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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.



£8

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
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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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Figure I-B

Equipment Used in Studies of the Shermal
Decomposition of Shiophene
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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-



tilled water. Ui wixture vas sgeln chlilled to 0%¢ and
gcldified with glaclal acstic weid 1o tie phenolphiicalien
end point, the aeid beln: adoed Qropwlse with an excesg of
three drops. wseepling the solution chilled, O wl. of starehl
solution (200 gm. soluble stureh in 1000 ml. of water) were
aGded «nd this wug tltraeted with 0001 normul iodine soclution.
«liznough the stareh end point is feirly difficult to deter-
mine, reesonable accuracy can be obtalued with practice. It
is of course necesgary 1o correet these titrations by means
of & blank. 7The lodlne solution used for these determina-
tions was prepared by disgsolving L7 grams ol lodine snd 20
to 25 grams of C.P. potassiuom iodide in &s little water as
possible, and then diluting this to a liter. This 0.1 normal
gtock solution wsg diluted 10:1 for use in experiwmentel &anw
elysis. Jtandardization of these lodine zoluticna wes 0b-
tained with the wid of & commercial stundturd of sodium
tniosuliate.

iydrogen wullide Determinatiche The procedGure employed

for the deteruwination of aydrogen sulfide will be wiscussed
in detail here. It is & modification of the wethol detailew
by whaw {(79) which modificetiocn was necesssary becuuse of the
presence of large yuentities of hydrogen sualiide. The pro-
cedure recommended by shaw has been previocusly discussed in
Chapter VII. Essentiully, this meticd congists lun absorbiag
thae hydrogen sulfide sud mercaptans in «n &alikuline caduium
chloride solutione This solution iz then neutralized to the

methyl orange end polat with aorwal hyarocihiloric scid aftern
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witich «n excess of ascid iz sdded 1o zive & soluticn econtain-
ing 3 grams of frse LCl per liter. .t thls concentrstion

the caémium sulfide 1s in suspensior znd tne cedmium mercap-
tide 1n aolution. This 1s filtered snd the sulfide dissolved
with conecentrated hydrochloric seléd, and treated ¢ith iodine
which 18 back titreted with thicsulfaete,

sue 1o the lergze quuntities of hydrogern auplfide present
in the experiments here reported, the cedmium sulfide formed
on &bgorption masked the methyl orance indicator, and it was
imposgible to determine the end point ocecuring with the edd-
ition of &cid. Tecause of this, the correet pH for cadmium
nercaptide disscolation eould not be obtained. Brewer and
Ghosh (100) modified shaw's method by adjusting the pH of
the absorblag zolution (0.3 percent free acld) before
serubbing the guz. The objeet in this wie to retain the
cadmlum mercaptide in solution. This method was trisd under
the conditlona of the experiments here &nd 1t wes found thsat
after two scrubblog hottles hydrogen sulflde or mercaptans,
were still present in the pgas.

It wes believed that perhbaps another imdicator, i.e.
one that iz not rusked by the yellow cadminom suplfide, might
prove suceessful, however, there are very few satisfactory
indleators in the pIl runge below methyl orsnge. It is nec-
sagary 1o have wn Indlcetor with & pil range no grezter thsan
that for methyl orunge due {0 the presence of carbon dioxide
and hydroszen salfide.

The following procedure was Tinally devized for the de-



terminetion of nydecogen salilde in gss. Pollowing shaw's
recommendation u scorubber wues used Iollowed by & trap, sach
contaiciag 10 wl. of 10 perceunt cadmium chloride sclatlon

5

with & wle.e of normal sodlium curboasils &5 &« buifer. Defore
exposure 10 {fhe gas, & ml. of normel hydroenlorlie weld were
reguired tc paatrelize gach ol toece solutions 10 & methyl
orange eud polni. winece these two solotions were combined
vefore amilysing for zulfur by ohaw's motnog, & totul of 4
wle of nmormel acid were requlred tov neutrelize the mizxture
to & methyl orunge end point. w7ter passing the ges through
tihe two scrubbers the color of cadmiuwm sullide was sppurent
o the first bottle only, therefore & yusntity of normal
&cid between U wnd 4 wl. wes required ior neutralizaticn of
tie comblned golutions.

In order to obt.ln a ccouncentreticn of O gremg of free
acld per 1liter it is necescary to have 8.9 ml. of normel
scid ian 100 ml. &bove that required for ueutrulization of
the catuwiuw enloride-gedium carbonste golution. oLince 2 to
4 wle of acid sre nceded for neutrasiization, 11.3 ml. of
weld were added 1o & quantity of water sufficient to bring
the volume of the cowbined scyrubber solutivns to 100 wle
“he maximum pH verisiicn of such & procedure is =0.06 pH
units. fter diluiion, ithe wixture was filtered throush &
Goven cruclble, and the cadmiom suliide rediggolved witin 10
mle 01 couceniraied Lydrochloric weilda. This was Giluted to
S0 wle, &u excess of lodine solution added, and back titrate

ed with usodiuam thicsulfsate wsing stareh &s wn indlicator.

3



- fTew hydrogen sulfide detsroinstlone were nmade using
11.8 ¢nd 10.8 mle. of norm.l scid, instead of the 1l.3 men-
tioned mbove, in & volume of water sufflecient to dilute the
serubber solution to 100 ml. In &1l cases the deviation wes
within 2 percent.

In order to find the sulifor present as mercaptans only,
the quantity of sulfur determined as hydrogen sulflde was
guabtrected from that value of sulfur obtained as hydrogen
sulfide plus mercuaptans by combustion methods (see page 50).

It should be emphasized that the results obtained by
this modification of shaw's procedure ure not considered to
be of & high order of acecuracy. This method of hydrogen
sulfide determination wag employed as & lust resort. How-
ever, it was believed that the regults thus obtuined would
show ressonably well the approximate gusntity of hydrogen

sulfide and mercaptans present in the giges in question.



CHabPPR I4
WlablTalIVy SXei JMulNTS
Choiee and rreparaition of vyrolysis Tube Packings

The echief objective in the thermal decomposition of
thiophene was ine transformation of this compound into
types of sulfur productis capable of sasy removal from gise.
It was believed, therefore, that pyrolysis tube packings of
some form of carbon might be beneficial not only by incresse
ing the surface present, but also by uiding in the formation
of carbdbon bisulfide. Jn thig basls 1t wag declded thut coke
be used ag & ftube packins. .« commercial grade coke was cho-
sen., Tnis was crushed and screened tc & size runge of 5 to
4 1inech in diameter. The ash content of the coke thus om-
ployed was 15.0 percent on & dry basis while the sulfur con-
tent was found to be 0.55 percent, also on & dry basis.

