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INTRODUCYICH

Frowm the beginning of the manufacture ol commercial and
domestie fuel guses, tne gan indusiries gerving the public
have been e¢onfronted with the removal of sulfur compounds
from variouns gas mixtures before dilgtribution. For domestic
use high sulfur fael gas is undesirsble as this cauzes undue
corroslon of gas mains and deterlorstion of meter diaphragms
and gives tho pungent aad irritating odors accoumpanying the
combustion of sulfur compounds. Commercilally it is often
neceggsary 1o keep the sulfur content of a gas at a minimam
to prevent contamination of a produaet or to prolong the life
of certain catalysts.

sSalfur exists in fuel gases in two major forms, namely
inorganic and organic. Inorganic sgulfur consists of hydrogen
suifide, while organic sulfar consiste chilefly of cerbon bi=-
sulfice, mercspians, thiophene und earbon oxysuliilde. Re-
moval of hydrogen sulfide can be zcconmpliszhed by any one of a
number ¢f processeg, l.e. the iron oxide or ligquid processes.
The removal of orgesnie gulfar, oo the other hand, h&s not
been as extensively investigated as the removal of inorganie
gsulfur. 7There are several pateinted processes avuilable for
organic sulfur removal, however, very few of these processes
have Tound commercial applicstion. & few processeg guch as
oil secrubbing or adsorption of the sulfur compoauds from the

caf tn s 30lld, are uged 1o lower ithe oxgenle zulilur content

A



of & fuel zug, however, the high costs and operating diff-
iculties muake complete removal by these methods lmpractiecal.

It is wunderstandable why the amount of work done on me-
thods of inorgenic sulfur removal from fuel gus far exceeds
that of organic sulfur, for the largest uantity of sulfar
in sulfur bearing gases occurs as hydrogen sulfide. Of the
organic sulfur compounds, carbon bisulfide usuwally occurs in
muach larger quantities than mercaptans, thiophene, or carbon
oxysulfide. 1In most stutes the orgaunle sulfur content of
fuel guses is limited to & muximpm, ususlly not over 30
graina of sulfar per 100 cuble feet of gas at 60°F and 1 at-
mosphere pressure.

at the present time an extended progrsm 1s belng carried
ont on the production of synthetic liquid fuels from gases,
chiefly hydrogen and curbon monexide. The catalysts used
for the coanversion of hydrogen and carbon monoxide to & syne-
thetic ligquid fuel are sensitive to the aetion of sulfur.
It is therefore necesgary 10 have a gas mixture practically
free frowm sulfur compounds. 4 searchn of the litersture
showed that the removal of thiophene from gus 1s quite 4ilff-
icult. It wzs therefore believed that a study of the trang-
formation of thiophene, under the application of hest, to
more easlly removed types of sulfur compounds might prove

beneficiale.



CHa?pPPER I
PHE QOCCURRENCE OF PHIOPHENE IH FUEL Gus

The formetion ol organic sulfuar conpounds azcompanies
the production of practiecally all comusercial and domestie
fuel gases manufactured by high {temperature processes from
sulfur conteining fuels. «wocording to Golluwr (1} the cone
centrations and types of organle forms of sulfur constituvents
found in guses are dependent on such factors as (a) the
amount and typs of sulfur compounds Lound in the coal, coke
or oil bveing used as fuel; (b) the type of gas belng made;
(e) the temperatures involved; (4) the time of contact be=
tween the gus and the incandescent garbon, ecocal or ecoke;

(e) aad possibly tie types and yusntities of wmineral constie-
tuents fouad in the Tucsl.

In genersl, ce&rbon bigulfive i3 tue major coastitaent
of the organic sulfur compounds found in most fuel gases,
wihile thiophene frequenily ranks second. Hutchinson (2)
made & study of the distribution of organic sulfur compounds
in gas, using wonglish cogls ag fuel. some of {he results of

hig work &re presented below.



iype of Gas Totul Organie Digtribution of {rgunie sulfur

enufaeturing sulfur | {vercent)

Egquipment (zr./100ft.%) Tercapians TqHas  Cog  COS

Vertical

retortgs-

cont inuous 3167 44 12.0 ©6.3 1743
2Deb 4.2 16,7 Gl.5 18.8

Horizontal

retorts 4.5 4.1 18,3 67.2 10.4

Earbur@tteﬁ

water gas 11.7 Se4 308 17.1 48.7

Kemper and Guernsey (3) report the following distribu=
tion of organic sulfur compounds. Jhese values represent

the averuge of geveral gases testel.

cercent of Orgenle sulfur rresent as:

vhiophene Carbon bilsplfide Carbon oxysulfide

Weter zusg 30 35 56
Coke oven zas 6 €1 33
city pas 21 39 40

Thug 1t ¢an be seoen that the thlophone fraction of the
organic sulfur content of & gas mey be &ppreciably high,
whereas the actuul thiocphene concentration is generslly
guite low. for nmost eomm&rci&l und domestie uses the quant-
ity of thiophene present in a gas ls considered harmless,
however, with the development of pilot-controlled continuous
burner operation, more sdvanced metsllurgical processes, and

the manufacture of ges by ocatalysed reactions, it is often
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mendstory taogdt Voo sulloer cooltent ol & zeas be very smalle. In
guell canew the thiophene pregsent may pgrove o e quite

troublegone.
Yethods of Thiocphene (emoval from Gas

Organie sulfur removal from gas czn be accomplished by
any one of five means:

{1) sbsorption by chemicals and dloposal of spent wbe
gorbent.

(£} absorption by oil whien is reclaimed by desorpilon,
or faG to the gas making process.

(3) adsorption by solius.

{(4) Conversion to hyGrogen sulfide or splfur dloxide
with subgequent treatment of the gas to remove the compouand
thus formed.

(5) Refrigeration and condensation.

4% tihe pregent time the removal, or partial removal, of
thiophene from gas is realized by wethods (2), (3}, or (4)
of the above. There are no methods udaptable to commercial
gscule wiileh are effective in removing thiophene alome. The
partisl rewoval of thiophene is secoumplished concurrently
with the removel of at lexst cone oiher constituent from the
SES .

The most widely used method for decreasing the thio=-
phene content 6f & gag is Qilksﬁrﬂbbiﬂg. This consists in
sorubblng the gas with wash oll by bringing the oil and gas

into intimete contact in &« suitable sbsorption tower. Opr-



dinarily this stage of ges purdificetion is installed to re-
move the s80-called “light o0il" which is composed of benzene,
toluene, xylene, and small guentities of other compounds,
ciniefly hydrocarbons. The wagh oll is freed of light oil by
steem distillation. OUn geparation of the light oil into its
component parts by distillatiocn, the thiophene removed cone-
currently with the light o1l sppears in the benzene Iraection
(4). To remove the thicphene from the bengene, some means
other than distillation is reuuired (H5). Carbon bisplfide
g also partislly removed in the o0il serubbing process,
however, its sepsrstion from the light o0il presents no ser-
ious problem,

Guernsey {(6) reports that ithe rsmovel of the light oil
by means of oll serubbling lowers the heawting value of & gus.
If the objective in oil scrubbing is to lower the thiophene
content of & gas without essentially chunging its heating
value, this method of purification is not applicaeble. ane-
other disadventage of this process 1s the lsarge amount of
serubbing o0il required. Hecsuse of this, pumping costis ete.
are high sz well as is the consumpitlon of steam used for wash
0il recovery. It has been shown (7) that to remove 705 of
&1l the organic sulfur by oil washing, sach large anounts of
0il would be required that steum consumption would be excess-
ive,.

4 second process for the simultanecus removal of benzene,
carbon bisulfide, and thiophene from gus is the adscorgtion of

these congtituents on wetivated ce-bon (8)e The method of



operation conslists in having two or more chumbers paciked with
activatied carbon and s0 construeted as to allow temperature
control by mewns of watsr cooling. OUne set of these chambers
is connected on the gas stream while the other 1s reactivated
by blowing steam through the bed of carbon. «t the groper
time the gas is diverted into the reasctivaeted chamber and the
fouled chamber blown with stesm. nater cooling is necessary
to maintsain 8 low tempersature during the adsorption period.
This procesgs hag not been used to any extent in menufactured
gusg practice in thls country, but has been tried in a fow

gas plants Iin kngland.

Hollings and Hay (9) report that active carbon is
effective in removing most &ll of the curbon bisulfide and
thiophene at the start, but tﬁe efficiency of removal of
these compounis decrcaseg with time. They slso report that
the process ia more effective 1f the guas 1ls first freed of
hydrogen sulfide before being treated by asctive carbon.

The eeconomy of completie orgenice sulfur removal from gas by
aumption required for reactivating the carbon. It has been
steted (7) that in general the sctive carbon process is
more efficlent thsn the oll scrubbing process for removing
both ecsrbon bBisulfide and thiophene from pes, but that the
economy of removing more than 80% of the orgsnic asulfar by
adgorption on carbon 1s doubtful. It will be remembersd
that their remarks spply to manufactured ges practice.

Uther considerutions enter in synthesis gas practice where



aciivated carbon may ve uged Lor the removal of finel traces.

