
TM-2 563.4 386 - h3.5 0.5 56.0
TM-3 552.2 163 52.3 - 0.0 L7.7
TM-4 562.5 347 31.1 0.0 68.9
_ TM-5 562.3 347 61.7 2.6 35.7
TM~6 560.3 304 8,55 0.66 90,8
. TM-7 562.5 L29 57.3 0.7 L2.0
T-1 553.6 408 57.8 o2l 41,96
T-2 542.8 .399 56.2 6.01 37.8
T-3 ©535.0 384 49.5 6.77 L3.7
T-4 52L.3 381 41.0 29.9 29.1
T-5 582.6 394 3.56 .51 96,
T-6 571.0 390 10.25 0.25 89.50

Mol Ratio
CH, /50,

1.32

W
.
03

o o Q
BeREESEDESS

Bl e B alle N S S

2 L[] L] © °
ONE-HONR N
R O =g N

WWWWWwW WwH-Wwwes e =

® & o o

o
o\t O~ O O
o~ 03\

Total
Mols

per Hr,

]
O
=

.28
A4
.08
.06
.06
° 96
° 98-
.02
03 -
.08
+99

0K

N0 OO
QO

.96

QR~I~T0 0 [So eV, XN AN R e Me o ~ 000 e~3
L) L] ° ° o o ] o & o

Q

W

loNe
o

a..:8€—.




Run Average
No. Temp, °C.
T-7 562.0
T-8 525.5
T-9 5Th.
T-10 58L.9
T-11 565,
T-12 545.

TABLE ITI (continued)

OPERATING CONDITIONS AND PRODUCT YIELD

% S0 : % 80
Grams Conver%ed % Soz t6 Ot%er
Used to S Unreacted Products
380 52.00 0.0 48.00
400 30,5 L41.5 28.0
382 5. 0.0 46.0
397 34.8 0.5 6L.7
390' 6le5 2»0 36»5
385 52, 16.6 31.4°

Mol Ratio
@h@g_

3.72

3.67
3.68
3.61
3.60
3.64

Total
Mols

per Hr,

8,03

7.97
7.97
7.99
8.00
7098
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Run . Average
No. Temp, C.
B-5 59%.9
E-13 575.7
T-8 525.5
T-9 574.0
T-10 58L.9
T-11 565.0
T-12 545.0
Run Average
No., Temp, °C.
-1 553.6
T-2 542.8
-3 535.0
T-L 52L4.3
T-5 582.6
T-6 571.0
-7 562.0

TABLE IV

PERCENT YIELDS WITH VARYING TEMPERATURE
(Fresh Catalyst)

% S0, - % S0,
Grams 302 Converted % S0, to Other
Used to 3 Unreacted Products
128 o 18.75 1.56 9.7
217 51,60 A6 L7.94
400 30.50 41.5 28.0
382 514,00 0.0 L6.0
397 34.80 0.5 6L.7
390 61,50 2.0 36.5
385 52,00 16.6 31.4
TABLE V
PERCENT YIELDS WITH VARYING TEMPERATURE
(Catalyst Used 160 Hours)
% 80, % S0,
Grams SO, Converted %'SOZ to Other
Used -to S Unreacted Products
L08 57.8 o2l L41.96
399 56.2 6.01 37.8
38L 49.5 . 6.77 L3.7
381 L1.0 29.9 - 29.1
394 3.56 51 96.
390 10.25 0.25 89.50
380

52.00 0.0 48.00

Mol Ratio
CH, /80,

3.83
3.78
3.67
3.68
3.61
.3.60
3.6k

Total
Mols

per Hr.

8.79
8.12
7.97
7.97
7.99
8.00
7.98

_017_ .




TABLE VI

PERCENT YIELDS WITH VARYING MOL RATIO

% S0, % 505
Run Average Grams SO2 Converted % 505 to Other
No, Temp. ©C. Used to S Unreacted Products
MR-~2 559.2 513 57.3 11.9 30.8
MR~/ - 562.9 480 L9.2 30.4 20.4
MR~5 56L.5 598 38.4 L2.2 19.2
MR~-6 565.9 763 26.0 59.9 4.1
- MR-8 563.3 360 5k .4 0.0 L5.6
MR-9 563.1 333 34.3 0.6 65.1
MR-10 561.0 328 33.6 0.2 66.2
MR-11 C 5624 243 ho12 Ol 95.5
MR~12 563.3 313 5.12 0.32 .56
MR-13 563.6 220 L.55 0.91 9 . 5h
MR-14 56l .1 350 48,00 0.0 52.00
MR=15 564.5 340 35.3 0.3 6l o4y
MR-16 562.8 330 32.8 0.0 67.2
MR-17 56h.5 308 3.9 0.0 96.1
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TABLE VII

PERCENT YIELDS WITH VARYING TOTAL MOLS OF FEED

| » % .80, % S0, Total
Run Average ‘Grams S0, Converted %.SO2 to Other Mol Ratio Mols
No. Temp. °C. Used to S Unreacted Products CH) /S0, per Hr.
T™-3 552.2 1,63 52.3 0.0 LT7.7 3.87 9.90
TM-4 562.5 - 347 31.1 0.0 68.9 3.65 7.03
TM-6 560.3 - 304 8.55 0.66 90.8 3.46 6.06
TM-7 562.5 429 57.3 0.7 42.0 3.68 8,97
T-1 553.6 408 57.8 o2l 41,96 3ohh 8.08
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TABLE VIII

PERCENT SULFUR DIOXIDE CONVERTED TO SULFUR
DIVIDED BY PERCENT SULFUR DIOXIDE REACTED AT VARIOUS MOL RATIOS

Run % 80, to % 80, % S0, to Sulfur , 199 Mol Ratio

No. Sulfur Reacted % 50, Reacted CH, /S0,
MR-2 57.3 88,10 65.1. 3.62
MR~y 49.2 69.60 70.6 2,47
MR~-5 38.4 57.80 664 1.87
MR-6 26.0 40.10 6L.8 1.32
MR-8 5L by 100,00 bk 4 .05
MR~9 34.3 99.40 . 3ho5 Loyl
MR-10 33.6 99.80 - 33.7 L.51
MR-11 b.12 99.59 o b4 6.4k
MR-12 5.12 99.68 5.1 L.69
MR-13 b.55 99.09 - L.58 7.1k
MR-1)y 48.00 100.00 48,00 Lo1l,
MR-15 35.3 99.7 354 h.32
MR-16 32.8 100,0 32.8 Lo3k
MR-17 3.9 100.0 , 3.9 4.83

TABLE IX

PERCENT SULFUR.DIOXIDE CONVERTED TO SULFUR
. DIVIDED BY PERCENT SULFUR DIOXIDE REACTED AT VARIOUS TEMPERATURES

Run Average - % 80, to % S0 % S0, to Sulfur

No. Temp. gC Sul%ur Reactgd g Soz Renoted x 100
E-5 594.9 ' 18.75 98. Ly 19.05

E-13 575.7 51.60 99. 4k 51.90

T-8 525.5 30.50 58,50 52.10

-9 57L.0 51,00 100.00 54.00

T-10 584.9 34.80 99.50 35,00

T-11 565.0 61.50 98.00 62.80

T-12 "5L5,0 52,00 83.40 _ 62.40
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