To study the effect of the wmineral compounds present in
the coke a form of ecarbon low in ash content was chosen as a
pyrolysis tube packing under conditiona comparable to those
during whieh coke was uged. FHor tniy purpose a gugar char
wag prepared. w~somestic sugar cuabes were Lirsgt charred in an
open refractory dish until the major part of the volatlles
had been distilled off. This echar was next broken into
small pleces and further charred in « combugticn tube &t

approximately 200097 (109300) for six hours. By placing a
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water ssal ﬁt one end of the combustion tube it was possliile
to tell when charring was complete. after cooling, the suge-
ar chay was removed &nc broken into smsall pleces which were
screened to a size of 4 to § inch in diameter. The ash cone
tent of this char was found to be 0.64 percent on & dry bage
is.

A third packiang of porcelain wes chosgen for & study of
surface effects alone sas ccmparé& to coke aunud sugayr char.
Porcelain balls spproximately § inch in dilsmeter were obiaine
ed and these were soauked in aque regla overaixht and then

thoroughly washed and dried.
Preliminary ixperiments

Before any qualltaliive stuaies of the thermal decompo-
gition of thiophens were undertaken over a carbon gurfuce, &
few preliminury tests of the method of operation of ths
equipnent ewnployed were made. With the use of nitrogen as a
garrier pas 1t was necessary to introduce hydrogen into the
gas strean Just prior to the burner wssed 1n totsl sulfur de-
terminations. 7The objéct of this was to maintuin the flame
necessary to effect o conversisn of the sulfur compoands
present in the gag to sulfur dioxide aand sulfur trioxide.

To determine the hydrogen rate neceassary to gilve an optimum
glze flame, the burmner was i;nited &nd inserted into the
ecnimney of the absorption apparatus. osufficient alr was
also introduced into the burner by cpplyins & vacuum to¢ the

outlet of the selfiuor deterniration apparstus. The flow rate
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of the hydrogen was then adjusted by means of the reducing
valve on the hydrogen cylinder znd the reading on the hydro-
gen flow indicutor notea. «Leepling the same rate, the hydro-
gen flow was measured by observing dhe Vime required to Till
& zag burette with fhe hydrogyvmn. This rate was fountc 1o be
900 wml. per minute,

For the preliminary expgeriments & carrier gas of nitro-
gen was usel 0 ilntrodaee tnlophens into a high temperature
zone. To obtaln the maximum nitrogen flow rate for efficient
operation of the suliur deteruination wprsratus & process
similar to that deseribed above was used. oIfter izniting
the hydrogen snd inserting the burner in the chimney the
pitrogen flow rate was varied to obtain & flame thut did not
blow out or extend too fur up into ithe chimney. This rate
was noted oun the wet test metsr anld was found 10 be Gpprox-
imately 0.1 cublic foot in $5.25 minutes.

in order to obtaln bvetter accuracy, 1t wes decided that
a Talrly high conecentration of thnlophene in the gas entering
the pyrolysis tube should be used, taereiore & value of
approximately 2060 graias of sulfur as thiopbene per hundred
cubie el of gus was chosen. By adjusting the tomperaturs
of the batn surrounding ithe thiophens saluraior to 70%F
(21.106) i1t was posslible to obtuin the higsh thilophene perw
czntages required in the gas as well as obtain assurance
against thiophene condensaition in the uncooled gas llines.
The thiophicne content of the inlet zas 1o tiie lurnace wus

brought to the cesired value by inereasiny the rute of gus
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flow througli the thiocpheny saluretlor and anelysin: the gus
aixture after esch chenge iz the flow rutes. «ilth & gas
containing 260 grains of sulfur «s thiophene per hundred
sublec feet, approxiretely 1D ml. of the 0.0639Y normal sodiuom
carbonate solutiocn were consumed in scrubbing the sulfur die-
oxide and trioxide from the producets of combustion of the

gulfuxr lamnp.
System Calibrations

altiiough the use of rubber tubliag throughout the sysiem
wias kept at a minimom and all gless tubing Joints were as
close as possible, 11 was deemeld neceseury to deternine any
errors latrodoced by the rubber tubling and few rubber stope
pers presont. 20 achieve this, & ftotal sulfur deternination
wes made on a ges sekple taken Just ailter the point of mixe
ing of 1he carrier geas stream and the gas siresm saturated
with tnhiophnene. Thic wes compared io & total 3ulfur e T
elysia of the mixed guses aulter inese nad passed throuzh the
entire aystem, including {he train ol empty scrubbing bottles
pused in selective sbgorption. It weas ifcund that these twe
tnalyses sgreed within £ percent. fHnils ggreement is at
least as good &g thet expected due to varlations in the con-
stant tenpersture bath surrounding the thiophene sstursator.

russel (101) states that the presence of oxides of nit-
rogen in geoea give erronecus results when analysis of the
scruabbing sclutione used for total sullur determinatious by

tiie lenp metnod iz made by back titratiocns. 7To aske ¢ertain
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such errora would not be present under the conditicns of the
experiments here, & totul sulfur determination, euploying a
back titration of the sodium carbonate serubblng solution
with hydrochloric aclid, was made on the exit gas from & py-
rolysis tube packed with coke, while uslang nitrogen as &
carrier gas. 41his was compared {0 an analysls of the game
gas by the use of & gravimetric method as given by rarr (102).
The deviation between these two methods of analysls was
within one percent, whnich is within the accuracy of the
apparetus. It was therefore concluded that the errors in-
troduced by any oxides of nitrogen were negligible.

Phe methods of control of the gas flow in this apparatus
were quite satisfactory. Having adjusted the ratio of gas
flow into two streams, which eould be done rapildly, and have
ing adjusted the totel flow to the desired value, 1t was not
necegsary to readjust the total flow rate any more freguently
than every half hour. Ususlly it was not necesssry 10 read-
Juat the ratlio of gas flow in the two sirecams at &any time

during an experimenital run.
The FPormation of a Carbon sulfur Complex

Holtz (40) made a study of the formation of a carbon
sulfur complex on sugar char when nitrogen, conteining hy=
drogen sulfide was passed over char heated to temperatures
of 1500 to 1700°F (816 to 927°C). It was found that approx-
imately & to 3 hours were reguired to bring such & complex

to equilibrium with the gas, when the gsas, containing app-
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roximately 450 gralns of hydrogen sulflde per huandred cuble
feet, was pasaed over chuar &t a rate of 0.58 cubic foot peor
hour,

4 Lew trial experiments indlecated that thiophene guave
similar results when passed over coke heated to high tempera=-
tures. Nitrogen containing ZZ1 grains of sulfur as thiophene
was introduced over coke, &t 1900°F (1028°C) and at the rate
of 1,41 cubie feet per hour, and totel splfur determinations
were made periodlcally on the exit gas from the furnace. It
wag found thet aspproximately three hours were regquired to set
up an equilibrium between the carbone-sulfiuvr complex on the
coke and the sulfur bearing constituents in the gas. The rew

sults of thils experiment are presented below.