4 very gerious disadvaniuge of tie wdsorptlon method of
crganiec gulfur rewovel 1s the fouling of the carbon bed by
tarry materials. 1L the gus 1s not relatively free of tur
or zam forming substance the effeciive 1ife of the sotlve
carbon is guite short.

Hollings, Hutehinson snd Griffith (£) report that with
the aetive curbon process approximately 75H,» of all the ore
gsale sulfur in gus is removed, wihile wlth normal ol)l washe
ing process aboat 38, of the organic sulfur is removed.

Haff end Lusby (10)(11l) report that copper-uranium and
cerium-~uranium catalysis, in the presence of hydrogen con=
taining pgases, are effective in transforming all organie
gulfar cempounds into nydrogen svliide. Jopper-vansdiuom
and coppere-chromium compounds are effeotive in absorbing si-
multuneously both hydrogen sulfide and organie salfur from
guses. These catulyiic abaorbents esn be revivified by
burning off the sulfur with «ir. +Jith the use of the Lirast
mentioned ecxtalysts the gasg must be free of hydrogen sulilde,
ine second process ca&n be applied 1o raw hydrogen sulfiide
containing zeses.

#»00tner process ig described (12) whereby iune organic
gulfur content of & gus is lowered with the aid of & reduced
iron catalyst. ihe optimum temperature range for nperaticn
of the catalyst bed is from 200 to 300°: (392 to 572%¥). It
is neceassary to remove ayGrogen sullide before passing tue

#£as over tne catalyst.



& removel of from 10 to 304 of thiophene from town zas
has been reporied (13) by the use of u catalyst consisting
of buuxite impregnated with & solution of eopper thiowolyb-
éate. The gus was prohesied to 300°C (572%F) vefore contact
with the catulyst. Yhils catslyst csuses the formation of
hydrogen sulfide whiech is then removed by any of the stande
ard methods.

“ork done at the iesdow-lune Gas works (1l4) has led to
a conclusion that & molybdenum galfid& catelyst can be used
effectively in decomposing thiophene salmost completsly at
300°C (5729%).

Up 10 the present time commercial application of catale
ytic processes for the removel of orgupic sulfur from gus
has been very limited. In most cuses the uigh cost and
saort life of the few effective catalysts available render

theilr use impracticul.



CHavr?ER IX
SYNTEEGIS Gas, IT8 CubrwUSITION &KL KMETHODS
OF HaHUFPaCTURE

4% the present time extensive work is being conduocted on
the manufeeture of synthetie liquid fuels from various coals,
cokes, and hydrocarbon gases. In general, the processes emne
ployed involve the production of a synthesis gas consisting
chiefly of hydrogen &nd 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 hydroecarbons.

Chief attention in the application of solild fuels has
been directed to the utilization of low grade coals for the
manufacture of synthesis gas. This, of course, resulis in a
lower priced aynthetle fuel. The primary reactions required
for synthesis gas production from solid fuels are:

Steam stean
€ 4 HpO = CO + Hg &nd C + 2H,0 = COp + 2H,

when using low grade coasls, the best conditions for gasifi-
cation are realized in continuously operated generators (15).
In order to accomplish this, the fuel is pulverized and oxy-
gen is admitted with the steam to burn particlly some of the
fuel, and thus supply the hesat necessary to maintain s fixed
temperature within the fuel bed. Hewman (15) gives & degw

eription of the various types of generatfors &nd processes
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nsed witn ocolld Jaole waloll vagloy Dlded Jued veds, filulalzeq
boda, duaat suelileeltlicn pgrocgades, wic.

g sesliflcation o0l wsubbliuninous el suu rigaitre in
exioronlly noeeted retorts L400 wleo bDoen stuclied (1L0). ue
nowt suppldled VO Tat.e relefie ds OLlalasu drum tue curaoing
Ol sume Cuubuetlitle Zos 1o LoGulaed Spetis swillsowkiing the
Tael bed. . fter the coal or lignlic Les reechsd tue proper
tonperwture siewn lu lantrodaced iuilo tane gasiiylo, chauwber,
@il by proper eouotroel, toe desired hydrogen-carvuvn wonoxide
ratio Is obilainedes Hhis process is made gountinuvus by rege-
aler «dditions of fuel and continuous &si rewoval.

ine conversiocn ol welhane, or neilural gey, to & syn-
thesis gas by reactions witn stewm requlres the presence of
& catalyst. 4« review of some of the processes snd catalysis
&Ceaptuble for the reaotlons Clg + HoO = CO 4 3Hp and CHy +
ZHg0 = COg + 4Hg are given by storech (17). For the first
reaction nickel-thoris-magneais sand nickeleiron supported on
kieselguhr have been recommended, while for the second re-~
g¢tion nickel~alumina-magnesia on active carbon has beéen
suggegted. In the menufacture of gyntheasls gas by this
method, an excess amount of hydrogen is formed. To keep the
hydrogen-carbon monoxide ratio between 0.5 &nd 3, ocarbon 4i-
oxide may be added to the inlet gases (1l8). The synthesis
ga8 ultimately can be freed of the excess carbon dioxide by
scrubbing. The COp thus removed is recycled to the inlet
stream.

The catalysts generally used for the producticn of syn-



thetie liguid fuels {from the reduction of carbon monoxide
are mixtures of nilckel anc cobalt with activating meteriuls
such &g slumine, thoria, or other stuble metallce oxides . (17).
Iron catelysts have also been used by Piseher and Propsch
(12). They report that by using iron or cobalt on various
carriers, hydrocarbons ranging from ethane to solid products
were obtalined st etmospheric pgreggure and texperatures of

250 to 200°C (482 to 5729F).
allowable sulfur in Synthesis (asg

The occurrence of sulfur in synthesis gus greaily
shortens the 1life of the extalysts used in synthetie liguid
fuel production. The allowable total sulfur in the syn-
theais gas produced by Germun plents was not grester than
0.10 grain per hundred cubic feet (20). It is reported that
& reduetion of total suifur from 0.05 to 0.0l grain per 100
cubie feet resplied in an increase of 50 percent In the life
of the cobalt cetalyst being employed. Since this resulis
in 8 savings of 0.1 cent per 1000 cubic feet, a8 zas of lower

salfur content is deasirable.



CH&#PER IIX
THE PYROLYSIS OF THIGJILEE

It has been pointed out that the presence of sulfuar
compounds in the gynthesis gas used for the manufacture of
synthetie liquid fuels 1s very undesirsable. The exiremely
small quantitiezs of sulfpr compounds permissible in synthesis
gag muke purification of this a difficult problem. rcrocesses
are available for efficient removal of the major sulfur eome
pgun&s found in gas, i.e. hydrogen sulfide and carbon bisule
fide, however, very little plant scale development hag been
done on the removal of minor organiec sulfur compounds such
as thioghene, mercaptans, carbon oxysulfide, etc. Hvidently,
of these minor organic sulfur compounds, thiophene ig the
most stable. Guernsey (21) sugzests that the removal of
thiophene from gss by other fh&ﬁ ph&aie&l means possibly may
not be practical, = raviawlaf the literature haé shown ithat,
in genersal, ecatalytic processes have little, if aﬁy, effect
on thiophene, while the 01l scrobbing end active carbon prow
cesses, although effective for decressing the thiophene cone
tent of & gas, are quite expensive and rather impractical for
gsynthesis gas purification. Therefore, it secemed desirable
to look for another mesns of removing thlophene from synthese
is gas.

The use of heat to affeect &8 converasicn of the major

part of the organic sulfur to hydrogen sulfide in & gas cone
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taining hydrozen was realized as early as 1911 by pPabst (28),
who proposed stoves [illed with checkerbrick an¢ heuted to
nish tempersatures for this purpose. The decomposition of
carbon blsulfide at various temperstures wasg also studied
(£3), and it wes found that & temperature of 1300% (7049C)
resulted in spproximuately 75 percent decomposition of the
carbon bisulfide preszent. Hvans (24) reports that the pree-
sence of hydrogen ls favorable to the pyrolysis of carbon
bisulfide. Lusby (25) has applied & nested platinum spiral
to transform all the orgauic sulfur pressent in & gas to hy-
drogen swlfide. Puis, of course, requirss the presences of
nydrogen. wome guestion has besen ralsed &bout tne ecmplete-
ness of decomposition of thiophene by the spiral. Jends et
l. report that complete decomposition can be eflfected (20).

Faregher, korrell snd Comay (110) dissolvea thiophene
in & puarified nepthna snd passed itikls mixture through a hested
tube at the rate of 0.5 ce. per minate. They obtained no
decomposition of the thiophene at either 925 or 160097 (496
or 871°C). fThe possibility of dithienyl formation was not
investigated.

