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m m o m o T i o M

From the beginning of the manofaotare of commercial and 
domestie fael gases, the gas ladastries serving the public
have been confronted with the removal of sulfor compounds 
from various gas mixtares before distribution. For domestic 
use high sulfur fael gas is undesirable as this causes undae 
corrosion of gas mains and deterioration of meter diaphragms 
and gives the pungent and irritating odors accompanying the 
combustion of sulfur compounds* Commercially it is often 
necessary to heap the sulfur content of a gas at a minimum 
to prevent contamination of a product or to prolong the life 
of certain catalysts*

Sulfur exists in fuel gases in two major forms, namely 
inorganic and organic* Inorganic sulfur consists of hydrogen 
sulfide, while organic sulfur consists chiefly of carbon bi­
sulfide, mere&pt&ns, thiophene and carbon oxysulfide* He- 
©aval of hydrogen sulfide can•be accomplished by any one of a 
number of processes, i«e* the iron oxide or liquid processes* 
fj?h© removal of organic sulfur, on the other hand, has not 
been as extensively Investigated as the removal of inorganic 
sulfur* There are several patented processes available for 
organic sulfur removal, however, very few of these processes 
have found commercial application* a few processes such as 
oil scrubbing or adsorption of the sulfur compounds from the 
gas on a solid, are used to lower the organic sulfur content
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of a fuel gas, however, th© high costs and operating diff­
iculties make complete removal by these methods impractical* 

It is understandable why the amount of work done on me­
thods of inorganic sulfur removal from fuel gas far exceeds 
that of organic sulfur, for the largest quantity of sulfur 
in sulfur bearing gases occurs as hydrogen sulfide, of the 
organic sulfur compounds, carbon bisulfide usually occurs in 
much larger quantities than mereapt&ns, thiophene, or carbon 
oxysalfi&e* In most states the organic sulfur content of 
fuel gases la limited to a maximum, usually not over SO 
grains of sulfur per 100 cubic feet of gas at 60°F and 1 at­
mosphere pressure*

At the present time an extended program is being carried 
out on the production of synthetic liquid fuels from gases, 
chiefly hydrogen and carbon monoxide. Jhe catalysts used 
for the conversion of hydrogen and carbon monoxide to a syn­
thetic liquid fuel are sensitive to the action of sulfur.
It is therefore necessary to have a gas mixture practically 
free from sulfur compounds, a search of the literature 
showed that the removal of thiophene from gas is quite diff­
icult. It was therefore believed that a study of the trans­
formation of thiophene, under the application of heat, to 
more easily removed types of sulfur compounds might prove 
beneficial*
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She formation of organic sulfur compounda accompanies 
the production of practically all commercial and domestic 
fuel gases manufactured by high temperature processes from 
sulfur containing fuels* -recording to ilollmar (1) the con­
centrations and types of organic forms of sulfur constituents 
found in gases are dependent on such factors as (a) the 
amount and type of sulfur compounds found in the coal, coke 
or oil being used as fuelj (b) the type of gas being mad©f 
(c) the temperatures involved; (&} the time of contact be­
tween th© gas and the- incandescent carbon# coal or coke;
{#) and possibly the types and quantities of mineral consti­
tuents found in the- fuel*

In general# carbon bisulfide is the major, constitaent 
of th© organic sulfur compounds found in most fuel gases# 
while thiophene frequently ranks second* Hutchinson (£) 
made a study of the distribution of organic sulfur compounds 
in gas# using hnglish coals as fuel* nome of the results of 
his work are presented below*
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Type of Gas 
Manufaet oring

Total Organic 
Sulfur 

(gr ./1 0 0 ft * )
Distribution of Organic 0 

(Percent}
alf ur

Equipment Mereaplans ^4 * ^ 4 8 0S|> “""■BBS

Vertical 
retorts-
cont iiiuous 31.7 4.4 1 2  # 0 66 .3 17.3

ga.6 4.2 15,7 61.5 18.6
Horizontalret orts 34.5 4,1 18.3 67.2 10.4
Carburetted
water gas 11.7 3.4 30.8 17.1 48.7

Kemper and Guernsey (3) report the following diatrlbn- 
tion of organic sulfur compounds. fhee© values represent 
the average of several gases tested*

Percent of Organic Doifur Present a&x 
I’M  o phene Carbon to Is Bifid© Carton oxysulfide 

Water gas 30 33 36
Coke oven gas 6 61 33
City b u b 21 39 40

Thus it can 'be seen that the thio phene fraction of the 
organic sulfur content of a gas may be appreciably high, 
whereas the actual thiophene concentration is generally 
quite low# For most commercial and domestic uses the quant­
ity of thiophene present in a gas is considered harmless, 
however, with the development of pilot-controlled continuous 
burner operation, more advanced metallurgical processes, and 
the manufacture of gas by catalysed reactions, it is often



5

mandatory that t he sulfur cant eat of & gas be very small • In
such c&aes th© thiophene present say prove to be quite
troublesome.

Methods of Thiophene Removal fro© Gas

Organic sulfur removal fro© gas can be accomplished by 
any one of five ©tans:

(1) Absorption by chemicals and disposal of spent ab­
sorbent *

(2) absorption by oil which is reclaimed by desorption, 
or fed to the gas making process.

(3) adsorption by solids*
(4} Conversion to hydrogen sulfide or sulfur dioxide

with subsequent treatment of the gas to remove the compound 
thus farmed.

(5) Befriteration and condensation# 
the present time the removal, or partial removal, of 

thiophene from gas is realised by methods {&)f (3), or (4) 
of the above, flier© are no methods adaptable to commercial 
scale which are effective la removing thiophone alone. The 
partial removal of thiophene is accomplished concurrently 
with the removal of at least on© other constituent from the 
gas.

The most widely used method for decreasing the thio* 
phene content of a gas is oil scrubbing. This consists in 
scrubbing the gas with wash oil by bx^inging the oil and gas 
into intimate contact in a suitable absorption tower. Or-
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dlm&rlly this stag© of gas purification is installed to re­
move the so-called "light oil" which is composed of bensone, 
toluene, xylene, and small quantities of other compounds, 
chiefly hydrocarbons* The wash oil is freed of light oil by 
steam distillation* On separation of the light oil into its 
component parts by distillation, the thiophene removed con­
currently with the light oil appears in the bensene fraction
(4)* fo remove the thiophene from the bensene, some means 
other than distillation is required (5)* Carbon bisulfide 
is also partially removed in the oil scrubbing process, 
however, its separation from the light oil presents no ser­
ious problem*

Caernsey (6) reports that the removal of the light oil 
by means of oil scrubbing lowers the heating value of a gas* 
If the objective in oil scrubbing ia to lower the thiophene 
content of a gas without essentially changing its heating 
value, this method of purification la not applicable* an­
other disadvantage of this process la the large amount of 
scrubbing oil required* Because of this, pumping costa etc* 
are high &e well as is the consumption of steam used for wash 
oil recovery* It has been shown (7) that to remove ?0/i of 
all the organic sulfur by oil washing, such large amounts of 
oil would be required that steam consumption would be excess­
ive*

ja second process for the simultaneous removal of bensen©, 
carbon bisulfide, and thiophene from gas is the adsorption of 
these constituents on activated carbon (8)• The method of
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operation consists in having two or more chambers packed with 
activated carbon and so constructed m b  to allow temporalare 
control by means of water cooling* On© set of these chambers 
is connected on the gas stream while the other is reactivated 
by blowing steam through the bed of carbon, the proper 
time the gas is diverted into the reactivated chamber and the 
foaled chamber blown with steam, umter cooling is necessary 
to maintain a low temperature during the adsorption period. 
This process has not been used to any extent in manufactured 
gas practice in this country, but has been tried is a few 
gas plants in .England.

Bollings and Bay (9) report that active carbon is 
effective in removing most all of the carbon bisulfide and 
thiopheme- at the start, but the efficiency of■removal of 
these compounds decreases with time, fhey also report that 
the process is more effective if the gas is first freed of 
hydrogen sulfide before being treated by active carbon.
The economy of complete organic sulfur removal from gas by 
the active carbon process is governed by the steam con­
sumption required for reactivating the carbon. It has been 
stated (7) that in general the active carbon process is 
more efficient than the oil scrubbing process for removing 
both carbon bisulfide and thiophene from gas, but that the 
economy of removing more than 80$ of the organic sulfur by 
adsorption on carbon is doubtful. It will be remembered 
that their remarks apply to manufactured gas practice.
Other considerations enter in synthesis gas practice where
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activated carbon may be used for the removal of final traces* 
a vary 'serious disadvantage of the adsorption method of 

organic sulfur removal is the foaling of the carbon bed by 
tarry materials* If the gas is not relatively free of tar 
or gam. forming substance the effective life of the active 
carbon ia quite short*

Holdings, Hutchinson and Griffith (2) report that with 
the active carbon process approximately 7§p? of ail the or­
ganic salfar in gas is removed, while with normal oil wash­
ing process about 38> of the organic sulfur ia removed*

Huff and Lusby (10)(11) report that copper-uranium and 
cerium-uranium catalysts, in the presence of hydrogen con­
taining gases, are effective in transforming all organic 
sulfur compounds into hydrogen aalftde* Copper-vanadium 
and copper-chromium compounds are effective in absorbing si­
multaneously both hydrogen sulfide and organic sulfur from 
gases, these catalytic absorbents can be revivified by 
burning off the sulfur with air* rVith the use of the first 
mentioned catalysts the gas must fee free of hydrogen sulfide* 
fhe second process can be applied to raw hydrogen sulfide 
containing gases.

another process is described (12) whereby the organic 
sulfur content of a gas is lowered with the aid of a reduced 
iron catalyst, Ik© optimum temperatare range for operation 
of the catalyst bed is from 200 to 300°C (392 to 572°ir) • It 
is necessary to remove hydrogen sulfide before passing the 
gas over the catalyst.
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A removal of from 10> to 30^ of thiophen© from town gas 
has 'been reported (13) by the m &  of a catalyst eons ia ting 
of bauxite impregnated with a solution of copper thiei&olyb- 
date# fhe gas. was preheated to 300®C before contact
with tlx© catalyst* fhis catalyst causes the formation of 
.hydrogen sulfide which is them removed by any of the stand­
ard methods#‘

Work dome at the Meadow-Lane das works (14) has led to 
a conclusion that a molybdenum sulfide catalyst can be used 
effectively in decomposing thio phene allies t completely at 
aOO°C (572°?).

Up to the present time commercial application of catal­
ytic processes for the removal of organic sulfur from gas 
has been very limited* In most cases, the high cost and 
sixort life of the few effective catalysts available render 
their use impractical*
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At the present time extensive work is being conducted on 
the manufacture of synthetic liquid fuels from various coals, 
cokes, and hydrocarbon gases* In general, the processes em­
ployed involve the production of a synthesis gas consisting 
chiefly of hydrogen and carbon monoxide, in ratios of 1:1 to 
2:1 (15), which is converted over a suitable catalyst and 
under the proper conditions to a mixture of olefins and ali- 
phatie hy&rocarbons*

Chief attention in the application of solid fuels has 
been directed to the utilisation of low grad® coals for the 
manufacture of synthesis gas* fhiss, of course, results in a 
lower priced synthetic fuel, fh® primary reactions required 
for synthesis gas production from solid fuels are:

Steam Steam
G + HgO a CO + Hg and C + 2HgG » COg ♦ 2Hg

When using low grade coals, the best conditions for gasifi­
cation are realised in continuously operated generators (15)* 
In order to accomplish this, the fuel is pulverised and oxy­
gen is admitted with the steam to burn partially some of the 
fuel, and thus supply the heat necessary to maintain a fixed 
temperature within the fuel bed* Ifewman (15) gives a des­
cription of the various types of generators and processes
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used vfitn solid. fueXo which ampley fixed fuel beds, fiuidi&ed 
bods-, a List gosificat ioxi processes, eta*

a.xx o /. u ij ix i. Cii«1 on q x. lj a a Li x% oil/inoma co«a isi.,*.© xig,nit e in 
ii.,- .4 .4, X y xx a v w d x a & wX 1  ̂ *-* X a ŝ/xx a i# a ax* a a (16)• ihe

x*» dX -w%. v *a 41 a* id «j» w V-. 4» w 4r jxii> k* h»ir 4a X w ~fe W x b *3 W .0  ̂ .X. lity M* *1*. X ^ i.i X- Cj 0 a- ix X. XX

V* -v- O O V- C.J ‘-rJ A*i *4. fc£i W X. ia Xm ’X Wfc io in wnnuxar a p** o e a *i urr o uno. tno 
fuel bed* _fter the coal or 11 cihtta the proper
temperature a team is introduced into the gasifying chamber t 
a jLl.Cl by pr oper control» the desired Jxy dr ogen-car h on monoxide 
ratio ia obtained* This process ia maae continuous by reg­
ular odd!tione of fuel and continuous ask removal*

The conversion of aetiisjae,. or natural gaef to a syn- 
thesis gas by reactions with steam requires the presence of 
a catalyst. ** review of some of the processes and catalysts 
adaptable for ine reactions CIÎ  ♦ H^O « CO ♦ and ch4 ♦ 
2MgO as COg + 4Hg are given by storeh (1?)* For the first 
reaction nickel-ihorla-magneaia and nickel-iron supported on 
kleselguhr have been recommended, while for the second re­
action nickel-slumlns-magnesis on active carbon has been 
suggested* In the manufacture of synthesis gas by this 
method, an excess amount of hydrogen is formed* to keep the 
hydrogen-carbon monoxide ratio between 0*5 and 3, carbon di­
oxide may be added to the inlet gases (18)* The synthesis 
gas ultimately can be freed of the excess carbon dioxide by 
scrubbing* The COg thus removed is recycled to the inlet 
stream*

The catalysts generally used for the production of syn-
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thetic liquid fuels? from the reduction of carbon monoxide 
are mixtures of nickel and cobalt with activating materials 
such ©a alumina, thoria, or other stable metalie oxides {17}. 
Iron catalysts have alao been used by Fischer and fropsch 
(19)* fhey report that by using iron or cobalt on various 
carriers, hydrocarbons ranging from ethane to solid products 
were obtained at atmospheric pressure and temperatures of 
250 to 300°C (482 to 572°F).

allowable nulfur In Synthesis Gas

!he occurrence of sulfur in synthesis gas greatly 
shortens the life of the catalysts used in synthetic liquid, 
fuel production* 3?he allowable total sulfur in the syn­
thesis gas produced by German plants was not greater than 
0*10 grain per hundred cubic feet (20)* It ia reported that 
a reduction of total sulfur from 0*05 to 0.01 grain per 100 
cubic feet resulted in an increase of 50 percent in the life 
of the cobalt catalyst being employed, since this results 
in a savings of 0.1 cent per 1000 cubic feet, a gas of lower 
sulfur content is desirable.
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It haa been pointed oat that the pro®©no© of sulfur 
compounds in the synthesis gas used for the manufacture of 
synthetic liquid fuels is very undesirable* I1 he extremely 
small quantities of sulfur compounds permissible in synthesis 
gas make purification of this a difficult problem* .Processes 
are available for efficient removal of the major sulfur com­
pounds found In gas, i*e* hydrogen sulfide and carbon bisul­
fide , however, very little plant scale development has been 
done on the removal of minor organic sulfur compounds such 
as thiophene9 mereaptans, carbon oxysulfide* etc. Evidently, 
of these minor organic sulfur compounds* thiophene is the 
most stable* Onernsey (&1) suggests that the removal of 
thiophene from gas by other than physical means possibly may 
not be practical# * review of the literature has shown that*, 
in general, catalytic processes have little, if any* effect 
on thiophene* while the oil scrubbing and active carbon pro­
cesses, although effective for decreasing the thiophene con­
tent of a gas, are quite expensive and rather impractical for 
synthesis gas purification* therefore, it seemed desirable 
to look for another means of removing thiophene from synthes­
is gas.

fhe use of heat to affect a conversion of the major 
part of the organic sulfur to hydrogen sulfide in a gas eon-
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taining hydrogen was realised as early as 1911 by lab at (22)9 
who proposed stoves filled with eheckerbriek and heated to 
high temperatures for this parpas©* fhe decomposition of 
cardan bisulfide at various temperatures was also studied 
(23), and it was found that a temperatare of 1 3 0 0 %  (704°C) 
resalted in approximately 75 percent decomposition of the 
carbon bisulfide present* Ivans (24) reports that the pre­
sence of hydrogen is favorable to the pyrolysis of carbon 
bisulfide. Lusby (25) has applied a heated platinum spiral 
to transform all the organic sulfur present in a gas to hy­
drogen sulfide, fhls, of course, requires the presence of 
hydrogen, dome question has bean raised about tne complete­
ness of decomposition of thiophene by the spiral, sands @t 
al* report that complete decomposition ©an be effected (20).

yaragher, Morrell and Camay (110) dissolved thiophene 
in a purified nsptha and passed this mixture through a heated 
tube at' the rate of 0.5 ee. per minute* Shey obtained no 
decomposition of the thiophene at either 925'or 1600°F (496 
or 8?1°C). fhe possibility of dlthienyl .formation was not 
investigated.

work done by Clapham (26) at the University of deat 
Virginia shows that at higher temperatures thiophene in the 
presence of hydrogen is decomposed to a large extant to hy­
drogen sulfide. It is reported that with a temperature of 
17»Q°r' (954° C) and a contact time of 0.019 hours, approxim­
ately 95 percent of the ingoing thiophene is converted to 
hydrogen sulfide when hydrogen is used as the carrier gas.
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iiiien nltrogan was used as a carrier gas the conversion of 
thiophene to carbon bisulfide and hydrogen sulfide was al­
most complete at temperatures of 2350°F (1288°C) and 2660°F 
{1460°C)•  A t  & temperature of 23S0°F and contact times of 
0.004 to 0.011 hours approxim&tely 25 to of the thio* 
phene waa converted to hydrogen sulfide, ^t a. temperature 
of 2660°F and contact times of 0*0055 to 0.0085 hours approx­
imately 2 to 1 6 $  of the thiophene was converted to hydrogen 
sulfide when nitrogen was used as a carrier gas. Clapham 
also obtained a conversion of 80 percent of the thiophene 
with a contact time of 0.005? hours, temperature of approx­
imately 1900°F {1058°C), using a synthesis gas as the thio­
phene carrier* In Claph&mfa experiments no packing waa used 
in the pyrolysis tubes.

In part, the mechanisms for the pyrolysis of carbon bi­
sulfide and of thiophene may be similar because hydrogen is
favorable to the thermal decomposition of both compounds.
This is to be expected.

It was deemed desirable to make a atody of the pyrolysis
of thiophene in the presence of specific gases, namely nitro­
gen, hydrogen, carbon monoxide, and synthesis gas, using tube 
packings to determine the feasibility of decomposing therm­
ally the thiophene present in synthesis gas to compounds 
more easily removed. Hydrogen sulfide and carbon bisulfide 
are compounds possessing these properties, a. furnace pack­
ing of carbon might be effective in transforming the thio­
phene into carbon bisulfide.