Table II

Dissppearance of Thiophene sulfur over (Coke

solfur Csleulated as Thiophene
(Grains per 100 Cubie Feet)

Time Furnace Inlet Farnace Quilet
{Hrs.)
0 222 175
0.75 222 201
1.75 282 216
Le85 HEE aal
275 248 221

It is possible the partial pyrolysis of the iniophene
regulted in the formation of hydrogen sulfide and carbon bl-

sulfide, as well s other sulfur compounds, which in turn reé-
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acted with tiue carbou presert 1o form & complex ou the coke.
In «l1l experiments sguiflcient time was uwllowed to saturate

the pyrolysis tube packings with this carbonesulfur conplex.
wialitstive ostudles of the ryrolysis of Thiophene

Hefore any quanititative wori was begzun 1i was necessary
to muikte & fow trial experiments to deterwmiune such factors as
the temperatureg required to give uppreclable therzal decom=
position of thiophene &8 well as the conteet times necessary
&t each of these temperatures. For a trial, & one inch
{(I.0.) Sillimenite combustion tube was chosen and packed
with coke soreened to a size of § to ¢ inch in diameter.
Using nitrogen &8 & carrier gas, containing zpproximately
240 greins of gsulfur &s thiophene per hundred cublic feet,
passed throush the furnace at & rate of l.41 cublic Teet per
hour, four different furnace temperatures were employed,
i.e. 1400, 1600, 1800 snd 2000°F (760, 871, 982, und 1093°C).
4 Qetermination of the tiniophene present in the furnace exit
gag under esch of the above conditions gave the following

results:
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Table III
becomposition of ihlophene over Coke

in an atmosphers of NRitrogen
Furnace Temp.

(°F)

Furnace Tempe. Gas Rate sulfar ag Thiophene
O5) (Cu.Ft./Hr,) (Grains/100 Cu.Ft.)
Inlet Gas IExit Cas

1400 1.41 242 138

1600 1.41 234 loz2

1800 l.41 £36 61

2000 1.41 236 0

From thege determinations it was declded to use furnace
temperatures of 1625, 1775, and 1900%7 (885, 968, and 10389(C).
This temperature range insured the thermal decomposition of
thiophene 1o the extent of 50 to 100 percent when nitrogen
wus employed as the carrier gas.

Having found that the decomposiiiocn of thiophene, in &
nitrogen atwospiliere over coke, wuas compleie at a gus rate of
l.41 cuble feeti per nour and & furnace teumperature of 20009F
(1093°C), 1t was believed that a study of the pyrolysis of
thiophene at the same temperatures wmenticned above but at
shorter contact times might yield useful larormation. 7To
&cihileve thls purpose smeller diametser quarts tubes were ob-
talned. &« % ineh I.D. tube would glve & contaet time of
approximately 4 that obteined with & 1 inch tube and & %
inech I.0. tube would give & contact tiwme of [ of that ob-
tained with & 1 ilach {ube, thherefore it was decided that

such tubes packed wilih eoke snovuld be iried. Lhe reason for



changing the pyrolysis tube diuwmeter rather than the gas
flow rate was to mulntelin the saume conditions &t the burner
aged for toital gulfur determinations.

For & comparigson of coke, sugar char, «nd porcelain as
pyrolyais tube paeckinga, 1t was believed tuwt the uvae of ihe
lergsr tube only, i1e.e. the 1 inen l.d. wiliimanite tube,
would be safficient if the three furnace teumperatures pre-

viously mentioned be employad with each type of packing.

The Couparigon of Furnece Temperatures and Pyrolysis

Tubse Temperatures

Laving ehiosen the Turnace temperatures aundl size of py-
rolysis tubes, &3 well &8 tone packling 1o be used In esch, it
W&8 necegsary 1o secure gome ides of the femperature grade
ient within the tubss umder eacu of the cunovsen conGitions.
Y0 ackieve thls & "“Vyeor® tube was placed throughh the center.
of the pyrolysis tube and the anunular space packed with the
material ino guesiticus «» base metal loerwocouple was ihen
lauserted within the Vycor tube, and tne furnace wus brought

to the cesired tesperature.s witer wllowing suilicleni time

(2 d

¢ oblaln thernul egullibriuw the tiherwoeocuple witnln the

]
&

Vo ecOr tube wes woved &a lnen &t « tiwe from owne ena of the
pyrolysis tube 1o the other, and the temperature was noted
at sach polnt. 1The resulis of taneve Gelterminuiions are pre-
sented in Yables IV, V, VI, VII and Figures I1I, 11X, IV, and
Ve avaruge tube tewperatures weres obtulined by grapaical ine

tegration of the aurves sabove 600%4,



The Letermination of Contact Times

Within the Furnsce

In order to determine gas contacel timens within the fure
nace it was necessary to determine the voluwme of paeking used
in eaeh pyrolysis tube. w3 & first step, the Guantity of
paeking material required to f£ill each tuvobe for the length of
the furnuce was obtained. .« graduated coylinder was then
filled with &an amount of water sufficient to cover the pack-
ing, whieh was then also placed in the ceylinder. 'The result-
ing change in the volume of water was used as & measure of
the volume of packing required to fill that length of the py-
rolysls tube exposed to the high temperatures within the fure
nace. This volume was subtracted from the volume of the
pyrolysis tube effective for the thermsl decomposition of
thiophene. From the corrected volumesa &nd gas flow rates,

tne following contucet times were obtained:

Tube Diameter Packing approx. Contaet Time
(Inches) (seconds)
1 Coke 11.9
1 Porcelain 11.9
% Coke 73

Coke S0



table 1V

Culibration of ikyrolysis Yube Temperature Versus
Furnace Temperature
1l Ineh I.D, 5illimanlte Tube
Coke racking

Inches From Pube Temperatures (°F) Corrssponding to
sind of Tabe Furnace lTemperatures (°OF) of