Work done by Clapham (£6) at tne Juniversity of .est
Virginie shows that at higner tempersatures thiopuene in the
presence of hydrogen 18 decomposed t0 a large extent to hy-
drogen sulfide. 11 1s reported 1het with & temperature of
1750%F (954QC) and a4 contact time of 0.019 nours, wpproxine
ately 95 percent of the ingoing thiophene lg converted to

hydrogen guliide when nydrogen lud used &g the gcarricr gas.



dhen nitrogen was uzed as & currier gas the cvaversion of
thiophene to carbon bisulflde and nydrogen zulfide was &le
most complete at temperatures of £350°F (1288°C) und 2660°F
(14609C). &t a temperstore of 2350%¢ and contact times of
0.004 %0 0.01l hours approximately 25 to 42% of the thio=-
phene was converted to hydrogen sulfide. «t & temperature
of 2660°F and contact times of 0.0055 to 0,0085 hours approx-
imately 2 to 16w of the thiophene was coanverted to hydrogen
sulfide when nitrogen was uvgeld as & carrier gas. Clapham
also obtained & ccaverslon of 80 percent of the thiophene
with & contact tinme of C.0057 hours, temperature of approx-
imately 1900°%F (1058°c). using & synthesis gas as the thio-
phene carrier. In Claphem's experiments no packing was used
in the pyrolysis tubes.

In part, the mechanisms for the pyrolysis of carbon bi-
sulfide and of thiophene may be similar because hydrogen 1s
favorable to the thermal decomposition of both compounds.
This is to be expected.

It was deemed desirable to make & gstudy of the pyrolysis
of thiophene in the presence of specific guses, namely nitro-
gen, hydreogen, earbon monoxide, and synthesis gas, using tube
packings to determine the feasibility of decomposing therme-
ally the thlophene pregent in synthesis gas {to compounds
more easily removed. Hydrogen sulfide &nd carbon bisulfide
are colpounds possessing these propertises. a furnace pack=-
ing of carbon might be effective in transforming the thio-

phene into carbon bisulfide.
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The thermal stability of thiophene requires rather high
temperstures to effect appreclable pyrolysis (£26). This
feature limits the spplication of thermal decomposition as
& mezns of removing thiophense from other thun synthesis gas,
as simultaneous decomposition of illumiu&nts gand other come
pounds responsible for the higher heating values of gas
world result. Carbon might decresuse the temperaiure rew

guired.



CRavizt IV
THE CHIISTRY UF PHICLHENE

The dlacovery of thiepghene i3 eredited to Vietor lisyer
(27) who, in 1883, found that benzene obtained from the dise
tillation of coel gave & blue color when mixed with concen-
trated sulfurie acid containing & small amount of 1satin (£88).
Ee found that the thiophene content of the benzene obtained
by this method wss approximately 0.5%.

Phiophene is & heterocyclic compound belonging in the
group eontaining slso furen, and pyrrole. The structural

formulae of these compounds are gensrally written as:

Furan Pyrrole Thiophene
- —C c—¢C —
) - [
G\O/C Q\a/c c\“/c

In these rings the atoms are designuted by the following

meung
Ci—C C—C
ﬁ-" zﬂ or ” a. a“
, G c™ =C
N 3 Ve 5 e

Schomakar and Puuling (29) have shown thet there is re~
sonance in the heiferocyoclie rings and on & comparative basis
the resonance energy of thiophene > pyrrole» furan. Thiloe-

phene 1s quite stuble both chemically and thermally. It 1a
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this fact that mekes its removal from gas & difficult prob-
lem.

a great muny of the physical conastents of thiophene
have been determined in the laboratories of the socony-

Vacuum Co. (30), some of whieh are presented below.

Table 1

some rhysiecal Constants of “hiophene

Boiling points oc at nm. lg. Pregsure
7T1.0 800
76.6 600
81.45 700
84,12 760
85.8 800
89.7 900
at/ar at 760 mm. Hg, O¢c/mm. 0.043
Freezing point in air, °¢ -38 .30
Lensity gm/ml at 20°¢ 1.0644
25% 1.,0583
30° 1.0524
Refractive index Ny at 209¢ 1.5287
259 1.5266
30° 1.5223
absolute viscosity, centipoises at 20°9C 0.662
20° 0.621

309 0.584
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Yhere are nmany siuilarities between thiophene und benw
zene (27). Thiophene has a weak bonzene like odor and a
bolling point of B4°C &t 760 mm. pressure as compared 10
B80°C for benmene.

There are many processes desceribed in the literutuare
covering the synthesis of thiophene., In general, the methous
employed are the reaction of either acetylene, & diolefin,
or n-butane wiith an elementary sulfur compouni. In some
cages the reaction ig carried oot without & catalyst, while
in others a cataelyst la employed.

reel and Xobinsom (31) report a yield of 12 percent
tniophene when acetylene ls introduced into a flask of boil-
ing sulfur. Tomkinson (32) obtsined & product containing 30
to 40 percent thiophene by condueting & mixture of hydrogen
gulflce and acetylene over s metalllice sulfide catalyst.
sriscoe, rveel, and kobinson (33) found that & tempersture of
700°%¢ (L292°F) was optimum for the production of thiophene
by the interaction of scetylene and carbon bisulfide, with-
out the id of & catalyst. Shepard, Henne, and yidgley (54)
passed butadiene through sulfur. ot & temperature of spp=~
roximately 420°C (?88°F) they obtained a zmall smount of
thiophene. according to Barger and iasson (%5) thiophene is
formed when scetylene 1s conducted through a tube containing
pyrites heated to 300°C (B729°F). This process, modified by
the use of a metallie sulfiide catalyst, hag veen patented
(36). The production of thiophene on pilot plant scale has

been curried out by the .oecony=vaecuum 0. (37). 4 yield of



a8 high as 50 psrcent tniophene wes obtawilned by tue vapor

recwctlon of svilur and n~butune when {emperatures of Giprox=
imately 600=650°C (1112-1£02%9F) were employeG. 1t wus fownd
necwssery to 4uench the product 1o preveut decomposition of

thhe thilophesne thag formed.



CHaPPER V

POSSIBLE Mialls: OF THIOYHINE PORMATION IN

GaS HaBUFACTURING

Due to the complexity and large number of reasctions
poasible in the manufacture of fuel gas from coal or coke,
it is impossible to state definitely the exaet origzin of any
one minor component in & gas. fThe original sulfur in the
coal is concidered to exiat ag (&) pyritie or murcagite sule
fur, (b) organie sulfur, «nd (e) sulfate sulfur., Jhen sube
Jected to the high temperatures present in sss making
operations thege sulfor eompounds in the fuel undergo de=
compogition and new gulfuar conpounds are iformed. These come
pounds are distriboted between the gas dbeing made and the
resulting ash or coke, depending on the particulsar operation
being performed. kany stodles have been made in an attempit
to deternine the origin and types of the sulfur compounds in
Sag manufaectiure.

owell (38) founé that & portion of the sulfide sulfar
in cosl ia transformed into & sulfur-csrbon combination dure
ing the manufaeture of coal gss and coke. He found that
this trunsformstion took place mainly &t teumwperatores of
about 500°C (932°F).

Wibaut (39) made a study of the reactions of sugar char
and sulfur vapor at temperatursea of 700 4o 900%; (1292 to
1652°9F)., It was found that some of the sulfur is fixed by
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the earbon, und sulfurous carbon containing 1 to & percent
gulfur is obtained.

By passing nyldrogen sulflide over sager char et tempera-
tures of from 1500 to 1700°F (816 to 927°C) with subsequent
vnualyses of the char for the presence of gullur, Huff and
lioltg (40) showed the formation of & carbonesalfar complex
cn the char.

griffiths (41) reported thut higher sulfur cosls give
higher sulfur contulining zases. He maintains that the sule
fur content of & ges is lneressed with prolonged carbonlzing
times and excessive hests.

daton, Hyde, und Hood{48) ased iracer techniques to
follow the sulfur distrilbution during the carbonizastion of
coals. They made pyrites from aetive sulfur and mixed this
with ecosal which wes then carbonlized in a coke oven. samples
of itne coal, coke, sand gas were counted with a Gelger Count-
er. ihe following distribution of the sulfur during coking

F:d

was found:

pyritic sulfur Orgenie & Sulfate sulfur  Total Sulfur

4 Coal sulfur 4 Coal sulfar  Coal oulfur
Coal 100 100 100
Coke 66 73 70
Gas 23 26 ab

{Note: Organie and sulfate sulfur obtained by Gifference).

The tar formed during coking operations wes not examined.

Brewer and Chosh (43) made & study of the effects of

various stmospheres on the digtribution of sulfur during
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the carbonlzaticn ol conle.e IThey report tihnet smmonia, hydro-
gen, snd nitrogen are effective in the order nwwed in remove
ing solfur fruom the coal.

It 15 thus seen that when coal 1s subjected to ftae high
temperstures lavelved in gas waking oporations, the decompo-
sition of the originel sulfur compouncs present 1ln the coal
reaults in new types of sulfur compounds, which are digiri-
buted beitween the gag wnd the remsining carbon or wushe (O=
incident with thig, there oecurs the formation of sulfarous
earbon compoundés. These compounds wignt pogsibly react with
any hydrogen present to form thiophene, however, it 1s umore
likely that any rescition wiith hydrogen would JTevor tus forme-
ation of hydrogen guoliice, It lg quite possible thet the
appearance of & carbon-sulfur complex during the heuiing of
coal is & source for carbon bisulllde formation.