1’he thermal stability of thlopheae requires rather high 
temperature© to effect appreciable pyrolysis (£6)* This 
feature limit© the application of thermal decomposition a© 
a me&na of removing thiophene from other than synthesis gas* 
a© simultaneous.decomposition of illamtnants and other eom- 
pounds responsible for the higher heating values of gas 
would result* Carbon might decrease the temperature re­
quired*
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fhe discovery of thiophene ia credited to Vietor Meyer 
(27) who, in 1883, found that benzene obtained from the dia- 
tillation of coal gave a blue color when mixed with concen­
trated sulfuric acid containing a small amount of iaatln (28) • 
He found that the thiophene content of the benzene obtained 
by this method was approximately 0.5JS*

fhiophene is a heterocyclic compound belonging in the 
group containing also far&n, and pyrrole* the structural 
formulae of these compounds are generally written as:

Muran Pyrrole $hiophene
C —  C € —  C C —  C
I! /I II II II II
C C C C C ,C
\ o / s

In these rings the atoms are designated by the following
means:

Sahotmker and hauling (29) have shown that there is re­
sonance in the heterocyclic ring® and on a comparative basis 
the resonance energy of thiophene> pyrrole> furan# fhio- 
phene is quite stable both chemically and thermally* It is
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this fact that makes its removal from gas a difficult prob­
lem*

ii. great many of the physical constants of thiophene 
have been determined in the laboratories of the ooeony- 
Vacuum Co* (30), some of which are presented below*

fable I
Borne Physical Constants of fhiophene

Boiling points °C at mm* Kg* Pressure
71*0 §00
76*6 600
81.45 700
84*12 760
85*8 800
89*7 900

fit/dr at 760 Bam. Hg, 0C/ma. 0.043
Freeaing point in air, °C -38.30
Density gm/al at it0°C 1.0644

25° 1.0583
30® 1.0524

Refractive index m  at 20°C 1.5287
25° 1.5256
30° 1.5223

absolute viscosity, centipoises at 20°C
20°
30°

0*662
0*621
0*584
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fitere are many similarit lea between thiophene and ben­
zene (27). fh-iophene has a weak benzene like odor and a 
boiling point of 84°C at 760 mm. pressure as compared to 
80°C for benaene*

fhere are many processes described in the literature 
covering the synthesis of thiophene# In general, the methods 
employed are the reaction of either acetylene, a diolefin, 
or n-botase with an elementary sulfur compound# in sonic 
eases the reaction is carried out without a catalyst, while 
in others a catalyst is employed.

feel and Robinson (31) report a yield of IE percent 
thiophene when acetylene is introduced into a flask of boil­
ing sulfur# 3? oak Ins on (3£) obtained a product containing 30 
to 40 percent thiophene by conducting a mixture of hydrogen 
sulfide and acetylene over a metallic sulfide catalyst# 
Briscoe» feel, and Robinson (33) found that a temperature of 
7 0G°C (1292°F) was optimum for the production of thiophene 
by the interaction of acetylene and carbon bisulfide, with­
out the aid of a catalyst# Shepard, Rezme, and Mibgley (34) 
passed butadiene through sulfur# ^t a temperature of app­
roximately 420°C (?8S°lf) they obtained a small amount of 
thiophene* according to Barger and j£asson (35) thiophene is 
formed when acetylene is conducted through a tube containing 
pyrites heated to 300°C (572°F)# fhis process, modified by 
the use of a metallic sulfide catalyst, has been patented 
(36)# The production of thiophene on pilot plant seal© has 
been carried out by the ^ocony-Vaeuura Co. (37). h yield of
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a© high as 50 percent thiophene obtained by the vapor 
reaction of sulfur and n~'butane when temperatures of approx­
imately 600-650°C (1112-1203°#)'were employed* It was found 
necessary to quench the product to prevent decomposition of 
the thiophene thus formed*
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Due to the complexity and large noober of reactions 
possible in the manufacture of fuel gas from coal or co&e, 
it Is impossible to state definitely the exact origin of any 
one minor component in a gas* the original sulfur in the 
coal is considered to exist as (a) pyritie or m&re&sit© sul­
fur, (13) organic sulfur, and (e) sulfate sulfur. Ihen sub­
jected to the high temperatures present in gas making 
operations these sulfur compounds in the fuel undergo de­
composition and new sulfur compounds are formed, fhese com­
pounds are distributed between the gas being made and the 
resulting ash or coke, depending on the particular operation
being performed* Many studies have been made in an attempt
to determine the origin and types of the sulfur compounds in 
gas manufacture*

Eowell (38) found that a portion of the sulfide sulfur 
in coal is transformed into a sulfur-carbon combination dur­
ing the manufacture of coal gas and cole. He found that 
this transformation tool place mainly at temperatures of 
aboat 500°C (932°?).

Wlbaut (39) made a study of the reactions of sugar char 
and sulfur vapor at temperatures of ¥QG to 900°C (1E92 to
165E°F). It was found that some of the sulfur la fixed by
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the carbon, and sulfuroas carbon containing 1 to 2 percent 
sulfur is obtained*

By passing hydrogen sulfide over sugar char at tempera- 
tare© of from 1500 to 17Q0°F (816 to 927°C) with subsequent 
analyses of the char for the presence of sulfur, Huff and 
Holts (40) showed the formation of a carbon-sulfur complex 
on the char*

Griffiths (41) reported that higher sulfur coals give 
higher sulfur containing gases. He maintains that the sul­
fur content of a gas la increased with prolonged carbonising 
times and excessive heats#

Eaton, Hyde, and Rood{42) used tracer techniques to 
follow the sulfur distribution during the carbonisation of 
coals, fhey made pyrites from active sulfur and mixed this 
with coal which was - then carbonised in a .coke oven# Samples 
of the coal, coke, and gas were counted with- a Geiger Count­
er# fhe following distribution of the sulfur daring coking 
was found:

ryritie sulfur Organic & sulfate sulfur Total Sulfur
$ Goal Sulfur /§ Coal sulfur > Goal Gulfur

Coal 100 100 100
Co k© 66 73 70
Gas £3 £6 £5
(Bote: Organic and sulfate sulfur obtained by difference)#
The tar formed during coking operations was not examined.

Brewer and Ghosh (43) made a study of the effects of 
various atmospheres on the distribution of sulfur during
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the car'bonlaat ion of coal* Ihey report that ammonia, hy&ro- 
^©12, and nitrogen sr® effective in t h e  order named in remov­
ing sulfur from t h e  coal *

It is thus seen that when coal is subjected to the high 
temperatores involved in gas malting operations, the decompo­
sition of the original sulfur compounds present in the coal 
results in new types of sulfur compounds, which are distri­
buted between the gas and the remaining carbon or ash* Co­
incident with this, there occurs the formation of salforous 
oar bon compounds. !ihes© compounds might possibly react with 
any hydrogen present to form thiophene, however, it is more 
lihely that any reaction with hydrogen would favor the form­
ation of hydrogen sulfide* It is quite possible that the 
appearance of a carbon-sulfur complex during the heating of 
coal is a source for carbon bisulfide formation.

Morgan (44) discusses the possible means for the form­
ation of GEgn type radicals during the carbonisation of coal. 
It Is possible that these radicals combine to form acetylene 
or ethylene which react with hydrogen sulfide, carbon bisul­
fide, pyrites, or some other sulfur compound to form thio- 
phen® (see page 19).

To demonstrate the possibility that this mechanism Is 
that occurring In gas manufacture, otein&opf (45) passed 
ill laminating gas through boiling sulfur and obtained only 
traces of thiophene* He next performed a similar experiment 
using acetylene with sulfur and obtained good yields of 
thiopheno* -appreciable amounts of thiophene were found by



dteinicopf (46) when illuminating gas was passed over pyrites 
or acetylene or ethylene were passed over sulfur• She form­
ation of thiophene in gas may he catalysed by the presence
of mineral compounds in the primary fuel*
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It has been shown that at higher temperatures t  hi ©phene

can be thermally decomposed to more simple types of s u l f u r  

compounds (see Chapter 111}* fhe combination of carbon, hy­

d ro g e n , and sulfur in th e  th lo p h e n e  molecule may permit the 
fo rm a t io n  of a relatively la r g e  number of pyrolysis products 
from thiophene. The following sections are included, there­
fore, to  Indicate some of the compounds w h ich  might occur 
when th io p h e n e  is decomposed and. to briefly outline means of 
preparation of these compounds# line© the c h ie f  aim of this 
project is th e  rem o va l from s y n th e s is  gas of th e  sulfur in ­

troduced in the form of th io p h e n e , the discussion here will 
be limited only to s u l f u r  compounds.

Hydrogen l u l f i & e . She physical properties and methods 
of formation of hydrogen s u l f id e  can be found In almost any 
elementary inorganic text. It will suffice here to mention 
this compound as one liicely to occur when thiophene is ther­
mally decomposed* The large fraction of hydrogen in synthes­
is gas, (see page 1 0 } should favor th e  formation of hydrogen 
sulfide as on© of the products of pyrolysis in the presence 
of this gas.

Carbon Bisulfide* She method most generally used for
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th e  m anufactur©  of carbon Maulfi&e i© the interaction of 
a u l f u r  and carbon by the application of heat ( 4 7 }(4 8 )  * 

Commercially, this is realised by c o n tin u o u s ly  feeding char­
coal and s u l f u r  into a furnace heated by graphite electrodes* 
The carbon bisulfide thus formed is condensed and purified, 
for moat efficient operation te m p e ra tu re s  around 100G°C  

(1832°F) a re  ©Employed. 3 t u l l  (49) g iv e s  a d is e a s e  io n  o f  th e  

therm odynam ics of carbon bisulfide formation from carbon and 
sulfur.

Huff (50) states that th e  reaction of hydrogen sulfide 
with hot carbon is responsible for the format ion of carbon 
bisulfide in gas# This reaction is the basis of a. patent 
(51) for carbon bisulfide raan afac tu re«

The d e c o m p o s itio n  of carbon o x y s u lf id e  to carbon bistal- 
f id e  and carbon dioxide has also been studied (5S). It is 
reported that lo w e r  temperatures fa v o r  the fo rm a t io n  of car­
bon bisulfide by this process. At 600°G (1 1 1 2 °F )  th e  decom­
position of carbon o x y s u lf id e  occurs to the extent o f  49 

percent. Of this, 43 percent is carbon bisulfide and carbon 
d io x id e  w h ile  the re m a in in g  6 p e rc e n t consists of carbon 
monoxide and free sulfur*

Carbon Oxysulfi&e. The occurrence of carbon oxysul- 
fid© in various gases has been reported by Hut chinson (2)*
He shows that in carburetted water gas th e  carbon oxysulfide 
may constitute as much as 38 percent of the organic sulfur 
present *



Ferguson (53) studied the reaction;
4 CQ "k s 4COg +

at temperatures ranging from 1000 to 1200°C (1832 to 2192°F)• 
Concurrently -with the formation of e&rboaa dioxide there app­
ears small amounts of carbon oxysulfide* fhe presence of m 
large excess of carbon monoxide favors the formation of the 
oxysulfide* It is possible that the formation of carbon 
oxysulfide may result from the interaction of carbon monox­
ide and various sulfur compounds other than sulfur dioxide*

Mereaptams* fhe Quantities of mereapt&ns occurring in-wmrrwmpi iw  mfri. imum'iimi iww i vm m i »11 w 'w ^

manufactured gases are quite small (2)* Generally, the mer- 
Q&pt&ns present in gas exist as methyl and ethyl mereaptans• 
bowell (54) states, however, that mero&ptan compounds usual­
ly are not present in detectable quantities in coke oven gas 
produced at higher temperatures.

Minor Organic Sulfur Compounds* arctowskl (55) ob- 
tained small quantities of carbon subsulfide, CgSg, by con­
ducting carbon disulfide th ro u g h  a heated quarts tube.
Stock and Iraetorius (56) found that temperatures in the 
range of 1008 to 1100°C (1832 to 2012°F) gave the best yields 
of the subsulfide by this method.

A naonoaulfide of carbon has been reported by Dewar and 
Jones (5?)(58). Carbon bisulfide, cooled in liquid air, was 
subjected to a silent discharge* On heating to room tempera­
ture a flash occurred yielding a brown compound which was 
believed to be a polymer of carbon monosulfide*
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Hahaen (59) and cowers and Ere&t (60) obtained sffig.ll 
amount a of laozaarle dithienyls by conducting thiophene 
•through a tube maintained at a doll red heat*

Other minor sulfur compounds such am thio-ethers and 
disulfides have been reported in gas, but usually these 
occur in such low concentrat ions as to bo of practically no 
significance (!)•

Gta&oabte&ly there is apt to be the formation of small 
amounts of elementary sulfur accompanyIng the pyrolysis of 
thiophene* With the application of carbon compounds as pack­
ing in the pyrolysis tube® a loss of sulfur to such packing 
is quite likely* Holt® (40) reports the formation of a car­
bon-sulfur complex when hydrogen sulfide is passed over hot 
carbon.

Practice in the Removal of Specific Sulfur 
Compounds from Gas

It is pertinent for the removal of thiophene from syn­
thesis gas by thermal decomposition into more elementary 
types of sulfur compounds, that methods be available for the 
removal from the gas of the sulfur products thus formed.
From the discussions of the .previous section, it is clear 
that among the sulfur-containing products resulting from the 
pyrolysis of thiophene, hydrogen sulfide and carbon bisul­
fide will b© the most abundant• The need for the removal of 
these compounds will be greater than for minor sulfur com­
pounds, therefore, the methods employed in hydrogen sulfide



m

a n d  carbon bisulfide r e m o v a l  from g&s will be d i s c u s s e d  in 
greater detail. ^ oomprehensive survey h e r©  is n o t  intended, 
b a t  r a t h e r  & brief review o f  th e  more important methods -em- 
plowed by  g a s  industries to  l o w e r  the s u l f u r  c o n t e n t  of T a r *  

loos gases.

H y d ro g e n  o a l f i d e * Fo r t h e  rem oval o f  h y d r o g e n  s u l f id e  

f r o m  g a s ,  one o f  t h e  m e th o d s  em p lo y e d  m ost w id e ly  i s  the  i r o n  

o x id e  p r o c e s s . . 1 a  .d e s c r ip t io n  o f  t h is  proeess can be fo u n d  i n  

almost any t e x t  booh on gas te c h n o lo g y * E s s e n t ia l ly ,  h yd ro ­

gen s u l f id e  i s  abso rb ed  on a bed o f  i r o n  o x id e  s u p p o rte d  on 

some ty p e  o f  in e r t  material such a s  wood shavings# I ’h e  r e ­

a c t io n s  o c c u rr in g  d u r in g  s u l f u r  removal are;
(1) F©2G5*x E2Q + 3II2h rn Peg&a + (x + 3)H20

(Z) F©2G^*xH20 -P 3EgS * 2FeS •*- o ^ {x +• 3)Hg0

The desirable reaction (1) occurs under a l k a l i n e  conditions, 
fh e  s u l f id e  i s  r e v i v i f i e d  i n  p la c e  by admitting a i r  in  low  

c o n c e n t r a t  Io n s  s im u lta n e o u s ly  w i t h  t h e  g a s ,  o r  by  c u t t i n g  

the box o f f  th e  gas stream and adding air slowly. Sometimes 
th e  o x id e  is removed fro m  th e  box* On r e v i v i f i c a t i o n  o u t­

s id e  the box the foaled material is wetted clown and spread 
out to  a l lo w  maximum c o n ta c t w i th  th e  a i r *  F o r e f f i c i e n t  

hydrogen s u l f id e  rem o v a l th e  h u m id ity  and oxygen c o n te n t o f  

t h e  gas must be controlled* Schobel (6 1 )  maintains that 
water should be sprayed on t h e  boxes to effect humidity con­
trol and an air admission o f  1«2^» air is optimum. Operating 
under th e s e  c o n d it io n s  9 w ith  a tem p era t ure below  1 2 0 °F



30

(4 9 ° C ) , an. average hydrogen s u l f id e  rem o va l from refinery 
o i l  gas of 86*5;s over an. eight month period was obtained*

fh e  Seaboard process for hydrogen s u l f id e  removal from 
gas has been discussed by Sp@x*r (62) (63) and H e rb s t (64)*
In this process a s o lu t io n  of a p p ro x im a te ly  3*0 to  3*3 per** 
cent sodium carbonate is used to scrub the gas. i’hia pro­
cess also removes some of th e  carbon dioxide and hydrocyanic 
acid* I*he primary reactions are:

HgS * U&gC0 3 • I&H3 + M SCO^
COg +  Hg0 4  BsgCOg *  21aHC0g 

KCM + MagC0 3 * l a d  + !feM0%
R e g e n e ra tio n  of the carbonate is obtained by blowing air 
through th e  foaled solution* open? reports th a t  80 to 90 
percent of the hydrogen sulfide can be economically removed 
by this process, and th a t  other s u l f u r  compounds are not 
affected*

*. number of installations for gas m a n u fa c tu re  employ 
the Farrox 3 a l t a r  Recovery and the lie ice 1 Sulfur Recovery 
Processes for th e  purification of gases* The two processes 
are the same except for the solutions used and are effective 
in removing hydrogen sulfide and hydrocyanic acid. Bp err 
(65) and &&nn (6 6 ) have described the Ferrox process which 
consists in scrubbing the gas with a suspension of iron in 
an alkaline solution. 1he reactions occurring on absorption 
are:

(1) N&b CQ3 *f HgS - MaH3 + I&HCQS
(a) PegOglHgOljj * 3 % 3  9  F e ^ l B s0 )x + 3Hg0
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li emotion (&) occurs to only & minor «xt«at • On moral Ion the 
fcydroaulfide is oxi&lmad ism inly to aalfor*

She fhylox process atllises m solution of essentially
aeatrml thiomrmenatc* malt far the absorption of Hydrogen sal- 
fid© fro® |po# coring absorption* a liigliar arsenate omit in
formed* i*e* of the oacyg«m la replaced by sulfur* Tim

reaction occurring;'on hy&rogaa selfIda i ^ s m l  la eapr#as#4 
m m

0 * HgO

By reactivation with air the thloarsenmte cola lion la restored
i M  free maXSar la formed# Jacobson (6?) isalntmlns ili-i & 
removal of about 98 par cant of I lie hydrogen sulfide can b# 
obtained by tliU process* He also reports t m t  tbs presence 
of hydrocyanic acid results in m& increase in the soda eon* 
sumption* fha process was pat sat ad by cellaer (88) (69)*

fh# Girdlsr corporal ion .has developed a prseoas whereby 
hydrogen selfIda 1© removed from gases wita the aid of an 
amine* la partieolar.9 trietha&ela&ine or diethanol amlzaa 
(?Q)(?1)« ffeeae aompoonds are mixed aith water and the moi­
st lea thm formed imaged so cat ore err sat to the gas# %  this 
method hydrogen selfIda and may at her mold component of the 
gas may be effectively decreased* degeneration is aceo®* 
piished by hemtin<j the fooled liquid to drive off the gas- 
eoas imparities*

• the use of oil scrubbing for lowerlag
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of th e  o rg a n ic  s u l f u r  content of a gas has ■'been discussed 
(see page 5). Oil s c ru b b in g  not only removes a large frac­
tion of the th io p h e n e  present, but also lowers the carbon 
b is u l f id e  and merc&pt&n content o f  a gas • although i t  is  

possible to remove essentially all. of th e  carbon bisulfide 
and m erc&ptans from a gas by means of oil scrubbing, it is 
not economically feasible as the volume of oil thus required 
i s  excessive (7), and would lead to an undesirable r e d u c t io n  

in  the light o i l  vapors and i l la m in & n ts .

She Athlon broeesa for carbon bisulfide removal has 
been described by hudhuic (72)* By this method carbon bisul­
fide is absorbed on an alkaline cellulose material* which is 
converted by the carbon bisulfide to viscose. For efficient 
operation the gas must be freed of tar, ammonia, hydrogen 
sulfide, and carbonic acid.

dome s tu d ie s  have been made to  determine the effect of 
a heated surface on carbon bisulfide. Fabst {22) found that 
in the presence o f  hydrogen and at a temperature o f 1 2 0 0 °F  

(649°C), carbon bisulfide decomposed to hydrogen sulfide.
He proposed the theory that a reaction similar to  the rever­
sal of the formation of carbon dioxide water gas takes 
place, i.e.