1625 1700 1775 1300

0 600 600 630 €40
1l 870 200 930 2980
2 11560 1200 1240 1330
3 1390 1460 1800 1660
4 14%0 1580 1630 1800
b 1540 1650 1710 1850
& 1580 1690 1750 1880
? 1610 1710 1770 13910
8 1620 1720 1780 1920
9 1620 1730 1790 1930
10 1620 1740 1790 1930
11 1620 1740 1790 1930
1z 1610 1730 1790 1920
13 1590 1720 1780 1910
14 1570 1690 1750 1880
15 1530 1610 1710 1860
16 1460 1560 1640 1800
17 1540 1450 1500 16560
18 1080 1200 1240 1330
19 810 880 220 260
20 580 590 6Z0 600

sverase Temp. 1390°%F 1460°¢ 1521°F 1643°F



Table V

Calibration of wvyrelysis Jove Temperature Vergus
farnace Teuwperature
1l Inch I.D. cillimunite Yube
roreelalin racking

ineches From fube Teumperatures (°F) Corresponding to
ind of Tube Furnace jemperatures (9F) of

1625 1700 1775 1900

0 560 560 560 600
1 7 50 860 860 940
2 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
8 1620 1700 1800 1930
9 1630 1710 1810 1930
10 1630 1710 1810 1930
11 1630 1700 1810 1930
1z 1620 1700 1800 1930
13 1600 1680 1790 1920
14 1590 1660 1760 1910
15 1560 1620 1720 1840
16 1480 1560 1650 1780
17 1340 1410 1510 1650
18 1100 1170 1230 1340
19 750 870 880 980
20 560 560 570 600

averaze femp. 1400°%¢ 1467°% 1535%F 1660°F



Table VI

Calibration of ryrolysis Yube femperatare Versus
Jurpace demperatuare '
4 Inch I.u. Juartz yube
Coke sucking

Inches From Tube Temperatures {(9F) Correaponding %Yo
iZnd of Tube Furnace Temperatures (°7) of

1625 1700 1775 1900

0 570 600 600 620
1 930 980 980 980
2 1260 12340 1380 1420
3 1470 1550 1610 1730
¢ 1560 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 1950
10 1660 1740 1820 1950
11 1660 1740 1820 1950
12 1660 1740 1820 1950
13 1650 1730 1610 1940
14 1630 1720 1800 1930
15 1600 1680 1780 1900
16 1550 1640 1740 1850
17 1460 1570 1690 1720
18 1270 1360 1380 1480
19 950 980 980 980
20 560 600 600 650

aAverage Temp. 1460°%F 1525°F 1610°F 1740°F



Table VIiI

Culibration of byrolysis Tube Teuperature Versus
arnace fenperature
# Inch I.D. quartz Tube
Coke iracking

Inches From Tube Temperatures (°F) Correspondinz to
knd of Tube Furnece Temperstures (°F) of

1626 1700 1775 1900

0 560 580 600 600
1 880 1010 1050 1090
2 1240 1350 1380 1470
3 1480 1560 1560 1750
4 1660 1640 1700 1840
6 1600 1680 1750 1890
6 1630 1710 1770 1910
7 1640 1720 1790 1920
8 1650 1730 1810 1940
9 1660 1740 1820 1950
10 1650 1740 1820 1950
11 1650 1740 1820 1950
12 1650 1780 1810 1930
13 1630 1780 1790 1910
14 1610  171C 1770 1890
16 1590 1670 1750 1880
16 1560 1650 1700 1830
17 1480 1550 1550 1730
18 1250 1370 1380 1460
19 880 990 1040 1040
20 560 570 600 600

average Jemp.. 1460°F 15409F 16159F 17459F
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THYE YHIN AL DLHCTL e CaIIol OF THIOHINE

IN THE pRUSRHCE UF NITROGLE

Hitrogen was chosen as & thiophene carrier gas in order
to study the thermel decompositicon of thiophene in the pres-
ence of an inert gas. The nitrogen nged in these experi=-
ments had been compressed over water and an anslysls by the

company supplying this gas was given as:

Nitrogen = 99.5 4 &

Oxygen = less than 0.45%

Inerts = trace
fwo samples of this gas were analysed by means of & IHaldane
gas analysis apparstos and the nitrogen wus found to contain
0.15 percent oxygen. 70 deternmine the error introduced by
the presence of this oxygen, a few triasl experiments were
made. It was found that of the total sulfoar in the exit gas
from the pyrolyslis tubes, & maximum of 4 percent was in the
form of ecarbon oxysulfide. The niirogen was therefore used
ag received and the csrbon oxysulfide formed during the py-
rolysis of thiophene was reported simultaneously with the
carbon bisulflde. The asmall amount of water vepor originate
ing in the nitrogen compressor was of course removed by the

getivated aluminae.



¥ethod of Cperation

Before beginnln: an ascotual experiment several steps
were necessary to insure proper operating conditicins. «8 a
firast gtep the furnsce was brought to the desired temperae
ture and the constant temperature bath conteining the thio=-
phene saturator azdjusted to 709% (#1.1°C). The nitrogen was
then sdmnitted to the system snd the zea Lflow retes so adjuste
ed as 1o obitsin the previcusly choszen thiophene concentrsation
in the gas and the correct contaet time over the pyrolysis
tube packing. Until such & time &3 all settiings were made,
the gas was directed around tine furnaee, however, &8 soon as
these adjustments were coupleted the flow was diverted
through the pyrolysls tube within the furnsce. shortly
thereafter & total sulfuor determination was made on the exit
zagseg. This anslysis was repeated at Lntervals of aboat 30
minutes antil the total sulfar concentratlon of the exit ua
remained constunt. «t sveh & time 1t wus assumed that the
gystem was sufficiently purged of alr und that the carbone-
sulfur complex, previocusly discussed, was in equilibrium
with the sulfur bearins gases. The gag contalnins the pro-
duets of pyrolysis of thiophene was then pasgsed througsh &
single cudmium chloride-sodium carbonate scrubbsr to remove
the hydrogen salflde and mercuaptans present. again gt in-
torvals of 30 minutes total sulfur determinatisna wers made
until the zualfoar content of the exit gas from this seruavber
was constant. +Yhis process waes repeated using two sulfurie

scid serubbers and then one or twe alcoholic potash scrubbers,
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depending on the wuentity of carbon blsultide preasent.
The thiophene in the pus entering the pyrolysis tube
wag determined by means of a totel sulfur snalysis of the

88 when by-pagsed around the furnsce.
bisecussion of woume of tihe Lguilivrisc Involved

Lue to the complex nature and vneertein mechenisms eof
the resctions involved in the thernal decomposition of thio-
phene, it wss considered undesirsable 1o make & atudy of the
kinetics of these reactions. For a similar reason, conpre-
hensive thermodynsmice predictions were alsoc considered not
feagible, however, a few proposed resections were examined.

Employing &n inert gas &s a carrier ifor tniophene it
was believed that the following resetlons would be the pre-

dominant ones:

(o) CglHyo = §CSp & ZHp + 7/3C

4 caleulation of the equilibriuom constunts of these two re-
actions at 1625°F (8859C) and 190097 (10289) (see oppendix)

gave the following resualts.