Lorgen (44) discusses the possible means for the forme
ation of CHg= type rudicals during the carbouniszation of coal.
It ig possible that these radicals cowbine to form acetylene
or ethylene which react with hydrogen sulfide, carbon blsul-
fide, pyrites, or some other sulfur compound to form thio-
phene (see paze 19).

To demonsirate the possiblility that ithils mechanism is
that oecurring in ges meanufactore, sSteinkopf (45) passed
1lluminating gas through bolling sulfur and obtained only
traces of thiophene. He next performed & similar experiment
uging acetylene with sulfur and obtained good ylelds of

thiophene. appreclable asmocunts of thlophene were found by
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steinkopf (4¢) when 1llumlnating ;&8s was paszsed over pyrites;
or mcetylene or ethylene were passed over sulfar. The form-
ation of thnicphene in ges mey be cutalysed by the presence

of mineral ecompounds in the primary fuel.

AN
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PRUBLBLE Cunvwllile Jullisy PhUn THS CHiRiaL

DECOMPOSITIVK WP THICUPHINE

I{ has been shown that at higher tewmperatures thiophene
gan bDe thermally decomposed 1o more siuple types oL salfur
conpounds (see Chaupter III). The combination of carbon, hy-
drogen, and sulfur in the thiophense molecule may permit the
formatlion of a relaestively large number of pyrolysis products
from $hilophene. 7The following mectlons are included, there-
fore, to indleatie some of the compounds whlceh migiut oceur
when thiophene is decomposed and to briefly ountline means of
preparation of these compounds. sSinee the e¢hilef alm of this
project is ithe removal from syntihesls gas of the sulfur in-
iroduced in the form of thiophene, the discussion hsre will

be limited only to sulfur compounds.

Hydrozen sulfide. The physicsl properties and methods

of formation of hydrogen sulfide ean be found in &lmost any
elementary inorganiec text. It will sulffice here to mention
this compound as one likely to occur when thiophene is ther-
mally decomposed. The large fracilon of hydrogen in synithes-
is gas, (aece page 10) should favor the formution of hydrogzen
sulfide ag one of the products of pyrolysis in the presence

of this gas.

Carbon Sizsullide. The method mogt generally used for
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the manufacture of carbon bigulfide is the interaction of
salfur and earbon by the application of heat (47)(48).
Commerclally, this is reallzed by continuously feeding char-
coal and sulfur into & furnuece heated by graphite slectrodes.
The earbon bisulfide thus formed is condensed &nd purified.
f'or moat effieient operation temperstures sround 1000%¢
(18229F) are employed. sStull (49) gives a discussion of the
thermodynenics of carbon disalfide formation from earbon and
sulfur.

Huff (50) states that the resction of hydrozen sulfide
with hot carbon 1is responsible for the formaition of ecarbon
bisulfide in gas. Phis resction is the basls of & patent
(51) for carbon bisulfide manufactuare.

The decompoglition of earbon oxysulfide teo carbon bisule
fide snd ocarbon dioxide has also been studied (52). It is
reported thut lower temperatures favor the formation of car-
bon bisulfide by this proecess. st 600°C (1112°F) the decom-
position of carbon oxysulflide occurs to the extent of 49
percent. Of this, 4% percent is carbon bisulfide and carbon
dioxide while the remeining 6 percent consists of carbon

monoxide and free gunlfur.

Carbon Oxygulfide. The cccurrence of carbon oxysul=-

fide in various guases has been reporied by Hutchlinson (2).
He shows that in carburetted water gas the carbon oxysulfide
may constitute as much as 38 percent of the organic gulfur

present .
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Ferguson (53) studied the reaction:
4CO + 250, = 4C0g + S5,

&t temperatures ranging from 1000 to 1200°C (1832 to 2192°%).
Concurrently with the formation of carbon dioxide there app-
ears small amounis of carbon oxysulfide. The presence of a
larze excess of carbon monoxlde favors the formation of the
oxysulfide. It is possible that the formation of carbon
cxysulfide may result lrom the Interaction of carbon monox-

ide and variocus sulfur compounds other than sulfur dioxide.

liercaptans. the yuanitities of mercaptans occurring in

mandf&utureﬁ guses are quite small (£). Generally, the mer=
captans pregent 1In gas exist &s methyl and ethyl mercaptans.
rowell (54) states, however, thai mercaptan compounds ususl-
ly are not present in detectable quantities in coke oven gas

produnced at higher temperatares.

inor Orgenic Sulfur Compounds. arctowskl (55} obe

tained smzll quantities of carbon subsulfide, CpSz, by con-
dueting carbon disulfide through & heated quartz tube.

stoek and Freetorius {(D6) found that temperstures 1in the
range of 1000 to 1100°C (1832 %o 2012°F) gave the best ylelds
of the subsulfide by this method.

4 monogulfide of cerbon has been reported by Jewar and
Jones (57)(58). Carbon bigulfide, cooled in liquid sir, was
subjected to & silent discharge. (n heating to room tempera-
ture & flash ocecurred ylelclng & brown compound which wag

believed to be & polymer of carbon nonosulfide.
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Hshgen (B9) and anwers and Bredt (60) obtained amall
amsuntg of 1somerie dithienyls by condaeting thiopnene
throush & tube malntuined &% o dull red heat.

Cther minor gulfur compounds such asg thio-ethers and
dlaulfides have been reported in giag, but uauslly these
occur in such low comewntrations as 1o be of praetilcally no
sizniflecance (1).

Undoabtedly there 1s apt to be the formation of small
amounts of elementary sulfur sccompanylng the pyrolysis of
thiophense. With the application of carbon ecompounds as paek-
iny ip the pyrolysis tubes & loss of sulfur to such packing
is quite likely. Holtz (40) reports the formation of a car-
bon-gulfur complex when hydrogen aslfide is passed over hot

carbvon.

tractice 1n the Removal of Specifice sulfar

Compounds from Gas

It is pertinent for ithe removul of thiophens from syne-
thesis gas by thermal decomposition into more elementary
types of sulfur compounds, thuat methods be aveilable for the
removal from the ges of the salfur products thus formed.
From the discussionsg of the previous seetion, it is eclear
that among the sulfur-containing producte resulting from the
pyrolysis of thiophene, hydrog«n sulfide and carbon bisul-
fide will be the most abundant. The need for the removal of

these compounds will be greater than for minor sulfur com-

pounds, therefcre, the methods employed in hydrogen sulfide
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and carbon bisullide removel from guou wlll be disczussed in
grsater deteil. . ccmprehenzive survey here is not intended,
bat rether & briefl review of the more iumgortant methods eme
ployed by ges industries to lower the sulfur content ol vur-

ious gasesz.

Hydrogen julflde. For the removal of hydrogen sulfide

from gas, one of ihe methods employed most widely is the iron
oxide process. 4 description of this process ean be found in
&lmost any text book on zes technology. Essentially, hydro-
gen gulilde is absorbed on & bed of iron oxide supported on
gsome type of inert materisl such as wood snavings. Lhe re-
actions occurring during sulfur removel are:

{1) FﬁgOﬁ'XﬁgU + 3335’3 - ﬁhﬂgﬁg + (x + 3}H30
(2) Foylp xHy0 4+ 3H5 = 2Fed + o + (x + 30

The desirable resction (1) occurs under wlkaline conditions.
Tthe gsulfice is revivified in pluce by adnitting alir in low
econcentrations gimulteneously with the gus, or by cuttiing
the box off the gag stresam and adding «lr slowly. Sometimes
the oxide is removed from the box. un revivificaiion out-
8ide the box the fouled materisl is wetted down and spread
out to &#llow maximum contact with the wir. For efficient
hydrogen solfide romoval the humidity and oxygen content of
the gas must be controlled. ochobel (61) maintains that
water should be spreyed on the boxes to effeet humidity cone
trol and &n air admission of l.2% &ir is optimum. Cperating

under these conditions, with & temperature below 1209F
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(49°C), an average hydrogen sulfide removal from refinery
0il g3 of 86.54 over un eight month perliod was obtained.
the sSeabourd process lor hydrogen sulfide removel from

gas has been disecussed by sperr (62)(63) snd Herbst (64)}
In this process & solutiocon of approximately $.0 1o 3.5 pere
cent sodium carbonate 1s used to scrub the gas. Hhis proe-
ées3 also removes some of the carbon dioxide and hydrocyanle
acid. %The primary resctlons are:

Hpd + HapCOz = NalS + NaHCOg

CDz + HyO 4+ NaglOz = 2&&&903

HCN + NeoC0jz = HaCK + HaHCOy
Regeneratlion of the carbonste 18 obtalned by blowing sir
through the fouled solutlon. speryr reports that 80 {o 90
percent of the hydrogen sulfide can be economically removed
by this process, end that other sulfur compounds are not
affected.

s nomber of installations for gas menufacture employ
the Ferrox Sulfuxr Hecovery and the lilckel Sulfur Recovery
rrocesses for tne purification of gases. The two procesuses
are tne same except for the solutions used and are effective
in rewmoving hydrogen sulfide and hydroeyanle scid. Jperr
(65) and Lenn (66) have described the Ferrox process which
consists 1n scrubbing the ges with & suspension of ironm in
&n alksline solution. The reactlions occurring on absorpiion
are;

(1) RapCOz <+ Hgﬁ = NaH3 4 HaHCOg
(2) FegOz(HpO)y + 3Hgs = Fegsg(Hpl)y + 3HgO
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feaotion (2) ocecurs to only u minor extent. un aeration the
aydrosulfide i: oxidised meinly to sulflur.