C3g + SHg * 2h2s +  0 
after the removal of hydrogen so if id e the gas could be re­
heated and a further d e c re a s e  in  the carb o n  b is u l f id e  con­

tent thus obtained, fhis method would probably also lower 
the mereaptan fraction of a gas. Bv&na (24) reports that
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that ine presence oh nicxel or iron catalyses the deeomposi-
tion of oarhon b isulfide by the applicat ion of neat.

xt the present time a at ad# is being mad© of the effect­
iveness of secondary fit*L ini X. * -i *o on t no aimult*uiisous rcoOYi*X of 
carbon bisulfide and carbon oxyaulfid© from gas (73). al- 
ihougn the norn is still on a laboratory scale, it is report­
ed that goon r e m o v a l  of tnos £J CUt'U iixiw S JLlO «*• !- u i ,  i  <utril «s jLi V.i i i  <st

gas is scrubbed with either piperidine or morpholiiKr. fhis 
process has little or no effect on the thiophene ^resent*

a catalyt ic process aaa been described (74) in which 
finely divided niche! at a temperature of 300°C (57£°r‘) is 
used in the presence of hydrogen, to lower the hydrogen sul­
fide and carbon bisulfide content of a gas. another process 
(7 5) employs a catalyst of a metallic oxide on a porous gel 
to oxidise the hydrogen sulfide or carbon bisulfide to eith­
er sulfur or sulfur aioxide.

Organic hulfar Removal from synthesis Gas

An examination of the German synthesis gas plants (£0) 
revealed processes for organic sulfur removal from the gases 
produced, fhe soda-iron process consists in contacting th e  

synthesis gas with a soda-iron oxide catalyst maintained at 
3G0 to 5QG°i?‘ (lb9 to R60°G) to oxidise effective!# the organ­
ic sulfur compounds present which then remain on the catalyst 
as sodium sulfate, i'his process has little affect on the 
thiophene present. ^ conversion of the organic sulfur pre­
sent to hydrogen sulfide, which was ultimately removed, with



th e  a id  o f  an i r o n  o x id e  c a ta ly s t  c o n ta in in g  6 to  7 p e rc e n t  

chrom ic o x id e  was employed# In some German p la n t s ,  th e  syn­

t h e s is  g a a y f r e e d  o f  hydro gen  s u lf id e - ,  was. h e a te d  to  app ro x­

im a te ly  2 # 0 0 °F  (1J804°C) and r a p id ly  quenched to  a f f e c t  a 

c o n v e rs io n  o f  th e  o rg a n ic  s u l f u r  p re s e n t to  hyd ro gen  s u lf id e #
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Hydrogen iulftfs aim Mere&ptans

The method most em ployed for the quantitstive determin­
ation o f  hydrogen s u l f id e  and m eresplan® is that one devised 
by Tuisr@il#r (76)(77). A lth o u g h  a separate d e te rm in a t io n  of 
hydrogen s u l f id e  and znercaptans is impossible, the method is 
quite accurate and very rapid* E s s e n t ia l ly  th e  procedure is 
to collect a Known volume of gas, subject t h is  to a slight 
vacuum, and s lo w ly  add iodine solution, with vigorous shad­

in g ,  u n t i l  an end point is obtained u s in g  starch as the in ­

dicator* Knowing the normality of the iodine solution, the 
volume of iodine added, and the o r ig in a l  volume of gas, th e  

sulfur present as hydrogen sulfide plus m ercaptans  can be 

determined*
The Gas Chemists Hand-book (78) recommends a method for 

hydrogen sulfide d e te rm in a t io n  whereby th e  gas l a  scrubbed 
by a sodium hydroxide solution* Th is  is acidified and ti­
trated with iodine solution, using starch as an indicator* 

ih&w (79) has d e v is e d  a method for the separate deter­
minations of hyd ro gen  sulfide and merc&ptana# The procedure 
for these determinations consists of two parts, step (1 ): 
a Known volume of gas i s  passed through a s c ru b b in g  train 
c o n ta in in g  a 10 percent solution of cadmium chloride b u f f -
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ered with sodium carbonate* ^ftor sampling, the solution is 
acidified with concentrated hydrochloric acid, chilled to 
10 °C, and an excess of iodine added - the excess being ti­
trated with standard, thiosalf&te# From this the sulfur pre­
sent as hydrogen sulfide and mercaptans is obtained* step 
(g)s *fter passing a Jmovm volume of gas through. a scrubbing 
train identical to the one used in step (X) the scrubber 
solution is neutralised with acid to a methyl orange end 
point and sufficient water and hydrochloric acid are added 
to dilute the solution and yet give a concentration of 3 
^a/liter of free HOI* Under these conditions cadmium sulfide 
ia in a as pens ion and cadmium mercapt ides In solution* -after 
filtration, the cadmium sulfide precipitate is rediesolved 
in acid and an excess of iodine added, this being back ti­
trated with standard thioaulfate* atep (2) gives the sulfur 
present as hydrogen sulfide while by difference of step (1 ) 
and step (2) the sulfur present as mercaptans is obtained* 
Shaw has devised a special f la sic which acts um a scrubbing 
bottle and also an analysis bottle* Shis special f la sic is 
required for- step (1 ) and step (£) as the major part of the 
analytical procedure must be carried out under a slight 
vacuum to minimise contact of the solutions with air.

n e te rm in a tions of hydrogen sulfide by c o lo r im e t r ic  me­
thods have been employed* fh e a e  methods rive more satis­
factory results when the hydrogen s u l f id e  p re s e n t is  s m a ll*

4* process has been employed using lead a c e ta te  {80} f o r  the 
colorimetric determination of hydrogen sulfide. *■* standard
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moist le a d  acetate paper Is s u b je c te d  to a a o w  uaamtlty o f  

gas* fhe amount of black lead aulfidc thus formed on the 
paper is  determined by comparison to a blackened wedgef 
which h a v in g  bean c a l ib r a t e d  g iv e s  a m e a s u re .of the  hydrogen 
sulfide present, The application o f  methylene b lu e  (8 1 )  o r  

silver cyanide (8 2 )  for hydrogen sulfide d e te rm in e tions a ls o  

has proved s u c c e s s fu l*

Carbon Bisulfide and Carbon Oxyaalfid*

i*or the d e te rm in a t io n  of carbon bisulfide in gas, the 
Gaa Chemists Handbook (83) recommends a process whereby a 
known volume of dried gas is passed through an absorption 
train c o n ta in in g  sodium h y d ro x id e  solution covered with an  

© th e r a l solution of t r ie th y lp h o s p h in e *  a. volume o f  gas 
sufficient to give a coloring of the © th e ra l layer o f  th re e  

c a u s t ic  s c ru b b e rs  is r e q u ir e d *  riihen t h is  c o n d it io n  is  s a t ­

isfied, th e  caustic s o lu t io n s  are mixed, filtered, and th e  

p r e c ip i t a t e  d r ie d *  She weight of (CgKg^BCBg thus obtained 
m u lt ip l ie d  by 0 *3 9 2  g iv e s  th e  carbon b is u l f id e  p re s e n t#

S e v e ra l in v e s t ig a t o r s  have studied th e  r e a c t io n  o f  

carbon  bisulfide with an a lc o h o l ic  potash solution, thus 
forming a x & n th & te , as a method f o r  carb o n  bisulfide deter­
mination* Harding and Horan (84) developed a procedure i n  

w hich  a known volume of gas is scrubbed with alcoholic pot­
ash# T h is  is acidified and a measured amount o f copper ace­
tate is added* The amount of acetate added must be in 
excess o f that r e q u ir e d  to precipitate- c u p r ic  x & n th a te #  The
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precipitate is then filtered and potassium iodide added to 
the filtrate. The iodine thus formed is titrated with stand­
ard thiosulfate*

a h  examination of this method by Huff (85) indicated 
that cupric xanthate was not completely precipitated in sol­
utions of low coneentration. -a procedure is recommended 
whereby smaller volumes of scrubbing solutions are employed, 
and after acidification with a measured excess of acetic 
acid, copper acetate added as above* This is allowed to 
stand overnight to insure complete precipitation, after fil­
tration, the filtrate is evaporated to dryness, redissolved 
in 5 cc. of Is 13 hydrochloric acid solution, a measured 
amount of potassium iodide added, and the iodine thus formed 
titrated with standard thiosulfate. Huff maintains that 
0 .0 2 mg* of carbon bisulfide can be qualitatively determined 
by this method. The method is not of high precision quanti­
tatively*

Deay (8 6 ) has developed a colorimetric analysis for 
carbon bisulfide based on the xanthate reaction. In this 
process the color produced from a known volume of gas con­
taining carbon bisulfide is compared against the colors ob­
tained from xanthate solutions of various coneentrations*

The Institute of Gao Technology (87) has devised a 
method for the separate determination of carbon bisulfide 
and carbon oxysulfide in gas. The method consists of two 
parts. Part (I): a known volume of gas is passed through 
a series of scrubbers containing alcoholic potash, thus re-
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moving e&rbon bisulfide and carbon oxysulfi&e# For quanti­
tative absorption it is necessary to fceep the acrabbing sol­
utions cooled to 0°C* a delermination of the total sulfur 
(see page-. 41) before, and after, the scrubbers gives the sol- 
fur present as the sum of these constituents* lart (2 ): a 
repetition of part (1) la performed with the exception of 
the total sulfur determinations, instead, the scrubber sol­
utions are diluted with water recooled to 0 °C, acidified, 
thus forming xanthic acids, and titrated with. iodine solu­
tion using' starch as the indicator# fhe equations repres­
enting the reactions occurring in step (2 ) are;

€Sg ♦ KOJSt— *JC3-CS-08t 
003 + KQMt — ► KS-CO-GEt

and:
2H3-C3~GEt + Ig — » ItQ-C3-S-3-C3-0Et ♦ 2KI 
2H3~C0-C£t + X£ — * Bt0-C0-3-S-C0-0Et ♦ 2HI

Letting the sulfur present as carbon bisulfide be represent­
ed by Jg and that as carbonyl sulfide by 3C two equations 
can be established#

+ Se * -doorcase in total sulfur (Step 1 )# 
f3B + * Sulfur obtained by Ig titration (Step 2)*

By a simultaneous solution of these equations' the carbon bi­
sulfide and carbon oxysulfide can be obtained*

Shiophenes

For the direct determination of thiophene two types of 
analyses are available, i*e. colorimetric determinations
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end t h e  tr&nsfarm&t ion o f  t h io p h e n e  i n t o  a thiophen© deriva­
tive having mom® specific p r o p e r t y  facilitating i t s  i s o l a ­

t i o n .  O f t h e  c o l o r i m e t r i c  m eth o d s  t h e  in&ophenine r e a c t i o n  

( 8 8 ){ 8 3 )( 9 0 } ( 9 1 ) ( 9 2 ) ( 9 3 )  i a  by f a r  t h e  m ost popular. a s s o n -  

tielly, t h i s  determination is used for t h e  e s t i m a t i o n  of the 
t h io p h e n e  content of b e n s o n e .  Approximately 0*4 gram s o f  

isatin a r e  d i s s o l v e d  in 1 0 0 0  ml..of c o n c e n t r a t e d  s u l f u r i c  

s o l d  t o  w h ic h  a l i t t l e ' n i t r i c  acid lias b e e n  a d d e d ,  a quan­
t i t y  o f  t h i s  I s  shaken w i t h  a known am ount o f  t h e  benzene be­

i n g  a n a l y s e d ,  The b l u e  c o l o r  th u a  p ro d u c e d  i s  c o m p ared  w i t h  

t h a t  o b t a i n e d  when benzene o f  a known t h io p h e n e  c o n t e n t  is 
s h a k e n  with t h e  same vo lu m e  of is&tin-sulfuric acid mixture 
as used w i t h  the unknown# U n f o r t u n a t e l y  the p r e s e n c e  o f  on- 
saturated hydrocarbons also give th© b l u e  c o l o r i n g ,  while 
toluol, phenol, or t e r t i a r y  b a s e s  g i v e  a brown to blue color 
( 9 0 ) .  The r e a c t i o n  t a k i n g  p l a c e ,  w i t h  t h i o p h e n e ,  i.e. th e  

indophenine r e a c t  ion, 1 s t

CQEbMQB + C4% 3  « CjjgHylTOS ♦ H£G 
in excellent review of the colorimetric methods available 
for thiophene dot©rial m*tione Is given by otelnkopf (93).

another method for the determination of thiophene in 
aromatic fractions containing no ansaterated compounds util­
izes leniges reagent (94), which consists of 5 grams of mer­
curic oxide dissolved in a solution of 2 0 m l ,  of concentrated 
sulfuric aaici in 100 ml. of distilled water. The procedure 
requires vigorous shaking of 20 ml, of keniges reagent with 
2 m l .  of the sample for a period of about three hours, fix©
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resulting mixture is filtered, the precipitate washed, dried, 
a n d  then w e ig h e d .  The p e r c e n t  t h io p h e n e  by weight is given
by: 3.79x where x is the grams of precipitate— 3 ~
(H&QaK&&O4 ) a n d  a ia the specific gravity of the 
sample.

The method most applicable to the determination of
thiophene in gas is a total sulfur determination (see below) 
before and after a scrubber containing some solution suit­
able for complete thiophene removal from the gas. Hut chinson 
{%) has found that concentrated sulfuric acid is effective 
in removing thiophene from gas, however, it is necessary to 
remove hydrogen sulfide before scrubbing the gas with sul­
furic acid.

Total Sulfur hot erminetions

In general, the processes wherein total sulfur deter­
minations are made, consist in converting all the various 
types of sulfur compounds present into one specific type 
which can be q u a n t i t a t i v e ly  Identified. The method moat 
frequently employed is the transformation of the sulfur* 
containing compounds into sulfur dioxide and sulfur trioxide 
by combustion, the dOg and dOg thus formed usually being 
separated from the products of combustion by a suitable 
scrubbing solution which is subsequently analysed.

The Referee1a method (95) involves the burning of a 
known volume of gas w h ile  simultaneously volatilising ammon­
ium carbonate placed adjacent to the test burner. The pro­
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ducts of eombust1cm pass through a tube containing glass 
beads and into a condenser# &fter burning sufficient gas 
the system is thoroughly washed and the washings added to 
the condensate obtained during the. experiment# T h is  solution 
is made acidic and the sulfur compounds oxidised to  sulfates 
with bromine# as excess of barium chloride is added, the 
solution is filtered, and the filtrate is dried and w eigh ed*  

From this the sulfur present can he determined#
another combustion method.for total sulfur is recommend­

ed by a l t i e r l  ( 7 7 ) ( 9 6 )* In this the gas is also burned, thus 
converting the sulfur compounds to sulfur dioxide and sulfur 
trioxide# The products of combustion are scrubbed with a 
dilute sodium carbonate solution w h ich  is back titrated with 
standard acid using methyl orange indicator. The Ba^CO^ 
thus consumed gives a measure of the sulfur compounds pres­
ent# This method is not effective for the d e te r m in a tion of 
elemental sulfur in gas#

filson and Kemper (97) have employed tetrahydroxy quin- 
one as the indicator for a barium chloride titration when 
sodium carbonate solution is employed as the scrubbing med­
ium for total sulfur d e te rm in a t io n s  by combustion# The ob­
ject in this is  to minimis© the errors introduced by oxides 
of nitrogen form ed on combustion which are affective in 
partially neutralising the sodium carbonate*

Lusby (25) has devised a method for total sulfur where­
by the gas being analysed, in  the presence of sufficient hy­
drogen, is passed over a platinum spiral heated to a bright



orange color * The sulfur compounds present are thus convert­
ed to Aiydrogen sulfide which Is readily determined with the 
aid of a fat seller analysis.

The Determinat ion of specific Sulfur 
Compounds in Gas

Work clone at the Institute of Gas te c h n o lo g y  by EaJfce- 
will and Hueck (8?) has resulted in a tentative procedure 
for determining individual sulfur compounds in gas. The 
process recommended by., them consists in passing the gas. 
through a train of absorbers containing solutions for the 
specific removal of various sulfur bearing constituents of 
the gas w ith  a total sulfur determination before and after 
the removal of each type of sulfur compound* fhe solutions 
found most effective and the order in which they should 
appear in the scrubbing train are listed below.

(1 ) 1 0 JS cadmium chloride buffered with sodium carbonate 
for the simultaneous removal of hydrogen sulfide and raercap- 
tans.

(2) Concentrated sulfuric acid for the removal of thio- 
phenes•

(3) 10;i potassium hydroxide-ethyl alcohol solution for 
the removal of carbon bisulfide and carbon oxysulfide«

The separate determination of hydrogen sulfide and mer- 
captans by the use of a cadmium chloride-sodium carbonate 
solution has been previously described (see page 35) as well 
as the determination of carbon bisulfide in the presence of
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Essentially the procedure employed for studies of the 
thermal decomposition of thiophene was (a) to meter from 
high pressure cylinders the thiophene carrier gas (b) divide 
this gas into two parts, one part being partially saturated 
with thiophene vapor (c) mix the resulting gas streams and 
pass this mixture through a high temperature sone containing 
various packings, and (d) analyse the resulting gas for var­
ious sulfur compounds, fhe apparatus used In the experiments 
presented herein was very similar to that employed by the 
Institute of Oas technology (8?) to determine methods of an­
alysis of gases for various sulfur compounds.

fhe gas being employed as a thiophene carrier from & 
high pressure cylinder was reduced in pressure by a standard 
reducing valve* Fo realise better control, a needle valve 
was installed after the reducing valve, i’he gas was next 
subjected to the purification process chosen, after which it 
was passed through a set test meter (a) (see Figures Ia , IB, 
and IC), and subsequently dried over activated alumina (B)•
At this point the carrier gas was divided into two streams. 
Each stream passed through a needle valve (0) and a flow 
meter (h)(E). One stream went directly to the furnace while
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Figure I-B
Equipment Used in Studies of the Shermal 

Decomposition of Shiophene
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the other was first bubbled through thiophene maintained at 
a constant temperature*

fo direct the carrier g & s -th io p h e n e  mixture through the 
furnace, v a r io u s  si*;© combustion tubas of aIllimanite o r  

quarts were used* from the furnace the resulting gas was 
passed through a cotton filter ( I )  to remove any solid m a te r­

i a l  present* a by-pass (J )  was installed around the furnace 
to facilitate analysis of the gas mixture entering the py­
rolysis tube* She gas from th e  high temperature zone, after 
passing through the cotton filter, was sent through a section 
of capillary tubing (K), to maintain approximately atmospher­
ic pressure at the inlet of the  furnace* f h is  w&e necessary 
as auction was applied to the exit of the gas from the 
•system* fhe gas next passed th rou gh  a flow meter (L) and 
into a manifold which was em ployed to direct the gas in one 
of several directions* for total sulfur analysis of the exit 
gas from the furnace the stream was directed to the  burner 
If), This could be by-passed through the capillary (Q) dir­
ectly to the vacuum line* fhis capillary was installed to 
effect & pressure drop approximately equal to that developed 
by th e  burner, thus when the gas was diverted from the vac­
uum line to the burner the variation of gas flow and press­
ures throughout th e  system was minimised*

Before going to the burner the gas stream could be dir­
ected through various combinations of absorbers (M) to 
remove hydrogen sulfide and mer captains, (I) to remove thio- 
phenes, and (0 ) to remove carbon bisulfide and carbon oxy-
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sulfide (see page 4x3)* Dpon determin&tion of the' total sul­
fur by combust ion before and after any one of these, the 
sulfur present as the various compounds thus removed eould 
be determined, Thus (M)(If) and (0) represent all the absorb­
ers required for complete removal of the compounds mentioned 
above.

For © determination of hydrogen sulfide alone, the gas 
mixture could be directed to a Sfc&w flask (E){?9), which was 
followed by a trap.

i5o maintain a constant, yet a d ju s ta b le  vacuum on th e  

system a mercury relief valve (3) was placed in the vacuum 
line. By continued bubbling of air through the mercury a 

vacuum equal to  the head of mercury in th e  t r a p  was thu s  ob­
tained.

specific Kqaipment Used and Method of Operation

Gas Meter and frier. 2h© wet meter used for measuring 
gas volumes in these experiments was of a standard make, 
having an accuracy of 0 * 0 0 1 cubic foot. This was equipped 
with u thermometer and manometer to permit correcting the 
gas volume readings to some chosen standard condition.

hino© the exit gas from the above test meter-was sat­
urated with water vapor it was necessary to install a drying 
tube on the meter outlet• This consisted of a tube contain­
ing approximately £50 ml. of activated alumina, fo obtain 
an indication of the moisture content of the alumina, this 
was soaked in a solution of approximately 5 percent cobalt
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chloride tend subsequently dried at 450°F (232°C)* 
this treatment the alumina 1&3 blue when dry and light pin! 
when wet* **t such a time that the color interface between 
the wet and dry a lamina approached the gas outlet of the 
drying bottle, the alumina was removed and dried again at 
4 5 0 ° f .