Zgulilibriun Constent

at:
Reaction 1685°7 1800°F
{4) 1.5 x 108 6.1 x 107
() 2.5 x 10° 4.0 x 108

From this it ig sesn thet equilibriws considerations
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faver the Tornotion of hyfrogen cullide over {ho formation
of carton bisnliide when axn inert zege is used us tae {Llo=-
phene carrisr. osinee the systens are notl neecessarily 1o
true 2gailibrivm, kiretic a3 well zg equlilibrium effects are
important, consequently sound predictions based on equile-
ibria alone are anut possible. Cther reactions salso must be
congidered. Thus, gimultanecusly with these reactlions the
formuetion of carbon bvisulfide is probably taking place due
1o the resetion of hydrogen gsulfilde with any carbon preseatl.
Huff states (50) that the interzetion of hydrogen sulfide
and carbon is probably parily responsible Lor the carbon bie

gulfide formed during gas making

R

operations.
“zperimesnial desulis

Using nitrogen as & carrier gas, thiophene was passed
over (a) cokxe, (b) sugar char, sndé {(e) porcelain surfaces at
furnsee temperatures of 1625, 1775, and 1900°F (885, 968,
and 1088°C), and at gus contact tiszes of 11.9, 7.3 and 3.0
seconda over tiho coke, arnd 11.9 ssconds over boith the sugur
char and porcelain., The resslis oi tnese experiments are
pregsented in Table VIII und Figure VI. I% 1s sesu that, in
general, at temperatures above 1700%F (927°C), and contsct
times greuter ihnuan 3 seconds, thiopnene was decomposed into
carbon blsulfide to & greater degree tucn into hydrogen 30le
fide, irrespective of the type of packing present. ijhe per-
centage of carbon bisulfide in the exit gss frow the pyrolysis

tube was greatesit wusn suagur char was ussd as a {fube packing,
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whereas, the percentsage of hydrogen sulflide was lowest under
these conditlons. This 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 ares of care
bonacecus packing per unit volume &8s compared to the other
packing materials, or {(b) the presence of minerzl compounds
in the coke were benefieial to the formation of hydrogen
gulfide.

It is seen from Figure VI that for the ithree types of
packing employed, the relative effectiveness as & surface
for the thermal decomposition of thiophene waas (a) coke, (b)
sugar char, and (e) poreelein. It iz also polunted out that
an incroase in contact time resulted in & greater sonversion
0of thiophene into carbon bisulfide, but had relatively little
effect on the amount of hydrogen sulflide formed.

At temperutures of 1625 and 1900°F (885 and 1038°C) the
degree of pyrolysis of thiophene vaeried less with conditions,
other than temperature, than at 1775%F (9689C). 4t 1625°F
the pyrolysis of thiophene had just begun, whereas at 1900°F
the decomposition of thlophene was almost complete, there=
fore under these conditions the effects of contact time and

From Figure VI 1t is also seen thet an increase in
teuperature resulted 1n a slight decreuse in the percentage
of hydrogen sulfide plus mercaptans in the exit gas from the
pyrolysis tuvbe. This decerease in hydrogen sulfide plus mer=

captans with an incresse in temperature may have been caused
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by a greater degree of decomposition of these compounds at
the higher temperatures ags well as the reaction of hydrogen

sulfide with the carbon preseni.



Pable VIil.

Type of

Furnace Pyrolysis Contaot
Tgmp. Tabe Time
(“F) Paecking® (ec.)
1625 & 11.9
1778 & 11.9
1800 A 11.9
1625 Fe 7.3
1775 i T3
1900 & 78
16256 A 3.0
1775 A 3.0
1900 s 3.0
16256 11.9
775 B 1li.9
1900 B 11.9
16256 c 11.9
1775 C 1l.9
1900 C 11.9
* fube Packing

a =g to inch coke

B - t0 ¢ inch suegsr char

C = § inch porcelain balls

Kote:

Tthe Thermsl Decomposition

Total Sulfur as Thio-
phene in Gas Intering
Pyrolysis 7Tube
(Gr/100 cu.ft.)

249

2563

a53

260
~58
262

260
262
262

238
246
246

259
259
266

4ll gas volumes correeted to 60%F, 30 inches of
mereury, and saturated with water vapor.

86
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of Thiophene in the rresence of Nitrogzen

Tetul Sulfur in Geas fercent of Total Sulfur in Gas
lesving Pyrolysis Tube Leaving Pyrolysis Tube as:
(G‘rr-/lOG cusft.) :

Caligs HyS + liers o8y
237 74.0 16.9 9.3
244 3845 12.3 49.2
244 7.8 11.9 80.3
254 77 .0 16.2 649
257 50.2 15.9 34,7
258 15.6 12.4 74,0
258 77 .0 14.4 8.4
255 18.4 10.6 7140
242 43.8 .4 50,9
244 7.8 9.4 82.8
252 8%.0 11.1 5.9
251 625 10.7 26 .7

260 12.7 8.5 78.8
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THE THERELL LBECOLCULLIIUE V& IBIuclisB: 1IW THE

PRESENCE OF HYDHOGEN

Before making a study of the pyrolysis of thiophene in
the presence of gynthesis zas, 1t was believed thst & series
of experiments employing hydrogen as a thiophene carrier
would be benefleilal, since hydrogen is one of the major con=
stituents of synthesis gas (ses Chapter I1I).

an analysis of the hydrogen used in this series of ex-
periments was gliven by the company supplying this gas as

follows:

Hydrogen = greater than 99.5%
Kitrogen = trace
sy contain a trace of hydrocarbons

and water vapore.

=0 @nalysia of the hydrogen was also mude wiih the aid of a
bHealdene gas anelysis apparatus and the oxygen confent was
found to be less than 0.1 percent. It wes believed that 1if
any of the above mentioned hydrocarbons excaped the activated
alumina drying bottle they wowld soon be decomposed &t the

high temperatures employed during the studles here.
ilethod of Operation

The use of hydrogen as a thiophene carrier necessitated
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chialigling o0f the oriflices on the iflow indicutors throughout
the system Ln order o retain the accuracy previously reale
ized when niirogen was the carrler ges. The new orifices
were made by drawlag several ome ke tubos down 1o &« very
small capillary at one end. Sxperimental determinsiions
were nade tc obtaln the correct gus rates alier these new
orifices had becn insislled.