Ine Ihylex process atilizes o golutlion of essentislly
neutral thloarsenste selt Jor the ubgorpption of Lydrosen sule
flde from gape suring aboorptios, s kighor arsencte salt is
formed, Lle@e woma 0 the sxygen 13 replased Ly sulfar. ihe
resotion ooveurring on hydrogen sullide resoveal is expressed

&

- By reactivation with &ir itne taloarsenate aselation is reastored
ané free aulfar is formed. Juoobson (67) maintuins thet «
removael of about 98 percent of the hydrogen gsulfide cen ve
obtained by thils process. He «lao reports that the presence
of hydroeyuuic scid resuclis ia an inoreeso in thoe 3048 €Ol
samption. The process was patented by Collmur (68)(69).

The Glrdler Cerporation hau developsd & process whereby
hydrogen sulflde is removed from gazes with the sid of an
emine, In pertiocualsr, triethenolusine or dietbancl anliae
{70)(71)s These compounds ere mlzed with water wnd the 50l=
tion thus forped pumsaed epuntareuprrent 10 the gus. Ky thls
metiod hydrogen sulfide and any other &cid component of the
sas mey be effectively deerecaged. degeneretion lyg &OCGDHw
plished by heatlng the Tfouled llguld to drive off the guge

e0us impurities.

vrgunie sulfure the use ol 0ll serubblng for lowering
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of thhe orzenic sulfur content of & g&s has been discussed
(see page B). 011 serubbingz not only rsuoves & large iruge
tion of the thiophene present, but &lso lowers the carbon
bisulfide and uwerespgtan content of a gus. axlthoozh 1t ié
pogsible to remove essentially sll of the earbon bisulfide
&nd mereaptans from & gss by means of oll gerabblng, 1t is
1ot sconomicslly feaslble as the volume of oll thus required
i3 exogessive (7), and would lead to an undegirable reduction
in the light o1l vapors and i1lluminunts.

The athion rrocess for carbon bisulfide removal has
been described by Ludkuk (72). By this method ecarbon bisol-
fide is absorbed on «n alkaline cellulose material, which is
converted by the carbon bisulfide to viscose. For efficlent
operation the gas nust be freed of tar, asmmonis, hydrogen
sulfide, and carbonic scid.

oome gtudies have been msde to deteramine the effect of
4 hested surface on carbon bilsulfide. rabst (22) found that
in the presence of hydrogen and &t a temperature of 1300%
(6499C), ecuarbon bisulfide deccmposed to hydrogzen sulfide.

Hle proposed the theory that & reaction similar to the rever-
sal of the formation of carbon dioxlde water gus takes
place, l.e.

C'Se + ZHp = 21{23 + C
after the rewoval of hydrogen sulflde the gas could be re-
heated and a further decrease in the carbon bisulflde con-
tent thus obtained. This methiod would probably slso lower

the mercuptan fraection of & gas. ovens (24) reports that
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of ecuaprbon bilculfide by tae appliceticu of neat.
4t the pregeant time & study is beins made of the effect-
ivenegs of gsecondary amines oz tae simultansous reloval of

rbon Lisulfide &nd carbos oxysulficde from gas (73)s al=
howon the wori id gtili on & laboret wy scale, it 15 repori-
g thai S00U rewoval of tagse compounus is roelized wncn &
&3 ig scruvbed wilta eltner plperidine or @worpndliinec. Thls
process nas Livile or no eifect ox tiae toaloph-oue praesente

w cutalytic process nws buean descrived (74) in wiieh

finely uivided oickel at & tewperature of L00°C (56729) is
aged in the progsnce of hydrogen, (o lower the Lydrogen sule
Tide &nd carbon ulsuliide content of & gase anviucy process
{75) ocwploys & cutalyst of & metallic oxide on & porous gel
to oxidize the ayurogean sulfide or carboa bisuliide to elthe

¢r sullur or salifur awioxids.
Creganic sulfur demoval from osyniheslis Gas

an examinatiocu of the Gerwman syuithesis gas plants (20)
revecled processes for orgunic csulfur reuovel Lroum tlie guses
produced, The goda~ircn process conslsts in contactiug the
gynthieslis gas with a soda-iron oxice catalyst maintaluned at
390 to 500%s (199 to 400°b) to oxldize exfectlively tihe organ-
ic gulfur compoundsg present wihieh then remain on tne catalyst
as sodium sulfute. Whis process has i1itile afiect on the
thiophene present. .« converslon of tiue organic sulifur pre-

sent 1o hydrogen suliide, woalch was ulilumately rewoveuw, with
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the aild of an iron oxide eatalyst containing 6 to 7 percent
chromic oxide was employed. In some German plants, the syn~
thesis ges, freed ef}hy&rogan salfida,'w&s heated to approx-
imately 2200%F (1204°¢C) snd rapidly gquenched to affect &

conversion of the organic sulfur present to hydrogen sulfide.

" LROr et
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Hydrogen zsuliide and Hercaptuns

The method most employed Tor the quentitative determine
ation of hydrogen saliide and mercaptans is that one devised
ﬁy Tutweller (76){(77). 4lthough & separste determination of
hy&rogén sulfide and mercsaptans is impossible, the method 1s
quite accurate and very rapid. #sseniielly the procedurs is
to colleet & known volume of gas, sablect this to & sliahbt
vacuum, and slowly add iodine solution, with vigorous shake
ing, vntil an end point is obtained using stareh as the in-
dicator. HKnowing the normulity of the iodine solutlon, the
volume of lodine added, &nd the original volume of gas, the
gulfur present as hydrogen snlfide plus mercaptuns can be
determined,

The Gas Chomists Handbook {(78) recowuiends a method fop
hydrogen sulfide determination whereby the gss is serubbed
by & sodium hydroxide soluotion. This is scidifled and ti-
treated with iodine solution, uslng stareh ag an indlicator.

shaw (79) hes devised & method for the separate Geter-
minctions of hydrogeon sulfide and mercaptans. The procedure
for these determinations consists of two purts. Jstep (1):

4 known volume of gags 1lg passed throuzph & gerabbing train

containing & 10 percent solution of cudwium chloride buff=
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ered with gsodium curbonute. ofior sawpling, the solutivn Is
acidified with concentrated hydroceiloric acla, chiilled to
IGOC. and sn e¢xcess ol ifodine aGded = tue exceas being ti-
tratold with standard thiosuliate. From this the aulfar pre-
sent as hydrogen sulfide anc mercuptans iy obtulned. stlep
(2): after passing & known volume of gas throush a serubbing
train identical t¢ the one used in step (1) the serudber
solation ls neutraelized with &ecld to & metnyl oraange end
point and sufficient water and nydrocanlorie acid are added
to dilote the solotlon and yet give & conceantration of &
gm/liter of free HCl. Under these conditlons cadmiom sulfide
iz ip suspension and cadmiom mercaptides in seolutione wIlter
filiration, the cadmium sulfide precipltute is redissolved
in seid and &n excess of iodine added, this being back ti-
trated with standerd thiosulfate. ostep (&) gives the sulfar
present «s hydrogen sulfide while by difference of step (1)
and atep (2) the sulfur present as wercaptans is obtuined.
whaw has devised a gpeclsal flask which acts «s & serubbing
bottle wnd &lso an analysls bottle. Hhis speeclal flasik is
required for step (1) and step {(2) as the mujor gpart of tue
anslytical procedure must be carried oul under a slight
vacuum t0 minimize contact of the gsolutions with sir.
veterminations of hydrogen salfide by colorimetric wme-
thods have been enployed. These metnods pive nore satig-
factory results wien the hyurogen gulilae presgent is snall.
« procegss hus been employed using lead scetote (80) for the

colorimetric deternmination of hydrogen suliide. . standard
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molst leaud @eetlate puper ig sublected 10 & Xuown wuantity of
Ae8e. The awount of black lead suliide thus formed on the
paper 1s Gelermliaed by couwparison 10 a blackened wedpe,
witleh having been calibrated gives a wmeasure of the hydrogen
sulfide present. 7The applicetisn of methylens blue (81) or
gilver ecyunide (82) for nydrugras suliide determinutlona algo

hes proved suceessiul.
Carbon Bisulfide and Carbon Oxysulfide

#or the determination oi curbon bisulfice ia pas, the
Gaas Chemists Hundbook (83) recommends & process wuereby &
knowst voluwe of dried zus ls passed throush an abscrption
train contalaing sodium hydroxide solution covered with an
gtheral solution ol triethylphespiine. .« volume cof zas
sufficient to give & coloring oi tne etheral layer ouf three
caustic scrubbers 1s reguired. when this condition 1z sat-
isfied, the caustic solutlone are wixed, filtered, zui the
precipitate dried. f%he weight of (Gzﬁa)aéﬁﬁg tiius obtained
multiplied by 0.398 gives ihe carbon bisulfide present.

aeveral investigasiors have studlied the resction of
carbon bigulfide with &n alcobolic potasin solution, thus
forming &« xanthste, as & method for carbon bisulfide deter-
mipnaticn. Harcding and boren (84) developec & proeedure in
whiech & known volume of gag ls scrubbed with alcobiclie pot=-
ashe Thisg 1ls weildified and & measured auount of copper acew
tete is added. Yhe smouni of acetwute wdded must be in

excess ol that required to precipitate cupric xantnuie. ‘ihe
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precipitate is then filtered and potassium iodlde added to
the filtrate. The ilodine thus formed is titrated with stand-
ard thiogsulfate.