Flow Me t®ra__j 1>} , (I ) ana _ (h| »J Figore I } * fixes® cana 1st-
ed of capillary tubing of short lengths and of a diameter 
sufficient to give appreciable readings on the manometers* 
fhe division of the carrier gas before the furnace was main­
tained in such a manner that the larger volume of gas by­
passed the thiophcne bubbler* at tlx® beginning of a ran the 
gas streams entering the furnace were proportionated to the 
desired value by adjusting needle valves (€}* fhe needle 
valve settings were not changed at any time during an exper­
imental ran*

Tiilophene qatorator (F)* Ihe thiophene aatarator was
composed of a suitable bubbling tub® inserted in a flash of 
thiophene, which in turn was Immersed in a constant tempera­
ture bath* fhe bubbling tube was mad® by first blowing a 
bulb on the end of a glass tube, them several small holes 
were mad® in th® bubble* fo maintain a constant temperature 
in the bath, a 25 watt candle-shaped light was used as a 
heating element* *oi Immersion type thermoregalator, with a 
sensitivity of -Q*25°F, was aaed to control the heating 
cycle of the light bulb* To effect better control of the 
bath temperature, cold water was passed through a set of



coils Immersed in the 'bath. a magnetic stirrer was used to 
obtain agitation of the  bath w a te r *  W ith  this arrangement

. Qit m s  possible to maintain the bath within -0*5 F of the 
desired temperator®.

!£he thiophene used in these experiments was obtained 
from the laboratories of the hocony-Vacuum Oil Company, whose 
analysis of this material showed 99 mole percent thiopfcene* 

.Furnace (H) • fhe furnace used to heat the reaction 
tubes was of the glo-b&r type* with a heating *oae of approx­
imately 15 inches in length. To maintain the temperature at 
a constant value a standard type indicator-controller was used 
which was operated with the aid of a base metal thermocouple 
installed in the furnace, temperature control was realised 
by the automatic switching of the glo-bar leads to a high or 
low voltage tap on an autotransformer connected in the furn­
ace circuit, The deaired operating temperature range govern­
ed the transformer taps thus used. $ith this arrangement it 
was possible to maintain the furnace temperature within -5°F* 
Because of the time required to raise the temperature of the 
furnace from room to operating temperatures a timing device 
iaa installed to turn the furnace on several hours before an 
actual experiment.

The filter {!). following the furnace consisted of a 
tapored ground glass Joint which was drawn down at the ends 
and sealed to 6 mm. tubing. This was paehed with cotton for 
a length of approximately 2 inches#

as noted above* to  m a in ta in  a pressure on the furnace



inlet approximately equal to atmospheric, a capillary tube 
{&) was i n s t a l l e d *  T h is  was we either 1 or % mm* bore and 
a b o u t  18  inches long. T h ese  dimensions depended on the gas 
being used as a t h i o p h e n e  carrier*

A b s o r b e r s  (M)*(M) and (0)* The absorbers used to re- 
move specific sulfur compounds from t h e  f u r n a c e  exit gas 
were made of a design similar to the thiophene sat orator 9 
but of 500 ml* capacity*

Absorber .for H y d ro g e n  S u l f i d e  Determination (li)« T h is  

flask was made according to Bh&w1 a specifications ( 7 9 )• The 
absorber was followed by a trap which consisted of a tube 
submerged in a solution which was o f  the same composition as 
that contained in the Shaw flask*

B u r n e r  j f o r  T o t  a 1 3 a I f  or, B e te  rm 1 n a  t  i o n  ( g ) • The t o t a l

sulfur d e t e r m i n a t i o n  apparatus used in these experiments was 
a modification o f  the on© recommended by the American Society 
for T e s t i n g  Materials (96) for the d e t e r m i n a t i o n  o f  sulfur i n  

liquid petroleum fractions* modification of the burner was 
necessary to adapt this for gases* The liquid sample battle 
was removed and a email length of aluminum tubing having a 
& mm* bore was inserted in the burner inlet and sealed with 
sealing wax* This modification was necessary to give the 
gas sufficient velocity to prevent flash back o f  the flame* 

When in inert carrier gas was employed i t  was necessary 
to introduce hydrogen into t h e  gas stream to maintain a 
flam© on the burner* This hydrogen, being mixed with t h e  

sulfur b e a r i n g  carrier gas Just prior to entrance into the
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burner, was metered lay means of a flow indicator similar to 
those described above. Control of the hydrogen flow was ob­
tained by means of a pressure reducing valve and a needle 
valve on the high pressure cylinder supplying the hydrogen, 
thus need#

fhe air required for combustion likewise was metered by 
means of a capillary tub© and manometer. Control was made
possible by means of a needle valve on the inlet side of the
flow meter. The slight vacuum applied to the burner was 
sufficient to maintain the air flow required. * unification 
of the air was effected <fust prior to entrance into the 
burner by first passing this through a scrubbing bottle 
containing concentrated sulfuric acid end then through a 
bottle containing normal sodium carbonate#

As previously mentioned, the burner by-pass line con­
tained a section of capillary tube to minimise flow and 
pressure variations, when the gas stream was diverted direct­
ly to the vacuum system, fhis capillary consisted of a tube
1 mm. in bore and approximately 10 inches in length#

analytical rrocedLares and solutions

gotal dulfur Determinations# There are many varia-
tions of the combustion method for determining the total sul­
fur content of a gas. A few of these methods were described 
in Chapter VII# For the experiments here a rapid, bat ac­
curate determination was desired, therefor© the method 
suggested by altieri (77) for sulfur determination in com­



b u s t ib le  liquids was modified to allow similar a n a ly s e s  on  

gases* faaenti&Ily, the sulfur compounds wore c o n v e rte d  to 
s u l f u r  d io x id e  and sulfur t r io x ld ©  by com bustion , with the 
s im u lta n e o u s  absorption o f th e se  compounds in a solution o f  

sodium c a rb o n a te *  th e  carbonate thus consumed was determined 
by t i t r a t i o n  with s u l f u r ic  a c id  o f  known c o n c e n tra t io n , using 
methyl orange as an indicator*

The c o n c e n tra t io n  o f the sodium carbonate solution used, 
mm well as the sulfuric acid, was approximately 0*0639 normal* 
T h is  c o n c e n tra t io n  is also recommended by ^ l t i e r i *  For 
s ta n d a r d is e !Ion of these solutions a c o r n e r o ia l ly  s ta n d a rd ­

is e d  0*1 If h y d ro c h lo r ic  acid was employed, by titrating a 
10:1 solution o f  this acid against the sodium carbonate sol­
ution, which in  tu r n  was titrated against th e  sulfuric a c id ,  

methyl orange being employed,as the indicator in both cases* 
Both the sodium carbonate and th e  sulfuric acid used wore of 
0*i?* grade •

W ith  a th io p h en e  c o n te n t of a p p ro x im a te ly  630 grains 
per hundred cubic feet- of gas i t  was found that £5 ml* of 
the sodium carbonate solution was sufficient f o r  com ple te  

sulfur removal from the burner exit gas when the volume of 
gas burned was 0.1 cubic foot. To increase the volume of 
s o lu t io n  In the scrubber, approximately £5 ml* of distilled 
w a ter were added to t he ©arbonato  s o lu t io n *

fhe Institute of Oas Techno logy (37) recommends the us© 

o f  a 10 percent s o lu t io n  o f  sodium b ic a rb o n a te  as th e  scrubb­

ing medium for total sulfur determinations by combust Io n .



.analysis of this aolution is carries. oat by neutralisation 
to the methyl orange- end point with one H hydrochloric acid, 
followed by the addition of an excess of one mi* of the 
aei'd. fifteen ml* of saturated bromine water la added and 
the solution boiled until the color of bromine disappears* 
lit8 solution is then treated with 10 ml. of 10 percent bar­
ium chloride* boiled for an hour, and filtered* The weight 
of the dried precipitate gives the sulfur present as barium 
sulfate* This method was compared to the one suggested by 
.ILtieri (77), and the results by both methods differed by 
less than 1 percent• The chief difficulty with all gravi­
metric methods is the time involved in carrying out each an­
alysis*

Hydrogen dulfl&e - Mercaptan^bsorblng solution. <*»s 
p r e v i o u s l y  m e n t io n e d ,  t h e  d e t e r m i n a t i o n  o f  n y a r o g e n  sulfide 
plus mercsptsns was made by a  t o t a l  s u l f u r  a n a l y s i s  o f  t h e  

g a s  b e f o r e  an d  a f t e r  t h e s e  two com p o n en ts  h a d  been  re m o v e d  

f r o m  t h e  g a s .  Tho s o l u t i o n  used  f o r  t h e  simultaneous a b s o r p ­

t i o n  o f  h y d r o g e n  a u l f i a e  and  mercaptans c o n s i s t e d  o f  100 m l .  

o f  a 10 p e r c e n t  cadmium chloride solution to which 15 ml. of 
approximately one n o r m a l  sod ium  carbonate h a d  been  added.
T h is  s o l u t i o n  h a s  b e e n  recommended by t h e  I n s t i t u t e  o f  h as  

Technology ( 8 7 ) .  To e f f e c t  complet 0 iii C o v a l 'o f  th e  s u l f u r 4 

p r e s e n t  as  h y d r o g e n  sal fine and morca ptans, one, a n d  some­

t im e s  two, scrubbing bottles were required. The reason for 
u s in g  two s u c h  s c r u b b e r s  i s  d is c u s s e d  i n  a l a t e r  s e c t i o n .

T h i o p h e n e  a b s o r b in g  s o l u t i o n .  Eutc h in s o n  (2) h a s  -re-
w i ’<,iiri.i II f\ ,"i Mir llfl>riij|̂ ,|l|W li i WW W m u J^ , : ' 'l i W iip>l< f  W W - .i W V i I w w m 1 JW tiMBtiW* l» ll III !■   — — w*wg»' J i w i *
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commended. th e  use of concentrated s u l f u r ic '  aoid for the re­
m oval of tU io phenes .from. ges. i£xper im ent s by the Institute 
of Gas Techno logy (87) h a w  verified the use of s u l f u r ic  a c id  

for this purpose* I t  is n e c e s s a ry , however, to remove the 
hydrogen nulfl&e and m ereaptans (98) p r io r  to  th e  rem oval o f  

th io p h e n e  by this m eth o d ,. c o n s e q u e n tly  the sulfuric a c id  

s c ru b b in g  bottles were placed a f t e r  the cadmium chloride 
scrubber* f e -insure complete removal of the th io p h e n o s , two 
a c id  scrubbers were installed, fo llo w e d  by a norm al sodium  

carbonate solution to  remove any r e s u l t  in g  a c id  m is t *  .In 
all three of th e  above scrubbing bottles 100 m l* of solution 
were used* To d o termine th e  sulfur present as t h i ophenes' in  

the gasleaving, or entering, the furnace, a total sulfur 
analysis was made before and after the thiophene scrubbing 
train'and the thiophene content determined by d if fe r e n c e #

It has been recommended (99) that before an analysis i s  made 

on the gas leaving th e  sulfuric acid bottles, at least 0 .5  

cubic foot of gas should be passed th ro u g h  the acid to re­
move any oxides of sulfur arising from the acid itself* In 
the experiments here at least 0.5 cubic foot of gas was 
allowed to pass through the battles before analysis#

Carbon Bisulfide and Carbon Gxyaulfi&e nbsorbing Sola-
a.u -fcliV Vimli,Vi<U+&mkM* ■ ■■UnWultftU'to j - W-v V*"' ■■Pftir 'Wu.illW I»|‘.'. J. ,ltfM I.**' ■ »i I| I .n n . »nii|Mi | ip iifci n n p> imBTim i i hi ........  [ ii|i

t ions. Tor the simultaneous removal o f carbon bisulfide and 
carbon oxysulfide from  gas a 10 percent solution o f  a lc o h o l ic  

potash has been recommended (37)* This solution was made by 
rapidly grinding 10 grams of potassium hydroxide pellets Into 
a powder and dissolving this in 1X0 ml* of 95 percent ethyl
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alcohol* The solutIon was made op fresh prior to each an­
alysis, cooled to 0°C, and maintained below 5°C during ab­
sorption* Before exposing the gas being tested to this 
solution it is necessary to remove the hydrogen sulfide, 
meresplans, and thiophenesj this scrubber therefore followed 
the sulfuric acid previously mentioned* In most cases a 
single absorbing bottle was sufficient for removing all the 
carbon bisulfide and carbon oxysulfide present* To determine 
the quantity of sulfur present In the gas as both bisulfide 
and axysulfide of carbon a total sulfur determination was 
made before and after the removal of these compounds by the 
alcoholic potash.

By a rather unique method (87} it is possible to deter­
mine the sulfur present as carbon bisulfide or carbon oxy- 
sulfide alone. The method, described herewith, was used in 
these experiments when it was believed that carbon oxysul­
fide, as well as carbon bisulfide, might be present in the 
gas* The reactions representing the absorption of carbon bi­
sulfide and carbon oxysulfide in an alcoholic potash are 
given below (see page 39}t

(a) CSg 4 iiOlt &3~CS~Qm 
lb) COS 4 hOBt — * IS-CO-Olt 

If this mixture is kept chilled at approximately 0°C and 
acetic acid is added the reactive xanthle acids are formed. 
These are readily oxidised by iodine to give the correspond­
ing disulfides:
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(c) 2II8-CL~0Lt 4. KtO-CS~b~S~CS-StO + 2HX
(d) 2BS-CO-QI2t 4. I2 --* E%Q-CO~o-L-GO~Lt 0 + SEX

From equations (a) and (c) it is seen that one mole of
carbon bisulfide requires one atom of iodine for neutralisa­
tion while from equations (b) and (d) it is seen that one
mole of carbon oxyaulficie requires one atom of iodine for 
neutralisation also* Letting 6^ be the sulfur present as 
the disulfide and be the sulfur present as the oxysulfide* 
there results;

J-S^ 4 iiQ = Titrat&ble sulfur#
From the total sulfur analysis before and after the potash 
scrubbing bottle* there results:

sulfur loss#
solution of these equations simultaneously gives the sul­

fur present as carbon bisulfide as well as carbon oxysulfide* 
Two such analyses, when necessary* were employed to de­

termine the carbon bisulfide and carbon oxysulfide in the 
sulfur bearing gas leaving the furnace, after the hydrogen 
sulfide, © e rc a p ta n s , and th io p h e n e s  had been removed* To 
determine the sulfur loss by scrubbing the gas with alcohol­
ic potash, a total sulfur determinetion was made before and 
after the potash scrubber by means of combust ion# subse­
quent to this, a second portion of the gas was scrubbed free 
of carbon bisulfide and, carbon oxysulfide by replacing the 
above scrubbing solution with freshly prepared alcoholic 
potash# .after passing a known volume of gas, the bottle of 
solution 'was removed and diluted approximately 1:1 ’with dis­
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tilled water* The mixture was again chilled to 0°C  and  

acidified with glacial acetic acid to the phenolp h th & lie x i 

end point, the acid b e in g  adaed d r  o tw ic e  with an excess of 
three dr OpS* A's. eeping th e  eolation c h i l l e d ,  5 m l*  o f  starch 
solution {BOO gm* soluble starch in  1000 m l* of water) w ere  

added and this was titrated with 0*01 normal iodine solution* 
though the starch end point is f a i r l y  difficult to  d e t e r ­

m in e , reasonable accuracy can be obtained with practice* It 
is of course necessary to correct these t i t r a t i o n s  by means 
of a b la n k *  The iodine solution used f o r  these d e te rm in a ­

t io n s  was prepared by dissolving If*? grams of iodine and 20 
to 25 grams o f C*l* potassium iodide in as l i t t l e  water as 
possible, and then diluting t h is  to a liter* T h is  0*1 normal 
stock solution was diluted 10si for use in experimental an­
alysis* standardisation of these iodine solutions was ob­

tained with the aid of a commercial s ta n d a rd  of sodium 
th io s -u lfa t  e*

Hydrogen sulfide lete rm in a tIon* The procedure employed
for the .determination of hydrogen sulfide will b© d is c u s s e d  

in detail here* It i a  a modification of the method d e t a i le d  

by dh&w {7 9 ) which m o d if ic a t io n  was necessary because of the 
p resence  o f  la r g e  quantities o f hydrogen s u lf id e * -  The p ro ­

ced u re  recommended by ahaw has been previously d is c u s s e d  in  

Chapter ¥11* K s s e n t ia l ly ,  this m ethod consists In a b s o rb in g  

the hydrogen s u l f id e  and m erc&ptans in  an a lk a l in e  cadmium 

chloride solution* This solution is then neutralised to the 
methyl orange end point w ith  normal h y d ro c h lo r ic  acid after
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w hich  an excess of acid is added to g iv e  a solution contain-* 
In g  & grams of free EC1 per liter, nt this c o n c e n tra t io n  

the cadmium sulfide is in suspension and the cadmium m erc&p- 

tide is solution, T h is  is filtered and the sulfide dissolved 
w ith  concentrated h y d ro c h lo r ic  acid, and treated w ith  iodine 
which is b&cig titrated with tlilosuif&t e .

hue to the large quantities of hydrogen sulfide present 
in the ex perIm ent s here reported, the cadmium sulfide formed 
on adsorption mashed the methyl orange indicator, and It was 
im p o s s ib le  to determine th e  end point securing with the add­

ition of a eld* .Because of this, the correct pH for cadmium 
mercaptid© dissolution could not be obtained. Brewer and 
Ghosh (1 0 0 ) modified ohaw, s method by adjusting the pH of 
the absorbing solution ( 0 .3  percent free acid) before 
scrubbing the gas. fhe object in this was to retain the 
cadmium m e re a p tld e  in eolation. This method was tried under 
the conditions of th e  experiments here and it was found that 
a f t e r  two s c ru b b in g  b o t t le s  hydrogen sulfide or mercapta n s ,  

were s t i l l  present i n  the gas#
It was believed that perhaps a n o th e r  indicator, i . e .  

on® that is not m&siced by the yellow cadmium s u l f i d e ,  might 
prove s u c c e s s fu l,  ho w ever, th e re  a re  v e ry  few  s a t is f a c t o r y  

indicators in th e  pH range below m e th y l orange* I t  is  nec­

e s s a ry  to have an Indicator with, a pH range no greater than 
that f o r  m e th y l orange due to  the presence o f  carb on  d io x id e  

and hydrogen sal.fid®.
The fo l lo w in g  procedare was finally devised for the d©~



termination of hydrogen ooixfde in gas. Following thaw’s 
recommendation a s c ru b b er was used fo llo w e d  by a trap, each, 

c o n ta in in g  15  ml# of 10 percent cadmium chiorIda solution 
w ith  £ ml# of normal sodium carbonate as a buffer. Before 
exposure to the gas, £ ml. of normal hydrochloric acid-were 
r e p a ir e d  tc n e u t r a l is e  each o f  these solutions to a m eth y l 

orange end point, since these two solutions were combined 
before analysing for sulfur by ahawfs method, a total of 4 
ml# of normal acid were required to neutralise the m ixtore 
to a methyl orange end point, -after passing the gas through 
the two scrubbers the color of cadmium sulfide was apparent 
in the first b o t t le  o n ly , th e r e fo r e  a q u a n t i ty  o f  norm al 

acid between £ and 4 ml# was required lor neutralisation of 
t h e  • c o m b in e d  s o l u t i o n s .