Wasllitative runs showed & large percentage of hydrogen
gulfide and no earbon bisulfide in the eifluent gas from the
pyrolysis {obes when hydrogen waa employed a3 & thiogphene
cerrier. It therefore seecued advissble 1o make & chauge in
the abgorption $ruin used to remove thege constituents from
the gas. Instead of the single cadmium chloridee-sodium car-
bonste serubber previously used in the nitrogen experiments,
two were installed. For tuae removal of tnlophene, two sule
furie se¢ld serubberu, follcowed by & soCium carbonstie serubber,
were employed. wpot tesis were made 1or the pressuce of care
bon bigulilcde with the uase of an aleohoviic potush serublber
followins the gerubbing train of cedmium ehloride and sulfure
ie aecid.

4 few trizl experiments showed that st 19009% (103800)
thiophene was completely decomposed, while zut 1775°F (968°C)
it was approxinately 35% decomposed. It was therefore be-
lieved desiravle to choose & fourth teaperature of coperation
between 1626 and 17759 (885 und 96800) to obtain &« more
complete picecture of teuperaiure effeets on the pyrolysis of

thiophene 1in the preseuace of hydrcgen. dor thils purpose u
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temperature of 1700°F (927°C) was chosen.
Piscussion of some of the Lguilibris Involved

The reactiong believed to be of primary importence in
the thermul decomposition of thiophene in the presence of an
inert carrier gas have been discussed on page 82. It is
quite possible that es & first step both of $hesge reactiens
took place in the pregence of hydrogen, but it was also nec-
essary to consider the conversion of any carbon bisulfide
formed to hydrogen sulfide by the lanteraction of the carbon

bisulfide and hydrogen, i.e.
(C) 032 +* 253 = 333;‘3 +

The equilibrium constants for this reacticon were caleulated
at temperatures of 1625 and 1900°F (885 and 1038°C). The

results thus obtained are presented below,

Tempersture Zquilibriom
{°F) Constunt
1625 150
1900 19

Insofar &s equilibrium conslideratiocns &re concerned, it is
probable that the major part of the carbon bilsulfide would

be converted to hydrogen sulfide,
Experimental Hesults

Hydrogen gas was used as & carrier to introdunce thio-

phene over surfaces of coke, sugsar char, aand porcelain &t
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furnasce teaperatures ol lezbd, 1?00, 1775 and 1900°%# (885,
927, 968 and 1038°C). 4t each of these temperatures studies
were made of the decomposition of thiophens 8t contact tiuces
of 11.9, 7,3 &nd 3.0 seconds when coke wag used a8 & pyrol-
ysis tube packing and &t & contact tiwe of 11.9 geconds when
pugar char and porcelain were used as tube packings. The re-
sults of ithese experimentas are pregented in Table IX and
figure VII.

In &1l casesg 1t was found that nach less tine wus ree
quired Zor the stialmment of equilibrium conditions in the
pyrolysis tuabe when uslng hydrogen &g & thiophene carrier
than when using nitrogen sg & carrier gas. This may perhaps
be due, in part st least to the greater diffusibility of hy-
drogen as cumpared to nitrogen aeorocszs the surface film bar-
rier,

Upon examianatiocon of PFlgure VII it 1s seen that in the
presence of hydrogen, thiophene waa coupletely decomposed at
1825% (996°C), regardless of the contact tiues or type of
surface present. It is alse to be noted that the resulting
sulfur coopounds arising from the decompoaition of talophene
conslsted only of hydrogen suliide plus mercuptans. Jpot
teats were made for carbon visulfide under verlous conldi-
tions, but in no cuse was it possible to detect this come
pound.

apparently there was presgent In the coke some material
whieh acted catalytically toward the Tormation oi bhydrogen

sulfide atl the lower teuperatures, for ithe degree of decom=-



TYable IX. fthe tThermal Jecomposition

Type of Total sulfur as Thio=-

Furnsce vyrolysis Contaot phene in (tas intering
Tempe Tube Time ryrolysis 7ube
(°F) raeking™ {sec.) {Gr/100 cu.ft.)
1625 i 11.9 240
1700 & 11.9 240
177 e A 11,9 238
1200 Py 11.9 232
1625 - 7S 257
1700 A 7.3 237
1776 & 7.3 236
1900 & Ted 246
1628 s 3.0 255
1700 & 3.0 234
1775 A 3.0 R34
1900 A, 3.0 234
1628 B 11.9 254
1700 B 11.9 231
1775 B 11.9 228
1900 B 1l.9 236
16256 C 11.9 233
1700 c 11.9 232
1775 C 11.9 258
1900 c _1109 234

* fube Facking
a = 4 to § inch coke
B = % to & inch sugar char
C = ineh poreelain balls

=

L

Lo o

Fote: 4ll gas volumes corrected to GOQF, 30 inches of
mercury, and satarated with water vapor.
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fotal culfur in Gus sereent of Jotel sulfur in Gas

Leaving iyrolyals yube Leaving cyrolyasis Jube as:

(Gr/100 eu.ft.) CyqHgs Hyo + Mer. Cop
240 $9.0 41.0 Nezle
239 4640 8440 "
229 219 78.5 "
228 0.0 100.0 "
237 645 3b.5 "
237 51.0 49.0 "
232 26 .4 73.8 #
244 0.0 100.0 "
235 66.8 3.2 #
233 54.0 4509 "
83D 2648 T4.7 "
<54 0.0 100.0 "
232 180.0 2040 "
231 6440 359 "
227 28.6 Tl.1 "
236 0.0 1G0.0 "
233 86.8 14.2 N
&31 702 29.8 ¥
234 BOed DY 8 “

£32 0.0 100.0 “
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position of thiophone was greatoer at the lower temperafures
when using coke st a contaot time of 3.0 seconds than when
uging char or porcelain at & contact time of 11l.9 seconds.
4t the higher temperatures the catalytic material in the
coke showed litile advantage. 7Thls was probably agaln due
to the faet that the reaoctlon was so nearly complete that
the difference ecould not be grest in any event. It is also
seen that when using coke as & tube packing the effeets of
contaect time were not so pronounced when hydrogen was used

a8 & carrier gus as compared to nitrogen.