4n examination of this method by Huff (85) indiested
that cubric xanthate was not completely precipitated in sole-
utions of low concentration. & procedure is recommended
whereby smaller volumes of serubbing solutions a&re employed,
and after acidification with & measured excess of acetic
acld, copper acetate added as above. This is a&llowed to
stand overnight to insure complete precipitation. after fil-
tration, the filtrsate is evaporated to Aryness, redissolved
in 5 ce. of 1:156 hydrochloric acid solution, a measured
amount of potessium lodide added, and the lodine thus formed
titrated with standard thiosulfate. Huff maintains that
0.02 mg. of carbon bisulfide ecan be gqualitatively determined
by this method. 7The method is not of high precision quanti-
tatively.

Desy (86) has developed & colorimetric analysis for
carbon bisuliide bagsed on the xanthate reaction. In this
process the color produced from a known volume of gas con-
taining carbon bisulfide is compared ageinst the ¢olors ob-
tained from xanthate solutions of various concentrations.

The Institute of Gas Yechnology (87) has devised a
method for the geparcte determination of carbon bigulfide
and carbon oxysulfide in gas. The method consists of two
parts. Part (1): & known volume of gas 1s passed through

a geries of scrubbers containling alcoholic potash, thus re-
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moving ecarbon bisulfide and carbon oxysulilide. For quantie
tative ubsorption it iz necessury to keep the scrubbing sole
utions cvoled to 0°C. 4 determination of the totsl sulfur
(sese page 41) befors &nd after the soerubbers gives the sal-
fur present asz the sum of these constituents. wart (2): a
repetition of part (1) 1s performed wlth tie sxcegtilon of
the {otal sulfur determinations, inastead, the scrubdber scle
utions are diluted wiih waier recooled to 0°9C, wcidified,
thugs feorming xanthle seids, and {titraeted witn lodine solu-
tion using starch as the indicator. The equations repres-
enting the reactions occurriang in step (2) are:
ng + K0Et —> K5-03-0H%
CO3 + KOBEt — KS=-C0=-CLt
and:
2H3«C5=-QLt + IB —> EtU~C3=5~3~C3~0Bt + 2HI
2H3=CO-CEt + Ig —> BlO=C0wi5=5~C0=0CEt + 2HI
Letiing the sulfur present ag carbon bisulfide be represent-
ed by JB «nd that as carbonyl sulfide by 5, two equations
can be sstablished.
S5p + 5, = Uecrease in total sulfur (step 1)
%53 + o, = Sulfur obtained by Iz titration (siep 2.
By & simultanecus solution of these equations the ca&rbon bi-

gulfide snd curbon oxysulfide can be obtained.
Phiophenes

For the Girect determinaticn of thlophene iwo types of

analyses are available, le.e. colorvimetric determinutions
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anf the troensformetion of thiophene into & thlophene deriva-
tive having some speclifiec property feecllitetiig ite lscla-
tion. Of tihe colorimetric methods tie incophenine resctiou
(88)(89)(90)(91)(92){93) iz by Far the wost popular. LSSene
tislly, this determinstion iz usel for the estimation ol the
thiopghene content of benzene. opproximetely 0.4 grams of
isatin are digsclved in 1000 wml. of concentrated suliuric
geld to wnleh & little nitric aeid has Eeen added. . guan-
tity of thilg lg shaken with a kunown amount of the benzene be-
lng analysed. The blue color thnus produced is comparet with
that obtailned when benzene of & known talophene content is
shaken with the same veolume of isstlne-sulfuorie aseld mixture
a3 uged wlth the unknowne. Unfortunztely tie presence of un-
saturated hydrocurbons also glive the blus eoloring, while
toluel, phenol, or tertlary bases goive & brown to blue color
(90). The reaction itakinz plsce, with thiophene, i.e. the
indophenine reaction, is:
Caﬁﬁﬂoz + C4Hys = CjpHpHOS <+ HZG

an excellent review of the colorimetric methods wvallable
for thiocphene determinations 1s given by stelinkopf (93).

another method for ithe determinstion of thiophene in
aromatic fraetions containing no unssturated compounds util-
izes seniges reagent (94), which consists of & srams of mer-
caric oxide dissolved in a solution of Z0ml. of concentrated
gulfurie acid in 100 ml. of distilled water. The procedure

»

requaires viporous sasking of 20 ml, of Leniges reagent with

o

& mle 02 tne geumple for a period of a&bout tnres nouris. Ifne



regultiny mixture is filtered, the preecipltete washed, driled,
«nd then welghed. The percent {thiogphens by welgnt ic siven
by: 3.792x where x 1lg the gjrams of precliplitate
(Hg0,Hgu04) gCgHys and o is the speolfic gravity of the
sample.

vhe metinol wost eppllcable 1o the determinatlon of
trniophene in ges 1ls ¢ total sulfur determination (see below}
Yalfore and «fter a scrubber contalning some solutlon asalt-
&ble for complete thiophene resmoval from the gas. Hutchinson
{2) has found that conecentrited sulfuric seid is effective
in removing thiophene from gas, however, it is necessary 1o
remove hydrogen sulfide before serubbing the gas with sul-

furic seid.
PYotal Sulfur Determinetions

In gensral, the processes whereln total sulfur deter=-
minetions are made, cousist In converting «#ll the verious
types of sulfur compounds present into one specific type
which ean be guuntitatively identified. The method most
frequently employed 1s tlhe transfurmeilon of the sullur-
containing compounds into sgalfur dloxide and salfur trioxide
Ly combustion, the +0g &nd 50z thus formed usually being
geparated from the products of combustion by & suitable
scrubbling solution which is subaequently analysed.

The iHeferese's method (95) involves ithe burning of a
known volume of gago wiile simulteneously volatilizing smmone

lom cerbonate placed adjscent to the test burner. The pro-
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ducts of combustion pass throush & tabe containing glass
beads and into 4 coudenser. after burning sufficlient gas

the system is thoroughly wughed snd the wsghings added to

the condenssie obtalined during the experiment. This solution
1s made acidic &nd the sulfur compounds oxidized to sulfates
with browmine. arn excess of barium chlouride is added, the
solution is filtered, and the filtrate is drlied and weigshed.
From this the sulfur preseni san be determined.

another combustion method for total sulfur is recommend-
ed by sltieri (77)(96). In this the gas is =lso burned, thus
converting the sulfur compounds to sulfur dioxlde and sulfar
trioxide. The products of combustion are scorubbed with &
dilute sodiuom carbonate sclution whieh is back titrated with
stendard acid using methyl orange indlecator. The HagCOgy
thus consumed gives & measure of the sulfur compounds pres-
ent, This method is not effective for the determination of
elemental sulfur in gas.

“ilson and Kemper (97) have employed tetrahydroxy quin-
one s the indicator for & barium chloride titration when
godium carbonate solutlion is employed &8 the scerubbing med~
ium for total sulfur determinations by ecombugtion. 'The ob-
jeet in this 1s to minimpize the errorsg lantroduced by oxides
of nitrogen formed on combustiiovn which are affective in
partially neutralizing the sodium carbonate,.

Lusby (Z8) has devised s method for total sulfur where-
by the gas beling snulysed, in the presence of sufficient hy-

drogzen, is passed over & platinom spiral hested to a bright
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orange color. Phe sulfur compounds pregent are thus convert-
gd to hyGrogen sulfide whieh 1s readily determinsd with the

aid of & Jutveller analysis.

The Determination of upecifie sulfur

Compounds 1n Gus

Work done st the Institute of (Gas Technology by llake-
will and Rueck {87) has resulted in & tentatlve procedurs
for determining iandividual sulfur compounds in gas. The
process recommended by them consisis in paasing the gus
through & train of absorbers containing solotions for the
specific removal of various sulfur bearing constituents of
the gas wilith & total sulfur determinatlion before and after
the removel of each type of sulfur compound. The solutions
found most effective and the order in which they should
appear in the gcrubbing train are listed below.

(1) 10% eadmium chloride buffered with sodlium carbonate
for the simpltaneocus rewmoval of hydrogen sulfide and mercsp-
tang.

(2) Concenirated sulfurie acid for the removal of thio-
phenese.

(3) 10% potassium hydroxide-ethyl sleohol solutiocn for
the removal of carbon bisulfide and carbon oxysulfide.