I n  order* t  o ■ obtain a - c o n c e n t r a t i o n  o f  5 gram© • o f f r e e  

a c i d  p e r  l i t e r  i t  i s  n e c e s s a r y  to  h a v e  8 . 2  ml# o f  n o r m a l  

a c i d  I n  1 0 0  m l .  a b o v e  th a t  r e q u i r e d  f o r  n e u t r a l i s a t i o n  o f  

the cadm ium  c h lo r i d e * s o d lo r n  c a r b o n a t e  . s o l u t i o n #  s in c e  2 to 
4 m i .  o f  a c i d  a r e  n e e d e d  f o r  n e u t r a l i s a t i o n ,  1 1 . 2  m l. o f  

a c id -  w e re  a d d e d  t o  a q u a n t i t y  o f  w a t e r  s u f f i c i e n t  t o  b r i n g  

the volume o f  t h e •combined scru b b er solutions to  100 ml.
’i’he maximum pH v a r i a t i o n ' -of s u c h  a p r o c e d u r e  I s . - 0 .0 5  pK 

units, .m i te r  d i l u t i o n ,  th e  m i x t u r e  was f i l t e r e d  t h r o u g h  a  

Gooch c r u c ib le ,  a n d  t h e  cadm ium  s u l f i d e  r© d is s o lv e d  w ith  10 

ml. of c o n c e n t r a t e d  h y d r o c h l o r i c  acici. fill s wa£2 d i l u t e d  to 
50 m l# , a n  e x c e s s  o f  iodine solutio h  a d d e d ,  a n d  b a c k  titrat­
ed w i t h  aodium thioaulf&te u s in g  s t a r c h  a s  a n  i n d i c a t o r .
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^ few 'hydrogen sulfide det©rminatIons were made using 
11*3 tnd 10*8 ml* of normal acid, instead of the 11.3 men­
tioned above, in a volume of water sufficient to dilute the 
scrubber solution to 100 ml* In all cases the deviation was 
’within 8 percent.

In order to find the s u l f u r  present a s  mere&ptana only, 
the quantity of sulfur determined as hydrogen sulfide was 
subtracted from that value o f  sulfur obtained as hydrogen 
sulfide plus mercaptcms by combustion methods (see page 50}* 

It should be emphasised that the results obtained by 
this modification of bhaw’s procedure are not considered to 
be of a high order of accuracy, this method of hydrogen 
sulfide determination was employed as a last resort* How* 
ever, it was believed that the results thus obtained would 
show reasonably well the approscim&I© quantity of hydrogen 
sulfide and mercaptans present in the gases in question*



OUckF'X X̂ k 

dlUhl'j jiffl i/ 2* k*JL * .«&*.«. XM X 5 

C hoice and P re p a ra t io n  o f  r y r o ly s i  a lu b e  Packings

fhe chief objective in the thermal decomposition of 
thiophene was the transformation of this compound into 
types of sulfur products capable of easy removal from gas*
It was believed, therefore* that pyrolysis tub© packings of 
some form of carbon might be beneficial not only by increas­
ing the surface present» but also by aiding in the formation 
of carbon bisulfide* On this basis it was decided that coke 
be used as a tube packing* « commercial grad© coko was cho­
sen* fliis was crushed and screened to a sise range of % to 
■§ inch in diameter. The ash content of the coke thus em­
ployed was 15*0 percent on a dry basis while the sulfur con­
tent was found to be 0*55 percent, also on a dry basis.

To study the effect of the mineral compounds present in 
the coke a form of carbon low in ash content was chosen as a 
pyrolysis tube packing under conditions comparable to those 
during which coke was used. For this purpose a sugar char 
was prepared* domestic sugar cubes were first charred in an 
open refractory dish until the major part of the volatiles, 
had been distilled off. This char was next broken into 
small pieces and furtner charred in a combustion tube at 
approximately 2000 °i? (1093°C) for six hours. By placing &
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water seal at on© end of th e  combustion tab® it wag possible 
to  tell when c h a r r in g  was complete* a f t e r  cooling, the sug­
ar char was removed and broken  into small pieces which were 
screened to  a aize o f  % to. i Inch I n  diameter* the ash con­
te n t  o f  this char was found to  be 0*64 percent on a dry bas­

is *
A third packing of porcelain was chosen for a study of 

surface effects alone as compared to coke and sugar char* 
P o rc e la in  balls a p p ro x im a te ly  § inch in diameter were obtain­
ed and these were soaked in aqua regia overnight and th e n  

th o ro u g h ly  washed and dried*

P r e lim in a r y  E xp erim en ts

Before any q u a l i t a t i v e  studies of th e  thermal decompo­
sition of thiophene were undertaken over a carbon surface, a 
few preliminary tests of the method o f  operation of the 
equipment employed were mad®, # i t h  the use of nitrogen as a 
carrier gas it was necessary to introduce hydrogen into the 
gas stream just prior to  ‘th e  burner used in total sulfur de­

te r m in a t io n s *  fh© o b je c t  o f  this was to m a in ta in  t h e . f la m e  

n e c es sa ry  to  e f f e c t  a c o n v e rs io n  o f  th e  sulfur compounds 

present in the gas to sulfur dioxide and sulfur t r i o x l d e .  

fo d e te rm in e  the hydrogen rate necessary to give an. optimum 
sis©  f la ia e ,  the b u rn e r was ignited and inserted into the 
chimney of th e  absorption apparatus* s u f f ic ie n t  air was 
also introduced into the burner by applying a. vacuum to th e  

outlet o f  the sulfur d e te rm in a t io n  apparatus* fh e  flow rate
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o f  the hydrogen was then adjusted by means of the re d u c in g  

v a lv e  on the hydrogen cylinder and the reading on the h y d ro ­

gen f lo w  indicator notea. k e e p in g  the same r a t e > th e  h yd ro ­

gen f lo w  was measured by observing the? time 'required to f i l l

a -gas burette with the hydrogen, fiiis rate was found to b©
900 m l. p er m in u te *

For the p r e l im in a r y  exp erim en t a a carrier gas of nitro­
gen was used to in tro d u c e  thiophene into a high temperature 
a on e . I ’o obtain the maximum nitrogen flow rat© for efficient 
operation o f  the sulfur d e te rm in a t io n  a p p a ra tu s  a process 
similar to that described above was used* * . f t e r  igniting 
the hydrogen and inserting the burner in  the chimney the 
nitrogen f lo w  rat© was varied to obtain a flam © th a t  did not 
blow out or extend too far op into the chimney, fhis rat© 
was noted on the wet test meter and was found to be approx­
imately 0*1 cubic foot in §*£6 minutes*

In order to obtain batter accuracy, it was decided that 
a fairly high c o n c e n tra t io n  of thiophene in the gas entering 
the pyrolysis tube, should be used;, therefore a value o f  

approximately £60 grains of sulfur as thiophene per hundred 
cubic feet of gas was chosen* By adjusting the te m p e ra ta r©  

of the bath s u rro u n d in g  the thiophene sal orator to 70°if 
(21*1°C) It was possible to obtain the high thiophene per­
centages required i n  the gas as well as obtain a ssu ra n ce  

against thiophene c o n d e n s a tio n  in the uncooled  gas lines.
The thiophene content o f the inlet gas to the fu rn a c e  was 

brought to the desired v a lu e  by increasing the rate of gas
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flow through the thiophene s&turator and analysing the gas 
mixture after each change in the flow rates* With a gas 
containing 250 grains of ■ sulfur as thiophene per hundred 
cubic feet, approximately 15 ml* of the 0*0639 normal sodium 
c a rb o n a te  solution were consumed in scrubbing the sulfur di­
oxide and t r io x id e  from the products o f combustion o f  th e  

sulfur lamp*

System C a l ib r a t io n s

^though the use of rubber tubing throughout the system 
was kept at a minimum and all glass tubing Joints were as 

close as possible, it was deemed n e c e s s a ry  to d e te rm in e  any  

errors introduced by the rubber tubing and few rubber stop­
pers present * 2o a c h ie v e  this, a total sulfur -d e te rm in a tio n  

was made on a gas sample taicen just after the point of mix­
ing of the carrier gas stream and the gas stream s a tu ra te d  

with thiophene* Shis was compared to a total sulfur an­

alysis o f the m ixed gases after these had passed through the 
entire sys tem , in c lu d in g  the train of empty scrubbing b o t t le s  

used in selective absorption* I t  was found th a t  th e s e  two 

analyses agreed within 2 percent, IChis agreement is  at 
least as good as that expected due to variations in the con­

s ta n t  temperature bath surrounding the th io p h e n e  sat orator#
R u ase l (101) states that the presence of oxides of n i t ­

rogen in  gases give erro n eo u s  results when analysis of th e  

scrubbing solutions used for total sulfur d e te rm in a t io n s  by 

th e  lfiiup method is made by baeJc t i t r a t i o n s ,  fo  ai&Jte c e r t a in



such errors would not be present under the conditions of the 
experiments here, a total sulfur determine tion, employing a 
back titration of the sodium carbonate scrubbing solution 
with hydrochloric acid, was made on the exit gas from a py­
rolysis tub© packed with coke, while using nitrogen as a 
carrier gas. fkia was compared to an analysis of the same 
gas by the use of a gravimetric method as given by Farr (IGF}* 
fh© deviation between these two methods of analysis was 
within one percent, which Is within the accuracy of the 
apparatus. It was therefore concluded that the errors in­
troduced by any oxides of nitrogen were negligible*

fhe methods of control of the gas flew in this apparatus 
were quite satisfactory* Having adjusted the ratio of gas 
flow into two streams, which could be done rapidly, and hav­
ing adjusted the total flow to the desired value, it was not 
necessary to readjust the total flow rate any more frequently 
than every half hour. Usually it was not necessary to read­
just the ratio of gas flow in the two streams at any time 
during an experimental run.

fh e  Format ion of a Carbon S u lfu r  Complex

Holts (40) made a study of the formation of a carbon 
sulfur complex on sugar char when nitrogen, containing hy­
drogen sulfide was passed over char heated to temperatures 
of 1500 to 1700°F (816 to 92?°C)* It was found that approx­
imately E to 3 hours were required to bring such a complex 
to equilibrium with the gas* when the gas, containing app-
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roxiaately 450 grains of hydrogen sulfide per hundred cable 
feett was passed over char at a rate of 0*58 cubic foot per 
hoar*

A few trial experiments indicated that thiophene gave 
similar results when passed over coke heated to high tempera- 
tares. Nitrogen containing 221 grains of sulfur as thiophene 
was introduced aver coke* at 1900°JF (1038°C) and at the rate 
of 1*41 cubic feet per hour, and total sulfur determinations 
were mad© periodically on the exit gas from the furnace* It 
was found that approximately three hours were required to set 
up an equilibrium between the e&rboa-aulfor complex on the 
coke and the sulfur bearing constituents in the gas. The re­
sults of this experiment are presented below.

fable II
Disappearance of fhiophen© dalfur over Coke

Sulfur Calculated as I’hio phene 
(drains per 100 Cubic feet)

f im© 
(Hrs*)

Fara&e© Inlet .Furnace Outlet

0 IT 5
0.75 222 201
1.7© 222 216
2.25 222 220
2.75 222

It is possible the partial pyrolysis of the thiophene 
resulted in the formation of hydrogen sulfide and carbon bi­
sulfide , as well as other sulfur compounds, which in turn re-
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a c te d  with the carbon present to form a complex on the coho* 
In all e xperIm ents  s u f f ic i e n t  time was allowed to saturate 
the -p y ro ly s is  tube packings with this c a rb o n -s u lfu r  complex*

qualitative studies of the pyrolysis of fhiophene

before any quantitative word was begun it was necessary 
to sake a few trial experiments to determine such factors as 
the temperatures required to give appreciable thermal decom­
position of thi©phene as well as the contact times necessary 
at each of these temperatures* For a trial, & on© inch 
(I.!#) hIllimanite combust ion tub© was chosen and packed 
with coke screened to a sia© of i to •§ inch in diameter.
Using nitrogen as a carrier gas, containing approximately 
240 grains of sulfur as thiophene per hundred cubic feet, 
passed through the furnace at a rate of 1*41 cubic feet per 
hour, four different furnace temperatures were employed,
I.e. 1400, 1600, 1300 and 2000°F {760, 871, 982, and 1093°C). 
A determination of the thiophene present in the furnace exit 
gas under each of the above conditions gave the following 
results:



fable III
Decomposition of fh io p h e n e  o v e r Coice 

in  an atm osphere o r  Hitrogen

Furnace Temp 
(°i? ) 

Gss H a te  
( C a . F t . / H r . )

Sulfur as Thiophene 
(G ra ina /X O O  C u .F t . )
I n l e t  Gas E x i t  Gas

1400 1 *4 1 242 188
1600 1 *4 1 102
1800 1 .4 1 61

2000 1 .4 1 236 0

From these determinations it 'was decided to use furnace 
temperatures of 1625, 1775, and 1900°at (8 8 5 , 9 6 8 , and 1038® C ). 

This temperature range insured the thermal decomposition o f  

th io p h e n e  to the extent of SO to 100 percent when nitrogen
was employed as the carrier gas.

H aving  found that th e  d e c o m p o s itio n  of th io p h e n e , in a  

nitrogen atm osphere over c o ke , was complete at a gas rate o f

1 .4 1  cubic feet per hour and a furnace te ia p e ra ta re  o f  2000°F 
(1093°C) ,  i t  was b e lie v e d  th a t  a s tu d y  o f  th e  p y r o ly s is  o f

thiophene at the same temperatures mentioned above but a t

shorter c o n ta c t tim es  m ig h t y i e l d  u s e fu l information. To 
a c h ie v e  th is  purpose s m a lle r  diameter q u a rts  tubes w ere ob­

t a in e d .  a  ■§• Inch 1. 1), tube would give a contact time o f  

a p p ro x im a te ly  £■ th a t  obtained with a 1 inch tu b e  and a £ 
in c h  I . D .  tub e  w ould g iv e  a c o n ta c t time o f  -4- o f  th a t  ob­
ta in e d  with a 1 inch tube, therefore it was decided that 
such tubes packed with coke should be tried. The reason f o r
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changing the pyrolysis tube diameter rat liar than the gas 
flow rat© was to maintain the same conditions at the burner 
used for total sulfur determinatioii3 *

.for a comparison of coke, sugar char, and porcelain as 
pyrolysis tab© peeking©,- it-was * believed that the as© of the 
larger tab© only, 1*©* the 1 inch X*h* tfilllnanita tab©, 
would be sufficient if the three furnace temperatures pre­
viously mentioned be employed with each type of packing*

ffee Comparison of Furnace femperaturea and Pyrolysis
Tabe fernperat ures

Having chosen the furnace temperatures and ©in© of py­
rolysis tubes, as well as the packing to be used in each, it 
was necessary to secure some idea of the temperature grad-* 
lent within the tabes under each of the chosen condition©* 
io achieve this a ftVyeor" tube was placed, through the.center- 
of t Si pyr olysis tube and the annular space packed with the 
material in qaeation* a base metal thermocouple was then 
inserted within the Vycor tube, and the furnace was brought 
to the desired temperatare, After allowing sufficient time 
to obtain thermal equilibrium the thermocouple within the 
Vyeor tube was moved an inch at a time from on© © m  of the 
pyrolysis tube to the -other, and the temperature was noted 
at each point* She results of these determinations are pre­
sented in- fables XV, V, VI, ¥11 and Figures II, III, XV, and 
V* average tub© temper a tare© were obtained by graphical in** 
t©gration of the curves above 600°F*



The Determination of Contact Times 
Within the Furnace

In  order to  determine gas co n t& c i times w it h in  the far** 
naee it was n ece s sa ry  to d e te rm in e  th e  volume of packing used 
in each pyrolysis tad©, a first step, the quantity of 
packing material required to fill each tad© fox4 th© length of 
the furnace was obtained* **. graduated cylinder was then 
filled with an amount of water sufficient to cover th e  p ack -  

In g ,  which was then also placed In the cylinder* The result­
ing change in  the volume of water was used as a measure of 
the volum e of packing required to fill that length of th® py­
rolysis tub® exposed to th e  high temperatures within the fur­
nace. This volume was subtracted from th e  volume of the 
pyrolysis tube effective for the thermal decomposition o f  

th lo p h e n e *  From the corrected volumes and gas f lo w  rates, 
the fo l lo w in g  contact times were obtained:

Tube diameter lacking approx. Contact Time
(Inches) 

1 Coke
(seconds)

11*9
1 lorcelaln 11.9

Coke 7*3
Coke 3*0



T a b le  I f

C&libration of Bjroly&ts Tube Temperature Versus
Fur nm e e f &m per & t or e 1 Inch I.P* Sillimanite Tube 

Coke racking

Inches From Jiaa& of fabe Tube Tem peratu res  ( ° F )  C orresponding  
Furnace Tem peratures  ( ° F )  o f

1625 1700 1775 1900

0 600 600 630 640
1 870 900 930 980
B 1150 1200 1240 1330
Z 1390 1460 1500 1660
4 1490 1580 1630 1800
5 1540 1650 1710 1850
6 1580 1690 1750 1880
V 1610 1710 1770 1910
a 1620 1720 1780 1920
9 1620 1730 1790 1930

10 1620 1740 1790 1930
11 1620 1740 1790 1930
12 1610 1730 1790 1920
13 1590 1720 1780 1910
14 15? 0 1690 1750 1880
15 1530 1610 1710 1860
16 1460 1560 1640 1800
1? 1340 1450 1500 1650
18 1080 1200 1240 1330
19 810 880 920 960
20 580 590 620 600

average Temp* lsgo0^ 1 4 6 0°# 1521°If 1643°.r



S a b le  y

Calibration of rjrolyaia fob© femper&ture Versos
Fornae© feraperatur©

1 Inch 1.1. dilltmanit© lobe 
farcela in m eking

Inches From fab© femperat ares (°F) Corresponding 
Sad of fab© Farn&ee semperatares (°F) of

1626 1700 1775 1900

0 560 560 560 600
1 750 860 860 940
z 1100 1170 1200 1300
3 1320 1400 1480 1610
4 1480 1560 1640 1770
5 1550 1620 1720 1860
6 1580 1660 1760 1900
7 1600 1690 1780 1920
a 1620 1700 1800 1930
9 1630 1710 1810 1930

10 1630 1710 1810 1930
ii 1630 1700 1810 1930
12 1620 1700 1800 1930
13 1600 1680 1790 1920
14 1590 1660 1760 1910
15 1660 1620 1720 1840
16 1480 1560 1600 1780
17 1340 1410 1510 1650
18 1100 1170 1230 1340
19 750 870 880 980
20 560 560 570 800

average Sera p . 1 4 0 0 %  1 4 6 7 %  1 5 3 6 %  1660°F



Calibration of Fyrolysis Tabe Temperat a r e  ?©rsos
Furnace Temp erat are 

% Inch X#l>* 4«art« fab©
Coke r&citing

Inches From fabe Temperatures (°F) Corresponding to  
Snd of Tube Furnace Tem peratores {°F) of

ie as 1700 1775 1900

0 570 800 600 620
1 930 980 980 980
a 1280 1340 1380 1420
3 1470 1550 1610 1730
4 1580 1640 1710 1840
5 1600 1680 1750 1890
6 1630 1710 1780 1920
7 1640 1720 1800 1940
8 1650 1730 1810 1950
9 1660 1740 1820 I960

10 1660 1740 1820 1950
11 1660 1740 1820 1950
12 1660 1740 1820 1950
13 1650 1730 1810 1940
14 1630 1720 1800 1930
15 1600 1680 1780 1900
16 1550 1640 1740 1850
17 1460 1570 1690 1720
18 1270 1360 1580 1480
19 950 980 980 980
ao 580 600 600 650

..verage Serap. 1460°F 1535°F 1610°F 1740°F
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Calibration of pyrolysis lab© Temperature Versus
jrarnace Temperature 

£ Inch 1*I>» Quarts Tube 
Coke Packing

Inches From Tube Temperatures (°F) Corresponding to 
JSnd of Tube Furnace Temperatures (°F) of

1625 1700 177 5 1900

0 560 580 600 600
1 880 1010 1050 1090
M 1240 1350 1380 1470
3 1480 1560 1560 1750
4 1560 1640 1700 1840
& 1600 1680 1750 1090
6 1630 1710 1770 1910
7 1640 1720 1790 1920
8 1650 1730 1810 1940
9 1660 1740 1820 I960