Indications of Catslytice Lffects in the Thermal DJecompogition

of Thiophene in Hydrogen Containing (Gases

dince, as indicated above, the pyrolysis of thiophene
in the presence of hydrogen wes found %o be more complete &t
& furnace temperature of 1625°F (8859C) when coke was used
aa the tube packing eompared with suger char, the suggestion
arose thaet the presence of gsome materisl in the eoke catal-
yzed the formation of hydrogen sulfide. an important diff-
erence between the coke and sugar char ased as tube pack;ngs
is the higher ash content of the coke. The coke had an ash
content of 15 percent whereas the sugar char contained 0.64
percent ash, both on a dry basis. since lron oxide has been
used as a catalyst with soda to remove organic sulfur from
synthesis gas (20), it appeared that there might be & mater-
ial such &3 iron present in the coke that was effective in

catalysing at the lower temperatures, the decomposition of



thioghene in the presence of hydrogen. It seeomed desirable,
therefore, to obteln information wpon the pyrolysis of thio-
phene in the presgsence of iron supported on an inert muterial
while using & earrier gag of hydrogen, snd &lso te Jurther
substuntiate the catelytic effect of the coke ash by using
this ash as & pyrolysls tube peaciking whlle employing hydro-

gen &8 & thilophene carrier Z&8.
The Preparation of Iron and Coke ash Catalysts

In order to stuldy the pyrolysis of thiophene in the
presence ol small duantlities of 1iron, 1t was necessary to
¢hoose some inert meterisl as & supporter. For this purpose
porcelsin balls, approximately 4 ineh in dliameter, were used.
Thene were soszed in aqua regie overnight and then thoreoushly
washed. The balls were heated s3lighily and dulexly immersed
in & wolution of approximately 10 percent 1iron chloeride,

This wes repeated except that & 10 percent sclution of ammone-
ium oxelate was used. The bulls were ilhien placed in & com=
bustion tube and heated {o EQGOQF‘(1095”G), during which time
dry hydrogern was pusged throuszsh the tube. Phisg regsulted in s
tizhtly adherent iron couting on the porcelain.

In order to prepare coke &sh for « pyrolyeis tube packe
ing the Tollowing procedure was employed. osufficient coke
vug burned in & wuffle furnsce to obteln & Guaniity of ssh
which would fill the pyrolysis tube. Ko elliukering occurred;
the ash was light end flulfy. fhe &sh was mixed with & sugar

solution &ndé the wmixtore filtered to remove the e8xXcesg gole
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gtlons From this aeh peaate, saell pellsis vere owde and
aried wt upproximetely 120%C. Thess were then placed in &
eonbustion tebe snd bested to 2000%F (L093%C), durlop whieh
time the sugsr wasg burped off by pesesing eir taroush the

tubo. dnder thege vonditions the zmeb sintered sulliclentliy

1o allow subsoquent hendling.

rakperivental sesults of the Jhermsl oconpoaition of

Thiophene in the iregence 2f Jatelytice laterivls

«t farnsce tewuperatures of 16256, 1700, 17756 and 1900%%
(885, 987, 968 ana 1038%C) shiephene, carrlied by hydrogen,
was pascsed over iron sop.orted oun porcelaln &t & contsot
tine of 1l.% peconds. Tthe resulis of thess experisenta are
pregented in Jable ie It is seen thet lroo is efifective in
entulyzing the deevupouition of thiophene Llnte hydrogen sule
fide st the lower tomporstursc. This effect Lecones leas
pronounced at the nigher teuperutorese 1t s gulte possible,
therefore, that lron 1o the voke i st least particlly re=
sponsitle lor the greater desree of pyrolyels st ths lowor
tomperatores whoen eoke 1o used e 4 tube pecking &3 conmpured
wilth Sager chal.

fuploying & furnsce tempersture of 1628% (885°C) und a
gurrier ges ol hyGrogen, thlophend was pa38€d GVer coxe aah
&t & contaet tlme of ll.¥ mecondne. The resualts of this exe
porlnent are presented in Jable Il. The ooke uszh was nol
only effeetive in the conplete eonvorsion of the talopheons

iuto hgdrogen pulflce, but wlso aboorbed & larce porilon of
o ] z
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the sulfur for an ayproaiublc lﬁagth of time. &It&r 7 honrs
the aah had nat yut haammm ﬁﬁhplltaly aﬁtara%ad with.aaxﬁnr.
it was noted that &ltheugh abearptian WAS. not uamylata. th#

rate of sulfar rea?ygl decreused: arfter approximately 3 hours

of operation.

155804



Furne
Hee
Tempe
(°F)
16256
1700
1775

1900

1625
1700
1778
1900

ihe ryrolysis of ihilophene in the vresence

Type of
gyrolys
fube

racking

G0 e O

[ R -

i

i

* Tube lacking

of Iron supporited on corcelain

Table A

Conditions:

Carrier (Gas = Hydrogen

Contact

Time = 11.9 seconds

Total sulfur

as Thiophene Total Lulfur
is in Gas Intering
} cyrolysis Tabe
* (Gr./100cu.ft.)

Ho Iron

Iron

253
238
a%2
234

224
226
229
2854

C =« & inch porcelain bells

255
231
258
232

224
222
229
234

D = Iron supported on ¢ 1lneh porcelazin balls

in Gag Leaving
cyrolysis fube
(Gr./100cu.ft.)

100

rercent

of ‘Wotal
suliar in
axit Gus ssg:
043453 Hoo

85.8 14.2
70.2 £9.8

30.4 69.8
0.0 100.0
67«9 S2.1
1.8 48.2
Z24.4 75.6
0.0 100.0



101

fable il

The Ltyrolysis of Thiophene In the lresence

of Coke .sh

Conditions:
Carrier Gas = Hydrogen
Contuet Time = 11.9 .Leconds
fotal sulfor as Thiophene in Cas imtering

Pyrolysis Tube = 214 gr./100 cu.fi.

Hiours of Uperstion Sulfur Lost From tercent of iEntering
Ges to cacking sulfor in xit Gas

(Gr./100 cu.ft.)

0.7 209 28
1.85 204 4.5
2400 201 60
5.00 192 10.5
4.00 159 25.5
5.00 78 025
6.00 46 75.6
7.00 44 78.8

Hote: OSpot tests showed that &ll of the sulfur in the exit
gas from the pyrolysis tube was in the form of HHpd
during the entire experiment.

fatio of the welght of sulfur removed from the guws to the
total welght of ashk present:

{a) after 3 hours of operation = 0.0064

(b) after 7 hours of operation = 0.0108
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The composition of synthesis gas has already been showa
to consigt of hydrogen snd cerbon monoxide (Chepter II). .3
in the case of & hydrogen currier gas 1t was belleved de-
girable to study the thermsl deconposlition of thiophens in
the presence of carbon monoxide in the hope that this would
&id In the explanation of the results obtained when thiophene
is present in synthesis gas.

The carbon monoxide, used in the experiments here, was
anslysed by the company supplying this gas, who gave the

following resulta:

Cardvon lionoxide 96 .8%
Carbon Dioxide 0.36%
Hydrogen 0.97%
Hitrogen 1.0%
Sat. Hydrocarbona 0.8%

approximately 1.19 mg./liter of iron
and 0.3202 mg./liter of sulfur.