The geparste Getermination of hydrogen sulflde &nd mer-
captans by the use of & cadmium chlorlide-sodium carbonate
solution has been previously described (sce page 3D) as well

&5 the determination of carbon blsulfide in the presence ol



44

o f

1

4 C no iy T
ac aFnd 508) snirInsixe moqrwo



Paidf I1 BAriKINENTAL
CHalTER VIII
4 WESCRIFTION OF PHzZ FLOW oRUCHSs EwPLOYED

Essentially the procedure smployed for studies of the
thermel decomposition of thiophene was (&) to meter from
high pressure eylinders the thiophene carrier gas (b) divide
this gas into two parts, one part being partially saturated
with thiophene vapor (¢) mix the resulting gas sireams and
pass this mixture through & high temperature zone containing
various packings, and (4) analyse the resulting gas for var-
ious sulfur compounds. The apparatus unged in the experiments
presented herein weas very similar to that employed by the
Institute of CGas Technology (87) to determine methods of an-
&lysls of gases for varicus sulfar compounds.

The gas being employed as a thiophene carrier from &
high pressure cylinder was re@nced in pressurs by & standard
reducing valve. 7To realize betfer control, a needle valve
wag installed after the reducing vslve. The gas wes nexti
subjected to the purification proecess chosen, after which 14
was passed through & set test meter {a) (mee Figures Ia, 1B,
and IC), and subsequently dried over activated alumina (B).
at this point the carrlier gas was divided into two streums.
Kaeh stream passed through a nesdle valve (C) and & flow

meter (D)(B). One stream went direetly to the furnsce while
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the other was Lirst bubblea througn thiophene maintuined at
& constant tenmperature.

fo direct tne carrier gag-thiophnene mixture through the
furnsce, varicus size combustion tubes of sillimsnite or
gquartz were used. Jirom the furnace the resulting gas was
passed throush & cotton filter (I) to rewuve any s0lid matere
ial present. o by-pass (J) was ipnstzlled sround the furnace
to facilitate analysls of the gas mixture entering the py-
rolysis tube., The gas from the high temperature zone, after
pasging throuzh the cotion filter, was sent through & section
of capillary tubing (K), %o msintein approximately atmospher~
ie pressure &t the inlet of tne furnace. This was necesssary
ag suction was spplied to the exit of the gas from the
system. ‘The gas next pugsed tihrough & flow meter (L) and
into & manifold which was employed to direct the gus 1in one
oi severel direections. For totel sulfur asnslysis of the exit
ges from the furnace the stream was directed 1o the burnerx
(2)e This could be by-passed through the capillary {(q) dir-
ectly to the vacuum line., This capillary wus installed to
effeet & pressure drop approximuately equal to that developoed
by the buorner, thus wien the gaa was diverted from the vace
uuam line to the burner the varlation of gas flow and press-
ures throaghout the gystem wag minimized.,

Before goins to the burner the gas stresm could be dire
ected throush various combinations of absorbers (M) to
resove hydrogen sulfide and mercaptans, (N) 1o remove thio-

phenes, end (Q) to remove carbon bisulfide snd carbon oxy~
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sulfide (sse page 43). Upon determinstion of the totel sule
for by combustion bvefore and after any one of thnese, the
gulfur present as the various compounds thus removed could

be determined. Thus (¥){E) and (0) represent all the absorb-
ers required for complete removal of tue compounds mentilioned
above.

For a determinstion of hydrogen sulfide &lone, the gas
mizxiure could be directed to a Shaw flask (R)(79), which was
followed by a trep.

To maintsin a constant, yet adjustable vecuum on the
system & mercury relief valve (3) wes plsced in the vacuum
line. By countinued bubbling of &ir through the mercury &
vacuum egual to the head of mercury in the trep wss thus ob-

tained,
wpecific kguipment Used and kethod of Uperation

Gas Leter and Jrier. “he wet meter used for measuring

gas volumes in these experiments was of & standard make,
having an accuracy of 0.001 cubie foot. This was equipped
with & theruometer and manometer to perunlt corsecting the
g&s volume readings to gome chogen standurd condition.

since the exit gas from the above tent meter wus sate
sreted with water vapor it wsg anscessary to install o drying
tubte on the meter cutlet. This consisted of & tube eontaine
ing cpproximately 250 ml. of sctivated slumina,. o0 obtaln
an indlcution of the moisture content of true slumina, this

Wus sowuked in & solution of wpproximately B percent cobald



ciilorlde end subsequenily dried at 450%F (252°C). fter
thig trestment the sluminag was blue when dry aend light plnx
when wets ot suaech & time ithat toe color interface between
the wot wnd dry sluminsg approached the ges ouilet of the
dryling bottls, the alumina wes regoved sul dried again at
450°%F,

Flow Neters (D),{D) ans {(L),(Figure 1}. These consiste

ed of ecapillary tubing of short lensths aud of a dlumetier
sufficlent {o give appreciable readings on the manometers,
The division of the carrier gas before thne furnace was nain-
tained in such a manner that the larger volume of ges by~
passed the thiophene bubbler. at the beglaouning of & run the
zas stresms entering the iurnace were proporilonated to the
desired value by atjusting needle valves (C). The needle
valve gettings were not changed at any tlme during an exper-
imental ran.

Thiophens Jaturator (F). The tuilophene saturulior wag

composed of a suifauble bubbling tube inserted in & Llask of
thiophena, whlieol in turn was iumersed in & constant tempera-
ture bathe. The bubbling tube was made by [lirst blowing a
bulb on the end of & glass tube, then several small holes
were made in the bobble. o maintalsn a consteant tcuperatfure
in the bath, a 8D watt cundle-shuped light was uscd as &
neatingz element. an lmmerasion type tasrmoregulator, with a
sensitivity of 20.25%F, was used to control ine heating
eyele of the light buldb. To effect better control of the

bath temperatlure, cold water was pusscd through & set of

pad



ecils immersed 1a the bath. & magnetic stirrer was wsed 1o
obtaln aglitation of the bath water. Vith this arrangement
it was possible to maintein the bath within ¥0.5%F of the
desired tenperature.

Phe thiophene used in these experiments was obtalned
from the laboratiorlies of the socony-Vacuum Qil Company, whose
analysis of this meterisl showed 99 mole percent thiophene,

Furnace (I). The furnace used to heat the resetion

tubes wags of the glo~-bar type, with & heating zone of &pproxe
imately 1% inches in length. 7o maintaln the temperature &t
& constant value & standerd type 1lunlicator-contreller was used
whieh was operatsd with the sid of & basze metsl thermocouple
instzlled in the fTurnace. Toenperaturs control was realiszed
by the sutomatic switching of the glo-bar leads t0 4 high or
low voltage tap on wn autotransformer connected in the furne
ace circuit. The deaired operatlng temperature range uzovern=
ed the trunszformer taps thus used. With this arrangenent it
was pousibls to meintain the furncce temperature within -59F.
Because of the time required to raise ths tempereture of the
furnace from roow %o operatiug toaperatures a tinlng device
waa installed {0 turn the furnuece oun seversl hours before an
actual experiment.

The filter (I) followlag the furnace conzisted of a
tapored ground -lass Joint whileh was drawa dova at the ends
and gealed t¢ ¢ mm. tubling. This was packed wiih cotton for
& lensth of wpproximately 2 lunches.

48 noted above, 10 malntain o prassure cu the furnuuce
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inlet approximately equsl {to atmospherie, & capillary tube

(£) was imstelled. This waes ex either 1 or 2 mm. bore and

about 18 inches long. These dlmensions depended on the gus
being used ss & thiophene carrier.

absorbers (k),(H) and (0). 4The absorbers used to re-

move specifie sulfur compounds from the furnace exit gas
were made of a design similar to the thiophene satursator,
but of 500 mle. capacity.

absorber for Hydrogen Sulfide vetermination (R). Phis

£lask was made sccording to Shaw's gpecifications (79). ‘FHhe
absorber was followed by & trap which consisted of & tube
subumerged in a solutiocn which was of the same composgition as
that contained in the Shaw flask.

Burner for Tofsl Sulfur Determinatiocn (2). Phe total

sulfur determination apparatus used in these experiments was

& modification of the one recommended by the =merican Soclietly

for Testing daterials (96) for the determination of sulfur in

liquid petroleum fraetions. . modification of the burner was

necessury to adapt this for gases. The liquid sampls bottle

was removed and & small length of a&luminum tubing having &

2 mm. bore was inserted in the burner inlet and sealed with

sealing waxe. This modification was necessary to give the

pas sufficient velocity to prevent flasn back ol the [lame.
When an inert carrier gas was employed 1t was necesgary

to introduce hydrogen inito the gass stream to meintain a

flame on the burner. “his hydrogen, being mixed with the

sulfor bearing carrier gas Jjust prior 1o entrsnce into the



burner, was metered by means of « {low indicator similur 1o
those deaseribed above. Contrel of the hydrogen flow wes ob-
telned by meang of a pregsuare reducing valve and & needle
valve on the high pressure ecylinder supplying the hydrogen
thus used,

Pfhe sir required for combositlon llkewlse way metered by
means of & caplllary tube and manomster. Conirol was made
poseible by meauns of & needle valve on the inlet side of the
flow metsr. The slight vacoum applied to the burner was
guffieceient to maeintelin the sir flow required. rurification
of the zir wus effected Just prior to entraznce into the
burner by first psssing thls throuzgh a serubbing bottle
contuining concentreted sulfuric aeid and then throogh a
bottle containing normal sodium carbonatie.