10 1650 1740 1820 I960
11 1650 1740 1820 1960.
Vi 1650 1730 1810 1930
13 1630 1720 1790 1910
14 1610 1710 1770 1890
15 1590 1670 If §0 1880
16 1560 1630 1700 1880
17 1480 1550 1550 1730
IS 1250 1370 1380 1460
19 880 990 1040 1040
BO 560 570 600 600

a v e r a g e  Temp# 146Q°F 1540°F 1615°F 1745®F
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CHhFTXR X

THE m m a U L  DKCOLh-GhlTIhlJ OF I HI O rHHNE 
i n  THE HiXoEHOE OF EITItOGEH

litrogen was chosen as a thiophene c a r r ie r  gas in order 
to study the thermal decomposition of thiophene in the pres­
ence of an inert gas* The nitrogen used in these experi­
ments had been compressed over water and an analysis by the 
company supplying this gas was given ass

Sltrogen - 99*5 * j i  

Oxygen - leas than 0.45yx 
Inerta s trace

Two samples of this gas were analysed by means of a Haldane 
gas analysis apparatus and the nitrogen » s  found to contain 
0*15 percent oxygen* To determine the error introduced by 
the presence of this oxygen, & few trial experiments w ere  

made* It was found that of the total sulfur in the exit gas 
from the pyrolysis tabes, a maximam of 4 percent was in the 
form of carbon oxysuliide* The nitrogen was therefore used 
aa received and the carbon oxysulfide farmed daring the py­
rolysis of thiophene was reported simultaneously with the 
carbon bisulfide* The small amount of water vapor originat­
ing In the nitrogen compressor was of course removed by the 
activated alumina*



81

M e th o d  o f  O p e r a t i o n

B e fo re  'beginning an actual experiment s e v e ra l steps 
were necessary to inear© proper operating conditions* *as a 
first step the furnace was brought to the desired tempera­
ture and the constant temperature bath containing the thio- 
phene s a t  ar a t o r  a d ju s te d  to 70°F (21.1°C) • 3? he n it r o g e n  was
then admitted to the system and the gas flow rates so adjust­
ed as to obtain the previously chosen th io p h e n e  c o n c e n tra t io n  

in the gas and the correct contact time over the pyrolysis 
tab© pa.ching. Until such a t hue as all s e t t in g s  were made, 

th e  gas was d ir e c te d  around the furnace, however, as soon as 

th e s e  adjustments were completed the f lo w  was diverted 
through the pyrolysis tub© within the furnace. S h o r t ly  

thereafter a total sulfur determination was made on the exit 
gases. T h is  analysis was repeated at intervals of about 30 
minutes until the total sulfur e o n e e n tr& tion of the exit gas 
remained constant* **t such a time it was assumed that the 
system was s u f f i c i e n t l y  purged of air and that the carbon- 
sulfur complex, previously d is c u s s e d , was i n  e q u i l ib r iu m  

with the s u l f u r  bearing gases. The gas containing the pro­
ducts of pyrolysis of th lo p h e n e  was then passed through a 
single cadmium chiorid®-sodium carbonate scrubber to remove 

the hydrogen s u l f id e  and ©areaptaxis present, ^g&in at in­
tervals of 30 minutes total sulfur d e te rm in a t io n s  were mad® 
until the sulfur content of the exit gas from this scrubber 
was constant, fhis process was repeated using two sulfuric 
a c id  scrubbers and then one or two alcoholic potash scrubbers,
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depending on the quantity of carbon bisulfide present..
The thiophene in  the gas entering the pyrolysis tube 

was determined by means of a total sulfur analysis of the 
gas when by-passed around the furnace*

hue to  the complex nature and uncertain mechanisms o f  

the resetions In v o lv e d  in the th e rm a l decomposition of t h i o -  

phene, i t  was considered undesirable to m&k© a study of th e  

Nineties of these reactions. For a similar reason, compre­
hensive thermodynamic predictions were also considered not 
feasible, however, a few proposed reactions -were examined*.

la p lo y in g  an inert gas am a carrier for th io p h e n e  i t  

was believed that the following reactions would be the pre­
dominant ones:

-4 calculation of the equilibrium c o n s ta n ts  of these two re- 
a c t io n s  a t  1626°J? (8 8 5 °C ) and 1900°!? (1 0 3 8 °C ) (s e e  a p p en d ix )

gave the following results*

d is c u s s io n  of ^ome o f  the hqoilibria In v o lv e d

U )  C4K4o « 4-CSg ♦ 2H, *► 7/2C 
(fi) «■ Hg& . Eg ♦ 4C

R e a c tio n

iS a a ilib r ia in  C onstant 
a t :

1625°xr 1 9 0 0 °?

U )
(B)

1 .5  x  10® 6.1 x  107
2 .5  x  10® 4 .0  x  10®

From this i t  is seen that equilibrium c o n s id e ra t io n s
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f a v o r  t h e  formation o f  h y d r o g e n  s u l f i d e  o v s r  t h e  formation 
of c a r b o n  b i s u l f i d e  when a n  i n e r t  g a s  is used  a s  t h e  t l i l o -  

phan© c a r r i e r - .  S i n c e  t h e  a y s  t e a s  a r e  n o t  n e c e s s a r i l y  i n  

t r u e  equilibrium, k i n e t i c  a s  w e l l  as  -equilibrium affects a r t  

important, consequently sound predictions based on equil­
ibria alone are not possible* Other reactions also must be 
c o n s i d e r e d ,  fhos, simultaneously w i t h  these r e a c t i o n s  the 
f o r m a t  i o n  o f  c a r b o n  b i s u l f i d e  i s  p r o b a b l y  talcing place due  

t o  the r e a c t i o n  of hydrogen s u l f i d e  with a n y  c a r b o n  p r e s e n t .  

Huff s t a t e s  ( 5 0 )  t h a t  the i n t e r a c t i o n  o f  h y d r o g e n  s u l f i d e  

and c a r b o n  is p r o b a b l y  p a r t l y  r e s p o n s i b l e  for the c a r b o n  bi­
sulfide f o r m e d  d u r i n g  gas  m a k i n g  o p e r a t i o n s *

ihcperhaemal results

( /s in g  n i t r o g e n  a s  a carrier g a s ,  thlophene was passed 
over (a) coke, (b) sugar char, and (c) porcelain surfaces at 
furnace temperatures of 1625, 1775, and 1900°F (885, 968, 
and 1038°C), and at gas contact times of 11,9, 7,3 and 3,0
seconds o v e r  the c o k e ,  and 11*9 s e c o n d s  o v e r  b o t h  t h e  sugar 
char and porcelain. 2he results of these e x p e r i m e n t s  a r e  

p r e s e n t e d  i n  Sable ¥ 1 1 1  and Figure V I *  It Is s e e n  t h a t ,  in 
general, at temperatures above 1700°F (92?°C), and contact 
times greater than 3 seconds, thiophene was decomposed into 
carbon bisulfide to a greater degree than into hydrogen sul­
fide, irrespective o f  the type of packing p r e s e n t • fh ©  per­
centage of carbon bisulfide in the exit g a s  f r o m  the pyrolysis 
tube was greatest when sugar char was used as a tube packing,
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w h e re a s9 the percentage of hydrogen aulfid e  was lowest under 

these conditions* fhls fact is believed to have resulted 
from one or both of the following causes, (a) the greater 
porosity of the char presented a larger surface area of car­
bonaceous 'p ac k in g  per unit volume as compared to the other 
packing materials* or (b) the presence  of mineral compounds 

in the coke were beneficial to th e  formation of hydrogen 
sulfide.

It i s  seen from Figure ¥X that for the three types of 
packing employed, the relative effectiveness as a surface 
for the thermal d e c o m p o s itio n  of thiophen© was (a) coke, (b )  

sugar char, and (c) porcelain. It is also pointed o a t that 
an increase i n  contact time resulted in a greater conversion 
of th lo p h e n e  in t o  carbon bisulfide, bat had relatively little 
effect on the amount of hydrogen sulfide formed.

At te m p e ra tu re s  of 1&2& and 1900°F (085 and 1038°0) th e  

degree of pyrolysis of thlophene varied less w ith  conditions, 
other th a n  temperature, than a t  177§°F (968°0). a t  1625°F 
the- pyrolysis of thlophene had Just begun, whereas at 1900°F 
the d e c o m p o s itio n  of thlophene was almost complete, there­
for© under these conditions the effects of contact time and 
type of packing were not as pronounced as a t  X77S°F.

From Figure Y I i t  is also seen th a t  an increase in 
temperature resulted in  a s l ig h t  decrease in the percentage 
of hydrogen sulfide plus m ercaptans  in the exit g&s from the 
pyrolysis tube, S h is  decrease in hydrogen sulfide plus m er- 

capt&ns with &n increase in temperature may have been caused
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to? a g r e a te r  d e g ree  -of d e c o m p o s itio n  o f  th e s e  eompooJB&s a t  

th e  h ig h e r  te m p e rs t m m  as w e l l  as th e  r e s e t  Io n  o f  hydrogen  

s a l t  id e  w ith  th e  carb on  p re s e n t*
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'fable ¥111* Hie Thermal Becompoaition

Jfernae© 
1? euip • (*F)

Type of
Pyrolysis
Tab#
Backing*15

Total Sulfar as Thlo- 
Contact phene in Gas Entering
Tim# Pyrolysis Tab#
(Sec*) (an/100 ca.ft*}

1625
1775
1900

A

A

11*9 
1> 1. . 
11.9

349
253
253

1625
1775
1900

A

A

A

7.3
7.3
7.3

260
258
262

1625
1775
1900

A

A

A

3.0
3.0
3.0

260
262
262

1625
1775
1900

8
B

11.9
11.9
11.9

238
846
248

1625
1775
1900

C
c
c

11.9
11.9
11.9

859
289
266

* Tab# Backing
^ | to | inch coke
B - ± to % inch s&g&r char 
C « § inch porcelain balls

Hot©: All gas volumes corrected to 60°3Tf 80 inches of
mercuryf and saturated with water vapor.
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of Shiophena In the Presence of nitrogen

Total Sulfur la Gaa Percent of Total sulfur in Gaa
leaving Pyrolyaia Tube Leaving Pyrolysla Tube as:
(Gr./lOO cu.ft.)

C4II4J KgS + Her. CSg

237 74.G 16.9 9.3
244 38.5 12.3 49.2
244 7.8 11,9 80,3

254 77.0 16.2 6.9
257 50.2 15.9 34.7
258 13.6 12.4 74.0

258 77.0 14.4 8.4
256 59.2 10.2 30.2
255 18.4 10.6 71.0

232 79,0 9.5 11.8
242 43.8 5.4 50.9
244 7.8 9.4 82.8

252 83.0 11.1 5.9
251 62.5 10.7 26.7
260 12.7 8.5 78.8
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fee mimtLxL DEcm^odvnm o.r m i o m m n  in i m  
mnsmcE of HYMioaEi

Befor© m&Jfclng a study of the pyrolysis of thlophene In 
the presence of-synthesis gaa, it was believed that a aeries 
of experiments employing hydrogen as a thlophene carrier 
would be beneficialf since hydrogen, is one of the major con- 
stituents of synthesis gas (see Chapter II)*

a h  a m  lye la of the hydrogen used In this series of ex­
periments was given by the company supplying this gas as 
follows:

Hydrogen as greater than 99*0$
Hitrogen - trace
Bay contain a trace of hydrocarbons 

and water vapor*

Ah analysis of the hydrogen was also mad© with the aid of a 
Baldaae gas analysis apparatus arid the oxygen content was 
found to be less than 0*1 percent* It was believed that if 
any of the above mentioned hydrocarbons excaped the activated 
alumina drying bottle they would soon be decomposed at the 
high temperatures employed during the studies here*

Method of Operation

fh© use of hydrogen as a thlaphene carrier necessitated
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eh&m&ing of the oriTices on the flow inciicat ors throughout 
the system in order to retain the accuracy previously real­
ised when nitrogen was the carrier gaa* $h© new orifices 
were made by drawing several one mm* tubes down to a very 
small capillary at one end* .Experimental determinations 
were made to obtain the correct gas rates after these new 
orifices had been installed*

Qualitative runs showed a large percentage of hydrogen 
sulfide and no carbon bisulfide in the effluent gas from the 
pyrolysis tubes when hydrogen was employed as a thlophene 
carrier. It therefore seemed advisable to male a change in 
the absorption train used to remove these constituents from 
the gas* Instead of the single cadmium chioride-sodium car­
bonate scrubber previously used in the nitrogen experiments, 
two were installed, if or the r@Eioval of thlophene, two sul­
furic acid scrubbers, followed by a sodium carbonate scrubber, 
were employed. pot tests were made for the presence of car­
bon bisulfide with the use of an alcoholic potash scrubber 
following the scrubbing train of cadmium chloride and sulfur­
ic acid.

A few trial experiments showed that at 19O0°F (1038°C) 
thlophene was completely decomposed, while at 1 7 7 5 °F  (9 6 8 °C )  

it was approximately 35p decomposed* It was therefore be­
lieved desirable to choose a fourth temperature of operation 
between 16H6 and 1775°F (885 and 968°C) to obtain a more 
complete picture of temperature effects on the pyrolysis of 
thiophene in the presence of hydrogen* For this purpose a
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temperature of 1700°F (927°C) was chosen.

Discuss ion of dome of the Equilibria Involved

The reactions Relieved to fee of primary importance in
the thermal decomposition of thiophen® in the presence of an 
inert carrier gaa have been discussed on page 82* It is 
quite possible that as & first step both of these reactions 
took place in the presence of hydrogen* feat it was also nec­
essary to consider the conversion of any carbon bisulfide 
formed to hydrogen sulfide fey the interaction of the carbon 
bisulfide and hydrogen* i«e«

(C) CSg + 2 %  * 2HgS 4 0

The equilibrium constants for this reaction were calculated
at temperatures of 1625 and 19OO0F (885 and 1038°C). The

results thus obtained are presented below#

temperature Equilibrium
{°F) Constant
1625 150
1900 19

Insofar a® equilibrium consi&erations are concerned* it is 
probable that the major part of the carbon bisulfide would 
fee converted to hydrogen sulfide#

Experimental Results

Hydrogen gas was used as a carrier to introduce thio-
phene over surfaces of coke* sugar char, and porcelain at
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furnace imiperai ures of 16&5, 1700, 1775 and 190O0F (885,
9^7, 968 and 10380C). a% each o f  those te m p e ra ta re s  studies 
were mad© o f  the d e c o m p o s itio n  o f  th io p h e n e  a t  c o n ta c t tim es  

o f  11*9, 7.3 and 3*0 seconds when ootee was used as a p y r o l­

y s is  tu h e  p ac k in g  and at a contact time o f 1 1 .9  seconds when 
sugar char and porcelain were used &a tu b e  packings, fhe r e ­

sults o f  th e s e  e x p e rim e n ts  are presented in s?abl© IX  and  

f i g u r e  V I I .

In all cases it was found that much less time was re­
quired for the attainment of equilibrium conditions in the 
pyrolysis tube when using hydrogen ©a a thiophene carrier 
than when using nitrogen a© a carrier gas. fhls may perhaps 
he due, in part at least to the greater diffusihility of hy­
drogen as compared to nitrogen across the surface film har­
rier .

Upon ©xamiaatIon of Figure VII It is seen that in the 
presence of hydrogen, thiophene was completely decomposed at 
1885°F (996°CJ, regardless of the contact times or type of 
surface present. It is also to he noted that the resulting 
sulfur compounds arising from the decomposition of thi©phene 
consisted only of hydrogen sulfide plus mere©ptaas. spot 
tests were mad© for carbon disulfide under various condi­
tions, hut in no case was it possible to detect this com­
pound.

Apparently there was present in the coke some material 
which acted oatalytie&lly toward the formation of hydrogen 
sulfide at the lower temperatures, for th© degree of decora-



Sabi© She fheraaal re c o m p o s itio n

Furnace 
1 em p • 
( ° F )

lags
1700
1775
1900

fyp© Of
tryrolysli
Tube
baching*1*

4X

J*

T o ta l  S u l fu r  ss Thio«- 
Ooaataet phene In Gee sat ©ring
time pyrolysis fab©
(S ec* ) ( S » / l0 0  e a . f t  * )

11*9 040
11.9 040
11*9 m z

11*9 030

1605
1700
1775
1900

7*3
7.3
7*3
7*3

037
037
036
046

1605
1700
1775
1900

A 3*0
3*0
3*0
3*0

035
034
034
034

1605
1700
1775
1900

B
B
B

11*9
11.9 
11*9
11.9

z m

031
ZBB

1605
1700
1775
1900

C

c
c
a

11*9
11*9
11.9
11*9

* fube bucking
a - 4 to •§• inch coke 
B - i to | inch eager char 
C - § inch porcelain balls

133
332
232
£34

Bote: .*11 gas volumes corrected to 60°Ft 30 Inches of
mercury* and sat orated with, water vapor*
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Total oiilfar in Gaa *sre«nt of fotsl aalfur 1b Gas
Leaving tyrol^sis fofco pairing i'/rolysis i'o’oe ass
(0n/100 ea.ft.) C4H4s HgS + Ke*. C3g

240 69.0 41.0 H«gl
269 46.0 64.0 '*
229 21.9 78.6 "
228 0.0 100.0 *

267 64.6 36.6 ”
237 61.0 49.0 "
232 26.4 73.8 "
242 0.0 100.0

236 66.8 33.2
233 64.0 46.6
233 26.3 74.7 !I
234 0.0 100.0 "

232 80.0 20.0 "
231 64.0 36.9
227 28.6 71.1 ”
236 0.0 100.0 H

233 86.8 14.2
231 70.2 29.8
232 30.2 69.8 "
232 0.0 100.0
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position of thiophene was greater at the lower temperatures 
when using coke at a contact time of 3*0 seconds than when 
using char or porcelain at & contact time of 11#9 seconds*
At the higher temperatures the catalytic material in the 
coke showed little advantage* This was probably again due 
to the fact that the reaction was so nearly complete that 
the difference could not be great in any event* It is also 
seen that when using coke as a tube packing the effects of 
contact time were not so pronounced when hydrogen was used 
as a carrier gas as compared to nitrogen*

Indications of Catalytic Effects in the thermal .Decomposition 
of Shiophene in Hydrogen Containing Gases

Binee, am indicated above* the pyrolysis of thiophene 
in the presence of hydrogen was found to be more complete at 
a furnace temperature of 1625°? (885°C) when coke was used 
as the tube packing compared with sugar char, the suggestion 
arose that the presence of some material in the coke catal­
ysed the formation of hydrogen sulfide* **n Important diff­
erence between the eoke mud sugar char used ms tube packings 
is the higher ash content of the coke* 5Phe coke had an ash 
content of 15 percent whereas the sugar char contained 0*64 
percent ash, both on a dry basis. Since iron oxide has been 
used as a catalyst with soda to remove organic sulfur from 
synthesis gas (20), it appeared that there might be a mater­
ial such ms iron present in the coke that was effective In 
catalysing at the lower temper&tores, the decomposition of



thiophene in the presence of hydrogen. It seemed desirable* 
therefore, to obtain information upon the pyrolysis of thio­
phene in the presence of iron su p p o rted  on an inert material 
while u s in g  a carrier gas of hydrogen, and also to  further 
substantiate th e  catalytic effect of th e  coke ash by using 
this ash u3 a pyrolysis tube packing while em ploying  hydro­
gen as a thiophene earlier gas,

The Preparation of Iron and Coke ash Catalysts

In  order to study the  pyrolysis of thiophene in the 
presence of small quantities of iron, it was necessary to 
choose some inert material as a supporter. For t h is  purpose  

porcelain balls, a p p ro x im a te ly  ■§• inch in diameter, were used . 