48 previocusly mentioned, the burner by-pass line con=-
tained & segcetlion of capillaery tube to minimize flow and
pressure variations, when the gas stroum was diverted directe
1y to the vacuum system. Yhis ecapillary consisted of & tube

1l mm. in bore and approximately 10 inches in length.
an&lyticel srocedures &«nd oolutions

Total cSulfur Ueterminations. There sre many varis-

tlons of the combustion method for determining the total sul-
fur content of u gas. » foew of these methods were degscribed
in Chapter VII. For the expsriments here & rapid, but ac-
curate determnination was degired, therefore the method

suggested by =ltieri (77) for sulfur determination in com=
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bustible liguids wuag modlflsd to sllow similar unwlyses on
cages. wassalially, the suliur ecompounds were convertsd to
gulfur dioxide snd gulfur trioxide by combastloa, with the
almultaneous abaorpiliova of these compounds in a golutiocn of
godium csrbounate. The carbonatle thus consumed was deitermined
by titration with salfuric acid of known councentratiion, usiug
methyl orange ag an indicator.

"he conecentration of the zodium carbonate solution used,
a3 well g the zulfoaric secld, was approxluately 0.06392 normal.
Thls conesniration is «lao recommendsd by sltieri. For
gtandardization of these soluiiony a commercislly standard-
1zed 0.1 N hydrochlorie scid was employsd, by titraiing a
10:1 solution of this aeld against the sodium carbonute s0l-
ution, which in turn was titrated against the sulfurie mold,
mathyl orange dbeing employed ag the indieator in both cases.
Both the sodlam carboaste &«nd the sulfluric acid used were of
Ce¥e grude.

With a thiophene contzat of wpproximately 630 gralins
per hundred eabié feet of zuas 1t wag found that 25 nl. of
the godium carbonute sovlutlon was gsufficient Tor econmplete
sulfar removal frow the burner exit gus when the volume of
gasg burned was 0.1 cubie foot. To inecresse thie volume of
solation in the gserubber, approximately 285 wl. of distilled
water were added 10 the curbonate soluillon.

fhe Institute of Gus Teennology (37) recommends the use
of a 10 poresnt solution of sodium ulcurdbonste ws the serubbe

ing mediom for toital sulflur determiaations by combustion.
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apalygis of this solutlon is carriea ouil by neuiralization
to the metihyl orunge end point wita one K aydrocaloric acid,
Ifollowed by tue addition of aun sxcesg of one ml. of the
geid., Fiftesn mi. of gssturaied browmine water is edded and
the solutioca boiled until the color of bromine disappears.
The solutlion 13 then treated witi 10 al. of 10 percent bar-
ium chiloride, bolled for um hour, and filtered. IThe weiszht
of tne drled proecipitate gives the aulfur present as barlum
gulfate. This method was cowparsed to {ig cue suggested by
altieri (77}, und the results by Lotk wethods dilffered by
less thun 1 percent. The ciief difficulty with all gravie
metric methods Ils the time luvelved in ceriying ocul euen an-
alyois.

Hydrogen sullide = lercupten .bsorblug solution. oS

previously wmentloned, the deterninaticn of aydrogen sulfide
plus mercapions weg wade by & totel sulfur «ualysis ol the
gan belore and arter these two compoancnts had veen rewoved
from the gas. The solution used Ior the siumulicusous advaorp~
tion of hydrogexrn gulfice and mercaptuns consisted of 100 ml.
of & 10 percent caduwlum chloride solution to wihieh 15 ml. of
spproximately one acrmal sodium carbunute bad beenn aaded.
This selution bas been reccommended by the Institote of Gas
Technolosy (8Y). wo effect comgplete ramoval of the sulfur
pregent us hyGrogen sullice and morcapians, one, snd S00ew
times two, serutbing votiles were reyuired. Yhuy reason 1or
Buling two suck: scrutbers is discussed in o« later secliocn.

ihiophene wbsorbing solution. Hutchinson (2) has re-
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commenfied the use of concentrated gulfurice geid for the re-
moevel of thiophenes from ges. Sxperiments by the Institute
of Gugs Teehnolory (87) have verified the use of gulfuriec ameld
for this porpose. It is necessary, however, to remeve the
hydrogen sulfide and mercagtens (98) prior to the removel of
thiophene 2y this method, consequently the sulfurle acid
scrudbbing bottles were placed &fter the cednium chloride
gerubber. Yo insore complete removal of the thiophenes, two
acid serubders were instaelled, followed by & norzel sodiom
curvonagte solution to remove gny rosulting celd migt. In

all these of the above serubbing bottles 100 ml. of seolution
were usef. To Qcteriiine the aulfnr precent as thiophenes in
the mas leaving, or entering, the furnace, & total sulfar
analysls wig medle bhefore wnd after the thiophene secrubbing
train snd the thiophone content determined by Gifferonce.

It has Been racommended {29} thst belfors an unslysis is mude
onn the gas leavii: the gullurie acid bottles, at leszst 0.3
cublic foot of pag should be passed fthrouch the eld 1o ro-
move any oxifes of gulfur srizing from the aeid 1iself. In
the experinents here at léast 0.5 cuble Toot of zas wus

&llowsed 1o pass throuzh the hottles before analysis.

ool Wl L Y

Cuarbon Biaulfide &nd Carbon Cxysulfide .bgorbing 3olu~
tions. For the slinaltanesus removal of ecardbon bisalfide and
carbon oxysulfide Trom gas & 10 percont solution of alnoholle
potaaln hLas been recommended (37). This aolutlon was male by
rapldly srinding 10 grems of potassium hydroxide pellets into

& powler and dissolving this in 110 nl. of 95 percent ethyl



alecohol. The solution wes made up fresh prior to each an-
&lysis, cooled to OOC, ané maintcined below 5°C during ab-
gorption. Before exposing the gas belng tested 10 this
golution 1t is necesssry to rewmove the hydrogen sulfide,
mercaptuns, and thiophenes; this scrubber ithersfore followed
tiie salfuric secid previcusly mentioned. In most cases a
single absorbing bottle was sufficient for removing &1l the
carbon bisplfide and carbon oxysulfide present. To determine
the quantity of solfur present in the gas as both biguliide
end oxysulride of earbon a8 total sulfur determination was
made before and after the removal of these compounds by the
alcoholic potash.

By & rather unigue method {87) 1t is poasible to deter=-
mine the sulfur present as carbon bisulfide or carbon oxy~
gulfide alone. The method, described herewlih, was uged in
these experiments when it wss believed that carbon oxysule
fide, a3 well &s carbon bisulfide, might be present in the
sas. The reactions repregenting the absorpiion of earbon bi-
gulfide and carbon oxysulfide in &n alcoholic potash are
given below (see page 39):

(e) CS8g + KOBt — KS5-C3=-0Bt

(b} C€OS 4 LOBY — L5~CO=-OEt
If this mixture 1s kept chilled &t approximstely 0°C &nd
acetie aecid is added the reactive xanthle acids are formed.
These are readily oxidized by lodline to give the correspond-

ing disulfides;



(c) QIBwCo=UIt + 12 —> EtOeChws=BeCo=510 + ZHI
(d) 2BRS-CU=0Et + I, — B10-C0~0=0=-C00~5810 + ZHI

From equations (&) s«nd (e) it is seen that one mole of
curbon bisuliide requirss one aton of locine for neutraliza~
tion while from equations (b)) and (d) it is seen that one
mole of curton oxysulfide reguires cone afowm of iodine ior
neutreligation &lgsos. Letting S be tne sulfur present &s
the disulfide and 2 be the sulfur present as the oxysulllde,
there results:

%SD + 55 = Yitratable sulfur.
from the total sulfur snalysis before snd after the potash
serubbing bottle, there resualts:
Sp + S, = letal sulfur loss.

« Bolution of these equations simultineosusly gives the znle
fur present as carbon bilsulfide as well as carbon oxysulfide.

Two such anulyses, when necessary, were sumployed to d¢-
termine the carbon bisulfide and carbon oxysulilde in the
sulfur bearing pas leaving the Turnace, after the hydrogen
sulfide, mercaptuns, and thiophunes had been removed. Lo
determine the sulfur loss by scrubbing the gags with alcohol=-
ic potash, & totel sulfur determination was made before and
after the potash serubber by mewns of combustion. subsew
gquent to this, a secaond portiovn of {the gits was scrublbed free
of curbon bisulficde snd carbon oxysuliloe by replacins the
above sorubbing solution with freshly prepared alcoholic
potasin. ofter passsing a Xnown volume of gas, tne bottle of

golution wag removed &ané diluted wpproximately 1l:1 with dis-

































































































































































































