These were soaked in aqua regia overnight and then thoroughly 
washed. The balls w ere heated alightly and q u ic k ly  immersed  

in a eolation of approximately 10 percent iron chloride.
This was repeated except that a 10 percent solution o f  ammon­

ium o x a la te  was used . The b a l ls  w ere then placed i n  a com­

bustion tube and heated to £000- ®F (1093® C } , during which tim e  

d ry  hydrogen was passed th ro u g h  th e  tube. T h is  r e s u l te d  In  a 

tightly adherent iron coating on the porcelain.
In order to prepare coke ash for a pyrolysis tube pack­

ing the fo l lo w in g  procedure was employed, buffid e n t  coke 
was burned in  a muffle furnace to obtain a quantity of ash  

w h ich  would fill the pyrolysis tube. Ho c l i n k e r ing o c c u rre d ;  

the ash was l i g h t  and fluffy, The ash was m ixed w ith  a sugar 
solution and the mixture filtered to remove the excess sol-
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at lorn# Frois this mmh panto, aumll p#ll$t$ w#r# s**.d# ana 
dried at appro* in#tely 1^0°C* fh*M* is ere then placed i n  n 
 ̂* j.feti«tion to!)# oo& #«t#& I# 1 0 0 0 %  (X0f3%)t daring which 
tia# tb# ©agar \m# bajpp#t off fey p&sntog &ir through th e  

tabe* Qm&mr tho## ooa&ltlaaa the a& h aintorod stiff lelontly 
I© all#?# nataoqoent Itfeiidlisu#

>jxp#rl©#jat#X heooltti ©£ the £horanX ^oe^pejsition ot
'thtophem# la th# treson## of cata.Xytl# k&t#rtol»

farm*## t B u p m m t m m  of 1§35* l?00f X??§ and 1900% 
(Sid, flf t f§@ &as 1038%) thiop&ono* earriod 'fey hydro w ,  
west aver Iran oapportod on porool&to at a cojotoet
time of XX*i ooeonda* t h e  r m u l t m  of ife#*$ expertmeat# are 
j?r@i$isiti#4 to fafel# JU It 1« ##$& that lr©&. Is offoetiv# to 
o&talystog th# Oeoos^pdoitlon of t&lophoxio tot# hydrogen oal*» 
fit# at th# lower toapor#tores* this offset feeeomoa leoo 
pronotmeed at th# higher t#s*p#ratar##* it is tail# possible, 
theroforot that iron la the eofco is at least partially y#* 
sponsible for th# greater degree of pyrolysis at th® lower 
tempera tar## whtm #ok# is aaed as a lati positing an compered 
with sa#&r cher*

+UPX0#lag a fo ru # # #  t€fiap#r&ta.i*# o f  1 6 3 5 %  (8 $ 5 °C ) a.a4 a  

o ar r  t o r  gas o f  h y d ro g e n , th io p h e n #  w a  passed o ver e a s t ash  

a t  & c o n te s t  tim e  of 1 1 *9  »#ecasig# flit r e s a l t s  o f  t h is  #a>  

perl& e o t a re  p re s e n te d  to fail# hi* $hs coke ash was not 

only #ff o o t i v *  in tii# eo&pXets c o n v e rs io n  o f  the thtoptH '&s  

to t  a hydrogen s u l f id e ,  but  ml&® a to a rto c i & U r,£©  p o r t io n  o f



%h* attlfor for an appreoia^le loagt& of time* after 7 hoore< _ ■'*■ .■•• ' • " ■ +.
Ih© 'ye* fceeouMfe -;eeipXOt.iijrwith, sftltttfr*

■ ... . . : .1-  .*<$.{ ■ # :. . *  - ; *  ■ , :v . -  .■ 0
If w&snotedtkat aIfhoogh absorption wasaotCG^plef©t tks 
rat* of aolfor removal doorossod aftor approximately % hoars 
Of operation.

± 5 5 8 9 4
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irurn-
&e©lamp.
(°F)

162©
1700
1775
1900

1625
1700
1775
1900

fable i

Che ir-yrol^sla of ihiophene in the Presence 
of Iron Rapport ©a on ir'orcelain

Condi IIonss 
Carrier Gas « Hydrogen 

Contact lime * 11*9 seconds

fype of 
ryrolysis tub© 
decking*

Q

C
C

c

lot&l half or 
as fh io p h e n e  
i n  Gas L n te r in g  
fyrolyale fade 
(Or./lOQcu.ft*)

io Iron

253
232
232
234

fot&l halfar
in Gas Leaving 
rjroljrsie fab®
(Qr./lOOeu .ft.)

233
231
232 
232

Earcent 
of fotal 
hulfur in 
IbdU Gas as: 
C4% 3

85.8
70.2
30.2

14.2
29.8
69.8 

0.0 100.0

L
I)

jD
D

Iron

224
226
229
234

224
222
229
234

67.9
51.8
24.4

32.1
48.2 
75.6

0.0 100.0

* fab© Isc&ing
C - •§■ inch porcelain balls
9 «• Iron supported on ■§■ Inch porcelain balls
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Hours

Hot©:

R a t io
total

fable aI

111© fyrolysis of fhiophene is the presence
of CoJce J.ik ah

Conditions:
Carrier Gas * Hydrogen 

Contact fime m 11*9 .oeeonds
fotal hulfur as fhiophene in hasi Entering

pyrolysis fube « 214 gr./ICO cu.ft•

»f Operation Sulfur lost From 
Gas t o raoJcing 
(Gr./lOO e&.ft.)

percent of 
sulfur in

0.75 209
1.26 204 4*5

oo•Of 201 6 *0
3.00 192 10.5
4.00 159 25.6
5.00 78 62*5
6.00 46 75.6
7.00 44 78.8

Spot teat a showed that all o f  th e  sulfur in the e x i t  
gas fro© th e  pyrolysis tu b e  was in the form of BgS 
during the entire experiment»

o f  the weight of sulfur removed from the gas to the 
weight of ash present:

(a) ^fter 3 hours of operation * 0.0064
(b) .after 7 hour a of operation - 0*0105



Of il MOB OX ID J»

2 he composition of synthesis gas has already been ah,own 
to consist of hydrogen and cartoon monoxide (Chapter II}* «s 
in the case of a hydrogen carrier gas it was believed de­

s i r a b le  to study the thermal decomposition of thiophene in 
the presence of cartoon monoxide in the hop© that this would 
aid in th e  explanation of the resalts o b ta in e d  when thiophene 
is present in synthesis g as*

2he cartoon monoxide, used in the experiments here, was 
analysed toy the company supplying this gas, who gave the 
following resultsi

Oartoon Monoxide 96.8$

Cartoon Dioxide 0.36#
Hydrogen 0.97#
litrogen 1.0#
Sat * Hydrocartoons 0.8#

Approximately 1.19 mg./liter of iron 
and 0.3202 mg./liter of sulfur*

She small percentage of nitrogen in the gas was considered 
harmless. Ihe cartoon dioxide in. the  presence of the carbon­
aceous packings used in the pyrolysis tubes, was converted 
at least partially to the monoxide, fhia fact was probably
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true a ls o  i n  the case of porcelain packings for a carbon  de­
posit was formed quite rapidly on tit© porcelain as a result 
of th e  decomposition of thiophene. It was believed that p a rt  

o f th e  saturated hydro-car bona would be removed from  the gas 
by th e  a c t iv a t e d  alumina bottle and those h yd ro carb on s still 
re m a in in g  w ould  be decomposed a t  the h ig h  te m p e ra tu re s  em­
ployed within th e  pyrolysis tubes. The presence of small 
amounts of hydrogen in the carbon m onoxide was considered 
permissible since the ultimate objective of the studies here 
was to  d e te rm in e  th e  feasibility o f  p y r o ly s is  as a p o s s ib le  

means of removing thiophene from s y n th e s is  gas*

The presence of iron, probably as carbonyl, in th e  car­
bon monoxide was very undesirable# I t  has been pointed out 
that the coke os®d in experiments in w hich  nitrogen and hy­
drogen were used as a thiophene carrier contained some mater­
ial which acted c a t a l y tleally toward the formation of 
h yd ro gen  sulfide. I t  was q u ite  possible that any i r o n  in  th e  

carbon  m onoxide m ight also a c t  as a catalytic m a t e r ia l ,  

therefor© special treatment for th e  removal of this impurity 
was deemed n e c e s s a ry *  T h is  i s  f a r t h e r  d is c u s s e d  below * The 

p resen ce  of sulfur i n  th e  carbon monoxide, was a ls o  c o n s id e re d  

undesirable, however this compound was partially removed si­
multaneously w ith  the.iron.

liethod of Operation

The removal ox iron and sulfur from carbon m onoxide was 
accomplished by passing the impure gas over a heated copper
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surface prior to the meter used fox1 the measurement of gas 

volum es* A p y rex  lube, a p p ro x im a te ly  f inch I*X U  and 15 in­
ches long* was alternately p&ciced with copper gaux© and 
copper shot* This was contained in an electrically heated 
tub© fu rn a c e  which was maintained a t  a te m p e ra tu re  of 350°C  

(66£°?) or letter. The purifier was reactivated after app­
roximately 8 hours of operation by treatment with concen­
trated h y d ro c h lo r ic  a c id ,  a f t e r  w h ich  th e  copper was washed 

w ith  distilled water* Blanic determinations on the carbon  

m onoxide showed th a t  some s u l f u r  still e x is te d  a f t e r  the gas 
had been passed over th e  heated copper* The sulfur intro­
duced with the carbon m onoxide was lese than 2 percent of the 
total sulfur entering the p y r o ly s is  tubes, therefore it was 
n o t believed necessary to purify the gas further*

The same orifices i n  th e  f lo w  indicators were used with 
earbon  monoxide as had been used w ith  n i t r o g e n ,  s in c e  th e s e  

gases have th e  same molecular weight* H aving  made a few  

q u a l i t a t i v e  e x p e rim e n ts  i t  was d e c id e d  that a s c ru b b in g  train 
consisting of (a) on© cadmium c h lo r id e -s o d iu m  carbonate 
scrubber, {b} two concentrated sulfuric acid scrubbers, and 
(e )  one o r two alcoholic potash scrubbers-, be used to remove 
the various sulfur constituents from  th e  gaseous m ix tu re  

a r is in g  from  th e  thermal decomposition of th io p h e n e *  The 

us© o f  carb o n  monoxide as a thiophene e a r *1o r necessitated 
th e  separate d e te rm in a t io n s  of carbon bisulfide and carbon 
o x y s u lf id e *
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Dissuasion of dome of the Equilibria In v o lv e d

rfhe reactions possibly occurring with the decomposition
of thiophene in the presence of nitrogen and hydrogen hav© 
been discussed previously* It was believed that, with the 
application of carbon monoxide as a thiophene carrier gas* a 
new set of reactions would predominate* fheae reactions were 
expreseed as:

(D ) C4H43 + GO m COS +  40  *  2Eg

(h ) 2CQS » COg + cs^

tF )  Eg 4 §Sg *  HaS

2fhe equilibria® c o n s ta n ts  for these reactions at 1625 and 
1 9 0 0 °F  (8 85  and 1 0 3 8 °C ) w ere found to  ties

Equilibrium Constant 
at

R e a c tio n  1 6 2 5 °ff _________ 1 9 0 0 °g

(D ) 3 .3  x  10® 6.6 x  107
(E ) 0 .0 3 7 0  0 .0 4 0 3

(F )  3 0 .9  1 4 .5

From this it was concluded that thiophene, in the presence 
of carbon monoxide, would decompose to carbon bisulfide, 
carbon oxysalfide, carbon and hydrogen* ihe carbon oxysul­
fide , however, would also tend, to decompose partially to the 
bisulfide*

Experimental Results

Using carbon monoxide as a carrier gas, thiophene was
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in tro d u c e d  over a coke s u r fa c e  a t  fu rn a c e  temperatures of 
1625, 1775 and 1900°F (8S5t 968 und 1038°C)t and at contact 
times of 11*9, 7 #3 and 3.0 seconds, fhiopiiene carried by 
carbon monoxide was also passed over sugar char and p o r c e la in  

surfaces, maintained at the same te m p e ra tu re s  as above, at a 
contact t im e  o f  1 1 *9  seconds* The results of these e x p e r t -  

meats are presented i n  f a b le  X I I  and Figure V I I I *

From Figure V I I I  it is seen that the thiophene decompo­
sition - furnace temperature curves are very similar to those 
obtained using nitrogen as a carrier gas* * more complete 
decomposition of thiophene, however, appears to have been ob­
tained by using nitrogen as a thiophene carrier than by using 
carbon monoxide* a rather strange phenomenon occurred with 
the use of carbon monoxide which might help to explain this 
difference in thiophene decomposition when using nitrogen and 
carbon monoxide gases as carriers* I ’he carbonaceous mater­
ials, both coke and sugar ©liar, used as pyrolysis tube pack­
ings became heavily coated with a gray-bl&eJc mossy material 
when carbon monoxide was used as a thiophene carrier* appar­
ently this was some form  of carbon, or carbon-oxygen-sulfor 
compound, for treatment with c o n c e n tra te d  hydrochloric acid 
or aqua regia had no apparent effect* hue to insufficient 
time this coating was not analysed further* fhia coating 
over th e  packing probably reduced the e f fe c t iv e n e s s  o f  the 
surfaces, u'ith the use o f  porcelain as a tube packing only 
a tight adherent coating occurred*

It was found that approximately 2 hoars were required
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to attain equilibrium between the tube p&citlngs ana the sal-
for bearing gases* fhis was comparable to conditions present 
when using nitrogen as a thiophene carrier and tended to In­
dicate that the mossy compound formed on the carbonaceous 
packings contained sulfur#

Concurrently with the formation of carbon bisulfide and 
carbon oxysulfi&e there resulted small quantities -of hydrogen 
sulfide and mercaptans* It is to be noted that the quanti­
ties of hydrogen sulfide and mere&ptans increased with an in­
crease In temperature* Shis was probably due to the presence 
of small ©mounts of hydrogen in the carbon monoxide used as 
a thiophene carrier as well as hydrogen resulting from the 
decomposition of thiophene*



f a b le  X I I *  f i ie  Therm al Be com p o s it  io n  o f

Furnace  
Temp • (°F)

Type o f  
P y r o ly s is  
Tube 
Packing*

f o t a l  3 a l f a r  as 
C o ntact Th iophene I n  Gas
Time E n te r in g  P y ro ly s is  false
(S e c .)  (G r ./ lO Q  e u . f t • )

1625

1775

1900 A

1 1 .9

11.9
1 1 *9

248

248

238

1625

1775

1900 A

7 * 3  

7 .3  

7 *3

241

257

257

1625  

177 5 

1900

A

A

3 .0  

3 *0

2.0

181

249

247

1625  

177 5 

1900

B
B

B

1 1 .9

1 1 .9

1 1 .9

257

248

256

1625

1775

1900

C

c
c

1 1 *9

1 1 .9

1 1 *9

258

263

260

*  Tab© Packings
a -  ^  to  i  In c h  coice 
B -  ±  to  -J in c h  su g ar c h a r  
C ~ -J In c h  p o r c e la in  b a l ls

U o te : 411 gas volumes c o r re c te d  to  6 0 ° F t 30 in c h e s  o f
m e rc u ry t and s a tu r a te d  w ith  w a te r  v a p o r .
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Thiophene in the creaenee or Carbon hoaoxide

Total Sulfur in G&a Percent of Total sulfur in Gas
leaving Pyrolysis Tube leaving Pyrolysis Tube as:
(Or ./lOQ eu.ft•}

C4H4S ' Hg3 + Her. BgS ' COS

8 4 .9  3 .4  — *  8 .4  3 . 4 * *

835 4 9 .4  8 .9  2 .5  1 7 .8  2 3 .8

229 5 .7  2 1 .4  7 .9  3 7 .6  3 5 .4

229 8 5 .5  1 .3  —  3 .3  5. 3* *

242 5 4 .5  7 .0  4 .1  2 2 .4  1 6 .1

242 8 .7  1 9 .0  9 .1  4 1 .3  3 1 .0

179 9 5 .8  0 .0  —  2 .2  2 . 2 * *

243 7 2 .7  5 .0  1 .2  1 3 .9  8 .4

237 2 7 .1  1 0 .0  6 .7  4 1 .3  2 1 .5

252 8 9 .1  4 .3    5 .5  1 . 2 * *

246 5 9 .9  6 .9  6 .5  2 3 .6  9 .8

256 1 4 .1  1 2 ,5  9 .8  6 3 .3  1 0 .2

256 8 8 .4  8.6   - 3 . 1 -

258 6 2 .0  8 .1  3 .1  2 1 .7  8.1
258 1 2 .8  1 6 .7  8 .5  6 2 .8  7 .7

** These values are questi on&ble due to the small quantities of 
sulfur involved.
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fix® resalts obtained from experiments using hydrogen and 
earl)on monoxide aa thiophene carrier gases indicated that at 
a furnace temperatare of approximately 1900°F (1038°C)* the 
pyrolysis of thiophene wo aid offer a means of removing this 
compound from synthesis gas. Studies were made* therefore* 
using a synthesis gma as a thiophene carrier', of the pyrol­
ysis of thiophene under the same conditions as were employed 
when hydrogen and carbon monoxide were used as thiophene car** 
riers.

The hydrogen-carbon monoxide ratio of manufactured syn­
thesis gas may vary from 1*1 to £$1 (lb) • From previous 
experiments the thermal decomposition of thiophene was shown 
to he more complete in the presence of hydrogen than in the 
presence of carbon monoxide. From this it appeared that the 
pyrolysis of thiophene would be less complete if a 1;1 mix­
ture of hydrogen-carbon monoxide* as compared to a B :1 mix­
ture* ware employed as a thiophene carrier. It was decided* 
therefore* that studies of the thermal decomposition of 
thiophene in the presence of synthesis gas with a 1:1 hydro­
gen to carbon monoxide ratio would yield worth-while inform­
ation* This synthesis gas was made from the same gases used 
in experiments in which hydrogen and carbon monoxide were
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employed individually aa thiophen© carriers*

Method of Operation

Rather than trying to control the flow of two individual 
gases, 1*6. hydrogen and carbon monoxide, and still heep a 
constant mixtare of synthesis gas, it m s  decided to mix hy­
drogen and carbon monoxide in a single cylinder* An old car­
bon dioxide cylinder was filled to approximately 550 p.s.i* 
pressor© with carbon monoxide* Before adding hydrogen the 
gas was tested for oxygen and found to contain less than 0*7 
percent* Hydrogen was next added to the cylinder until the 
total pressure was approximately 1100 p.s.i* It was assumed 
that approximately a 1:1 hydrogen-carbon monoxide mixture 
was present. Upon analysis of this prepared synthesis gas 
the following results were obtained:

Hydrogen. 53*?^
Carbon Monoxide 44.5)1
Carbon i)l oxide 1*4^
Oxygen 0*3)1

This mixture was considered satisfactory and was employed as 
a carrier gas.

It was possible then to us© the same system of gas flow 
control as had been previously employed* lew orifices on 
the flow indicators, however, were necessary.

The removal of iron carbonyl, sulfur and oxygen from 
the synthesis gas was effected by the use of copper main-
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talned at 350°C (662°?) or higher, as discussed in Chapter 
XII *

A few qualitative experiments indicated the presence of 
large quantities of hydrogen sulfide in the gas leaving the 
pyrolysis fade. Ihis necessitated the r©arrangement of the 
scrubbing train for removing specific sulfur compounds from 
the gases leaving the pyrolysis tub©.* *•* scrubbing train con­
sist ing of (a) two cadmium chloride-sodium carbonate bottles, 
(b) two concentret©d sulfuric•acid bottles, followed by a 
scrubber of normal sodium carbonate, and (e) one alcoholic 
potash bottle was employed* fit© determination of hydrogen 
sulfide alone was made by means of a modified Jhaw analysis 
( s e e  page 3 8 ) *

On the basis of a few trial experiments it soomod advis­
able to study the pyrolysis of thiophene at a furnace temp­
erature of 1 7 0 0 (92?°C) in addition to temperatures of 1685, 
Iff5 and 1900°F (885, 968 and 1038°C). Under each set of 
conditions, therefore, the four temporal ares above mmr® em­
ployed*

discussion of home of the Equilibria Involved

In addition to the reactions previously mentioned as 
possibly occurring with the thermal decomposition of thlo- 
phene in the presence of specific gases, it was believed 
that with the application of synthesis gas as a thiophene 
carrier, one other reaction should be considered, namely:

(a) 003 + Eg * Eg3 + C
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The calculated equilibrium constants were found to be:

M m  p • JSqo i  librl am
( F) Constant
1635 11.n

1900 30.2

It is seen that at the high temperatures employed here, hy­
drogen sulfide would probably be formed as m result of this 
reaction#

S im u lta n e o u s ly  with this reaction th e  formation of hy­
drogen s u l f id e  should have resulted'from reactions (£) and 
{€) (see pages 105 and 91) j

(1) 3C03 « C02 4 GS%
(0) C8g 4 ZM% as EE^S 4 C

th e  greater predominance of reaction (0) should favor largely 
the formation of hydrogen sulfide Instead of carbon bisulfide 
or carbon o x y s u lf i& e *

Experimental Results

synthesis gas composed of 53*7 percent hydrogen and 
44*5 percent carbon monoxide was used to carry thiophene 
over (a) coke, (b) sugar char, and (a) porcelain while em­
ploying furnace temperatures of 1635, 1700, 1775 and 1900°F 
(885, 937, 968 and 1038°C)« *>\ each of these temperatures
thiophene-coke contact times of 11*9, 7*3, and 3*0' seconds 
were employed, while with the use of sugar char or porcelain 
as pyrolysis tube packings the contact time was 11*9 seconds*
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I k #  r e s u l t  a o f  Ik # # #  © xp «rlfit«a lii mrm pr©&©& t©& in  ? *b l©  a ' I I I  

i M  ftnar© IX*
Ver^r l i t  I I©  I  is #  we# r©4|air©& 10 e s ta b l is h  © d u ilib ffia n k  

© a n d It ion© nit til a th© p ^ ro ljra i®  tab# when s y n th e s is  g&® m m  
em ployed ©s a th i© p h en e  © © r r ie r *  I t  ©as n o te d  t h a t  th© mossy 

© a n tin g  o b ta in e d  on th©  eox# and s o ^ ar erm r wkon oajrbon ©on** 

o x id e  mmm m m i. mm a © e r r1o r  gms {a®© p©&© 10#) A l t  n o t £©«§ 

whan s y n th e s is  gas mmn 4  t a  a th io p h e n e  o m rr!© **

. '*a e ly s l8 o f  th #  gas la n v ln g  ik e  f y r o l j r s io  %®bm shewed 

n e g l ig ib le  q u a n t i t ie s  o f  ©srboa b io e l f id e  or © x y a u lf id s *  

f k i s  si*&©8b t© & ly  was da© t a  th e  $ r e s t e r  a f f i n i t y  a s l t r  Ik ©  

e x p e r im e n ta l © a u d it lama © i hyd ro gen  f o r  Ik©  s a l f o r  p r« n # a t#  

Fro®. F ig u re©  ¥11 and IX  i t  i s  a##m th a t  a t  th© lo w e r  

te m p o ra lo re s  th© th e rm a l d o e a a p a e it io a  o f  t  h i  ©phene in  Ik ©  

preset*©© o f s y n th e s is  ges is  e ^ a p a xa tjl#  to  r e s u l t s  o b ta in e d  

u s in g  © k # 4 ro # e n  © s r r ie r  gee# x t  th© h ig h e r  te m p e rs !o re *

%bm a m  ®£ byd ro g«n  as a  t  h i  ©phene © m rrio r  gov© b # i t # r  re** 

a alt a than d id  s y n th e s is  ^ i *
Uteing a ^ m lk ta ia  gais as a  © e r r le r  and ©ok© as & p y r o ly s is  

lab©  p ee k in g  i t  » s  fa a n d  i l i i l  e o n te o t tim e  wee u n  impmtmmM  

f a s t e r *  p a r t i c u l a r l y  a t  th© lo w e r  ta m p e re ta ra ® » th #  tam p­

er© ta r©  was i  no reased  th e  p y r o iy a Is  o f  th i© p hen e  be©am© more 

a p p le t ©  and e o n ta s t I  its© had 1©H3 o f f s e t#

^© was Ik©  c&0© w ith  m 1;  © e r r ie r *  Ik ©  p resen ce

o f  some mtmmrml eoapouad in  th© m km  seemed o f f s e t  is©  f o r  

th© © o a re rs io n  o f  th io p h e n e  to  hyd ro gen  s a l f id # *  fro m  f i 0»  

or® 11 i t  la  mmn th a t  Ik #  © © © o p p o s itio n  o f  thi©photos* in
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the presence of spat heels gaa# is much less when soger char 
is seed as & pyrolysis take peeking as compared to eoke pack* 
ing at the corresponding contact time*



fable .ail Thermal decomposition of

Furnace
leap*
(°F)
1625
1700
1775
1900

Type of 
pyrolysis
f ub© 
racking

fotal Sulfur ©a 
Contact Xhtophene In Gas
Time entering ryrolysla
(See*) (Or./lOQ eu.ft.)
11.9 262
11.9 247
11.9 238
11.9 280

ube

1625
1700
177©
1900

7*3
7.3
7.8
7.8

160
260
24©
243

162©
1700
1775
1900

A

4J*

3.0
3.0
3.0
8.0

260
261
261
261

1625
1700
1775
1900

B
B
B

11.9
11.9
11.9
11.9

250
255
255
255

1625
1700
1775
1900

0
c
c
c

* Tub© racking
. • i to | inch coke 
B - ± to f- inch char

- I

11.9
11.9
11.9
11.9

255 
287
256 
255

inch porcelain balls
Bote; all gas volumes corrected to 60°FP 30 inches of 

mercury, and saturated with water vapor.



th io p h e n e  in  th© presence o f s y n th e s is  Gas
1 1 8

T o ta l  o a lfe tr  in  aas P ercen t o f  T o ta l  *> a lfu r in  Gas
L e a v in g  iyrolyais Tafce leaving Tyroljais Tuh© a s :
(O r * / l 0 0  c a . f t  * )  ^*8*̂  G3jg

260 55*6 44*3 mmm-rnt Beg:
m ® 41*5 50.5 37.5 if
233 25*2 74.0 •— W

226 3*5 96,5 79.2 n

260 64*3 33.4 29.6 R
260 50.0 50.0 35.0 n
243 30.0 69.8 63.7 »
246 4.9 95.1 80.6 n

255 8 1 .2 1 8 .8 1 0 .5 Tt

239 7 3 .0 2 7 .8 1 3 .9 ft

257 0 7 .6 4 2 .4 2 7 .6 «

257 9 .8 9 0 .2 7 3 .0 rt

247 7 8 .9 2 1 .1 3 .1 f*

253 7 1 .3 2 8 ,8 1 4 .9 «

254 4 6 *5 5 3 .5 4 6 .3 w

253 5 .1 9 4 .9 8 5 .0 tr

254 7 7 .1 2 2 .8 9 .8 »t

255 7 2 .5 2 7 .4 1 1 . 4 it

856 4 8 .8 5 1 .2 4 6 .1 h

256 5 .5 9 5 ,3 8 3 .1 r
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It lias been shown that thlophene la decomposed approx­
imately 90 to 95 percent at a furnace temperature of 19GQ°F 
(1038°C), with a contact time of 11*9 seconds over coice, 
sugar char, and porcelain when using nitrogen, or carbon mon­
oxide, or synthesis gas as thlophene carriers* lith the use 
of nitrogen as a carrier gas, the thlophene sulfur was trans­
formed chiefly into carbon bisulfide and small quantities of 
hydrogen sulfide and mercaptana* With carbon monoxide as the 
carrier gas, thlophene yielded carbon bisulfide and carbon 
oxysulfide with snail quantities of hydrogen sulfide and mer- 
e&ptans* In the presence of a synthesis type gas containing 
53*7 percent hydrogen and 44*5 percent carbon monoxide, the 
thlophene sulfur was transformed into hydrogen sulfide and 
mercaptans with negligible quantities of carbon bisulfide and 
oxysulfide. at a furnace temperature of 1900°F (1038°C)# and 
with a contact time of 11.9 seconds, thiophene sulfur was 
completely transformed Into hydrogen sulfide over coice, sugar 
char, and porcelain when hydrogen was used as a carrier gas.

It was found that in all eases at the lower temperatures 
thlophene decomposition was moat complete over a coice pack­
ing* It appeared, therefore, that some mineral constituent 
in the coke was beneficial in the formation of hydrogen sul­
fide, particularly when hydrogen and synthesis gas were used 
as thlophene carriers. Shis suggests the possibilities of
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the catalytic conversion of thlophene sulfur to compounds 

capable of easy removal from gases. It should be pointed 
out that the th e rm a l decomposition of th lo p h e n e  in gases low 
in hydrogen may give carbon which rapidly covers any surfaces 
present. Shis would probably limit catalyst life; however, 
since the thlophene content of most’gases is $,uite low it la 
possible that carbon from the pyrolysis of thlophene alone 
would:not be a serious problem#

On th e  basis of these e x p e rim e n ts  it is believed th a t  

the thermal d e c o m p o s itio n  o f  thlophene offers a means of low** 

© rin g  the sulfur present as thlophene in synthesis gas. an~ 

less this decomposition can be c a ta ly s e d  to permit the us© of 
lower temperatures, the use of h ig h  te i& perat urea may l i m i t  

this method o f  thlophene removal to gases which are not ther­
mally decomposed at 1 9 0 0 °F  (1 0 3 8 °0 )  o r  le s s *  and to  gas  

processes that ©an economically subject the thlophene con­
taining gas to such elevated temperatures#
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Jk. tt '& » A/I JjL.

fhermodyaamic Constants

aH° in calories per gram mol©
AF® in calories per gram mole
Cp in calories per gram mole per degree Kelvin

I rfhio phene
A H 891 * 24,500 
AF290 * 27,600 (104)

Cp * -7.02 + 0.100452 - 6.525 x 10"5?8 (105)

II Carhon hiaalfid©
A ®291 ~ 28,670 (106)
A F298 * 17,600 (107)

Cp * 9.76 + 0.006102? - 18.94 x 10"7?8 (108)

III Hydrogen
Cp - 6.88 + 0.000066T * 2.79 x 10"7?2 (108)

IT Cartoon
Cp s 1.8 (108)

V J^drogen sulfide
- 5,260 (107)

A F 298 * 7,840 (107)
Cp 9 6.48 + 0.00556? - 12.04 X 10*7?2 (108)
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¥1 Cmtban m®moj&l&ct
• - a » t ?ao (1 0 6 )

»  .3 2 ,6 1 0  (1 0 ? )

cp * & .as + o*ooso»j: - 4.S5* * io"'*,2* (ioa)

VIZ Carbon o x jro u lX ld o

a h® - -33,soo (io?)
A F I »8 -  -S^t^O O  (1 0 7 )

cp - a.3£ + o.oofmt * *i.*o * io*7t8 (ioa)

¥111 Carbon d io x id e

ah| 9 -34,400 (10?)

A f 29® * -***260 (107 )
Cp - 6.86 4 0.008632 * £4.8 x 10*7S8 (108)

thm  . f i r s t  M t  o f  & rs  p rs n s m tM  im 4 # t a i l

to  thm  iw t& o& a em ployed im  #ttiiX ll3 jfX$iti e r a *

mt&k&tm* a**fcs»#$tteat Im I M s  fias M lo a la t io s u g

mrm t e i# £ l^  a < rtllu « &  £ m  t m & t i m i *

I ^alllbrim esmatsmta for the Tmmntim
C ^ a . i  •  §C3g 4 2B „ 4 » / * C  *8 1 6 2 6  aed 1 » 0 0 ° I ’ (886 aaA  

1038°0)

A a $ n  9 1 4 ,3 3 6  -  2 4 ,7 0 0  «  • 1 0 ,3 6 6  ( l ie a c t io a  i s  « x o th e r .

is is )

A#288 * ®tii00 - 27,600 - .18,800 
A t '8 .  - .i'iJ ja a

1 3 ,8 0 0  -  2 x  2»3  x  2 .3 0 3  lo g !



A Cp »  3 1 .9 6  -  0.097272.' 4 6 .1 6 9  x  1 0 *61'8 
A H 0 *  Cpa2

-  A H . 4 31.965! -  0 .0 9 7  27a'2 4 6 .1 6 9  x  1 0 "5f 3 o  2---  — g—

Sabat i t  a tii^ g  t  -  £ 9 1 °jl and s o lv in g  f o r  a Kq i  

4 H0 e  - 1 6 ,0 5 0

U )  fo  f in d  K i t  t  i  1 6 £ 5 °F  ( X I 0 8 % )  use of th e  Va»ft 
H o ff  e q a a t io n .  

dlxiK - AHo
*TCT IF*

, 1158
lxuLffl - * l~^Hg ^Aalni1 + a b  2 +  nc f 2A ^ ^  CT J £98

96 X 2 .3 0
2 f  ' “ T

*T3T

2 .3 0 3 {logiC -  2 7 .4 2 )  -  / l6 0 o 0  + 3 1 .9 6  X 2 .3 0 3  lo g f  -
l "*5

0 .0 9 7 2 7  1* + 6 .1 6 9  x  10“ SS2 1158

298

s o lv in g :  K *  1 .5  x  10® a t  1 6 2 8 °J \

(B ) By a s im i la r  s o lu t io n :  iC -  6 .1  x  107 a t  1 9 0 0 °F  (1311°iC )

IX  E q u il ib r iu m  c o n s ta n ts  f o r  th e  r e a c t io n

C4H4 o -  HgU 4 Hg + 4C a t  1625 and 1 9 0 0 0F (885 and 1 0 38 °C )  

A H g g i -  - 5 ,2 6 0  -  2 4 ,7 0 0  -  -2 9 ,9 6 0  

= ” 7 ,8 4 0  -  2 7 ,6 0 0  -  - 3 5 ,4 4 0  

logK. *  2 5 .8 5  at 298°K  

AC p -  2 7 .5 8  -  0 .094821 ' 4 6 .2 3 3  x  10~BT2 
A Hq a -3 4 ,4 7 0  

(a) At t -  1 6 2 5 °F  (1 1 5 8 °K )

2.303{log3C  -  2 5 .8 5 )  -  f 3 4 ,4 7 0  4 2 7 .5 8  x  2 .3 0 3  1 ok2 -
L— 2?—  - T r ­

i l l  58
0 .0 9 4 8 2  1 4 6 .2 3 3  x  10“ BI 2 |

« D T  J 298
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K -  £ .5  x 109
(B ) By a s im i la r  e o la t io n ;  £. = 4 .0  x  1 0 s a t  1 9 0 0 °?  {13 1 1 °& )

I I I  E q a i l lh r la ®  c o n s ta n ta  f o r  th e  reaction
2H2 + CSg = 2HgS 4  C a t  1625 and 1 9 0 0 °F  {885  and 1 0 3 8 0 0  

AEjjj91 s - 1 0 ,5 2 0  -  2 8 ,6 7 0  s -3 9 ,1 9 0  

A F |98 -  - 1 5 ,6 3 0  -  1 7 ,6 0 0  -  -3 3 ,2 8 0  

lo © i  =• 2 4 .2 8  a t  298°a.

A C p  s - 3 .7 6  +  0 .0 0 4 8 7 8 1  -  0 .1 0 7 2  x 10“ 5'12 
A H0 -  - 3 6 ,3 3 7  

U )  At t -  1 6 2 5 °F  (1158®K:)

2 .3 0 3 ( lo g K  -  2 4 .2 8 )  a T36 .837  -  8 .7 6  x 2 .3 0 3  Xo kT +
i r  “ r *

K. st 150

(B ) By a s im i la r  s o lu t io n :  1 - 1 9  a t  1 9 0 0 °?  (1 3 1 1 °K )

IV Equilibria® constants for th e  reaction
C4H48 ♦ CO *  cos ♦ « *  2Eg 6t  1625  and 1 9 0 0 °?  (885  ana

A Kg01 -  - 2 3 ,3 0 0  -  2 4 ,7 0 0  + 2 6 ,7 3 0  *  -3 1 ,2 2 0

A S 298 -  - 2 9 ,6 0 0  -  2 7 ,6 0 0  + 3 2 ,5 1 0  -  - 3 4 ,6 9 0

log»v *  2 5 .3 0  a t  2 9 8 °ii

ACp -  3 0 .0 5  -  0 .0 9 5 1 8  I  +  6 .2 1 2  x  1 0 “5I 2
A HQ aa ••36,450 

U )  At t *  1 6 2 5 °F  (1 1 5 8 °iO

0 .0 0 4 8 8  *
%

0 .1 0 7 2  x  10- ° *

1 0 3 8 °C )

2 .3 0 3  (log ic -  2 5 .3 0 450 + 3 0 .0 5  x  2 .3 0 3  lo g 2 -  13  g —
0 .0 9 5 1 8  
 ¥ ------
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a. -  S .3 x 10®

(B ) By a g i i t i l a r  s o lu t io n ;  & -  6.6 x 107 a t  1 9 0 0 ° /  (1 3 1 1 % )

V Equilibrium constants for the reaction
2003 s C02 ♦ C3_ a t  1625  and 1 9 0 0 °F  (8 8 5  and 1 0 3 8 ° C)

d H g g i -  - 9 4 ,4 0 0  + 2 8 ,6 7 0  4 6 6 ,6 0 0  s 870

A F|98 a  - 9 4 ,2 6 0  4 1 7 ,6 0 0  4 7 9 ,2 0 0  a 2 ,5 4 0

logK  a - 1 .8 5 0  a  8 .1 5 0  -  10

A Cp -  - 0 . 3  4 0 .0 0 0 1 5  1' -  0 .0 0 8  X 10” 5'i2
4 H  -  952  o

(a )  a t  t a  1 6 2 5 %  (1 1 5 8 % )

2 • 3 0 3 ( lo g K  4 1 .8 5 0 )  a f - 9 5 2  -  0 . 3  *  2 .3 0 3  lo g !  4L""2T" T "
R -1 1158  

0 .0 0 0 1 5  £ -  0 .0 0 8  x  1 0 ~ % * |
 5.......   YU" J 298

K a 0 .0 3 7 6

(B ) By a s im i la r  s o lu t io n s  K a 0 .0 4 0 3  a t  1 9 0 0 %  (1 3 1 1 % )

VI Equilibrium constants for the- reaction
Hg 4 &3g « HgS a t  1625 and 1 9 0 0 °F  (8 8 5  and 10 3 8°C ) 

a - 1 9 ,2 0 0  + 0 .9 4 7  x 2 .3 0 3  I  log®  4. 0 .0 0 1 6 5  22 -

3 .7  x  1 0~7 4 1 .6 5  £ 

as g iv e n  by Lewis and R a n d a ll (109)
4 1 °  • -RflnK

By a substitution of temperatures 
K -  3 0 .9  a t  1625°J? (1 1 5 8 % )  

a. a 1 4 .5  a t  1 9 0 0 %  (1 3 1 1 % )

VII Equilibrium constants for the reaction
COS 4 H„ a HgS + CO a t  1625 and 1 9 0 0 %  (8 8 5  and 1 0 3 8 % )
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A H § 9 i -  - 8 ,2 6 0  -  2 6 ,7 8 0  +• 3 3 ,3 0 0  -  1 ,2 6 0

A F | 98 -  - 7 ,8 4 0  -  3 2 ,5 1 0  + 3 9 ,6 0 0  -  -7 6 0

logK - 0.546 at 2 9 8 %
A  Cp -  - 2 .4 7  + 0 .0 0 6 9 2  2 +  2 .0 4  x 1 0 ” 7 2 2

AH »  1 ,6 8 4o
U )  At t * 16250i' (1158%)

2.303(logK - 0.546) - f-1.684 - 2.47 x 2.303 10g2 +
i 21' ' rS.

1 1 X 5
0.00692 S ♦ 2.04 x l O - V  
 7--- “IF" J 298

Jh. s? IX
(B) By a similar solutions £ s 30*2 at 1900°F (1311°K)