The gmall percentage of nitrogen in the gas was considered
harmiess. The carbon dioxide in the presence of the carbon=-
aceous packings used in the pyrolysis tubes, was converted

at least partielly to the monoxide. This fact was probably



troe wlso in the casge oi porcelaln packingss for a carbon dee-
po3it was formed guite rapldly on the poreelalin as & resgult
of tihhe decomposition of thiophene. It was believed that part
of the saturated hydrocarbons would be removed from the gas
By the asetivated aluning bettle und those hydroecarbons still
remalnling would be a@ecomposed &t thie high teuwperaturces eme
ployed within tie pyrolysis tubes. The presence of gmall
amounts of hydrogen in the carbon monoxide was considsred
perinisasible sinece the ultisate objective of the studies here
was to determine the feamibility of pyrolysls &8s a posusible
mexns of removing ithiophene from synthesia gas.

The presence of iron, probably &s ecarbonyl, in the ecar-
bon monoxide was very undesirable. It hag been pointed out
that the coke used in experimesnts in which nitrogen and hye
drogen were used as & thiophene gurrier contained some mater-
igl whieh &ceted catalytically toward the formatiocn of
hydrogen sulfide. It was quite possible theat any iren in the
carbon monoxide miszht also et as a catelytie materisl,
therefore special treatment for the remgval of this impurity
wag deemed necessary. This is farther digcossed below. The
presence of gulfur in the carbon monoxide was alse considered
undegirable, however ithis coupound was partislly removed sle

maltsnsously with the irone.
Lethod of Operation

The removal of iron snd sulfur from csrbon monoxide wasn

accouwplished by passing the impure gas over & heated copper
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surface prior t0o the meter used for the measurement of gas
volomes. & pyrex tube, spproxiiately 5 ineh I.D. and 15 ine
enes long, was alternctely packed with copper raugze snd
copper shol. This weg contained irn an electricelly heated
tube furnace whiech wss melntained st & temperature of 350°C
(662°F) or vetter. The purifier was reactivated after app=
roximately 8 hours of operation by treatment with conecene
trated hydrochloric acid, after which the copper was washed
with distilled water. Blank determinations on the carbon
monoxide showed that some sulfur giill existed after the cas
hed been pagsed over the hes&tsed copper. The gulfur introe
dueced with the carbon monoxide was less than & percent of the
totael sulfur @ntarimg the pyrolysis tubes, therefore it was
not believed necesssry to purify the gas further.

The game orifices 1in the flow indicators were ugsed with
carbon monoxide as had been used with nitrogen, since these
gases hsve the same wolecular weilght. Having wade & feow
gualitative experinents i1 wag decided thut & serubbing train
congisting of (a) one cadmium chloride-~sodium earbonsate
gserubber, (b) itwo concentrated sulfurie acid serubbers, and
{c) one or two aleonolic potash scrubbers, be used to remove
the wvarious salfur constituerts from the gaseous mixture
arliasing from the thermel decoumpositlion of thiophene, The
use of carbon monoxide as a thiophene carrier necessitated
the separate determinations of carbon bisulfide and carbon

oxysulfide.
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Disecussion of some of ithe BEquilibris Involved

Tne reactions poasibly occurring with the de@ompoaiﬁion
of thiophene in the presence of nitrogen and hydrogen have
been discussed previocusly. It was believed that, with the
application of carbon monoxide as & thiophene carrier gas, &
new set of resections would predominate. These resactions were

expressed ag;

(D) G%Hgs + COm COS 4+ 4C «+ 233
(B} &C05 = CGE + 033
(ﬁq’ HE + %53 = 32»3

The equilibrium constaunts for these reactiocns &t 1625 and

1900°s (885 snéd 1038°C) were found to bes

Bguilibriom Constant

Reaction  16285°F %t 1900°F
(D) 3.8 x 108 646 x 107
(E) 0.0370 0.0403
(F) 30.9 14.5

From this it was concluded that thiophene, in the presence
of carbon monoxide, would decompose 10 carbon bisulfide,
earbon oxysuliide, carbon &nd hydrogen. The carbon oxysule
fide, however, would also tend to decompose partizlly to the

hisnlifide.
Experimental Hesults

Using carbon monoxide &g & carrier gas, thiophene was
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introduced over & coke surface at furnace temperatures of
1625, 1775 and 1500°F (885, 968 und 1038°C), and at contact
times of 1l.9, 7.3 and 3.0 seconds. Thiophene carried by
arbon monvxide was also passed over sugar char and porcelsain
surfaces, maintained at the same tenperatures as above, at a
gontaet time of 1ll.Y seeconds. The results of ithese experi-
ments are presented in Table XII and Figure VIII.

From ¥igore VIII it is geen that the thiopghene decompo-
sition « furnasce tempersture eurves are vory similsr 1o those
obtained aslng nitrogen ss & carrier gas. & more coumplete
decomposition of thiophene, however, appears to have been ob-
teined by using nitrogen am a thiophene earrier than b, using
carbon monoxide. 4 rather sitrange phenomenon occurred with
the use of ecarbon monoxide which might help to explain this
difference in thiophene decomposition when using nitrogen and
carbon monoxide gases &s carriers. #The carbonaceocus muater-
iauls, both coke and sugsr char, used as pyrolysis tube packe
ings became heavily coated with & gray-black mossy materlsl
when carbon monoxide was used as & thiopghene carrier. appar=
ently this was some form of carbon, or carbon-oxygzen-sulfur
compound, for treatment wiith concentrated hydroehloric acid
or aqua regla had no apparent effect. Lue to insufficient
tine this coatin: wes not analysed furfh&r. i‘his coating
over the packing probably reduced the effectiveness of the
gurfaces. ith the use of porcelain zs & tube packin: ouly
a tight adherent coating occurred.

It was found thst approximately 2 hours were required
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to attain equilibrium between the tube paeckingss and the sule
fur bvearing geses. Thils was comparable 1o conditions present
when using nltrogen &s & thiophene carrier anéd tended to in-
dicate that ths mossy compound formed on the carbonacecus
packingg contained gulfur.

Coneurrently with the formation of carbon bigsulfide aud
carbon oxysulflide ithere resulted swmall quaniities of hydrogen
gulfide and mercaptans. It is to be noted that the yumantie
ties of hydrogen gsulfide and mercaptans incressed with an 1n-
erease in temperature. This was probably due to the presence
of small amounts of hydrogen in the carbon monoxide used as
& thiophene carrier as well as hydrogen resulting from the

decomposition of thiophene.



Tfable XII. The Thermal DLecomposition of

Ltype of Total sulfur &s

Furnsce Pyrolysis Contaet Thiophene 1n Gas
Temnp « fuhe Time Entering Pyrolysis 7Tube
(OF) racking® (sec.) (Gr./100 cu.ft.)
1625 a“ 11.9 248

1775 A 11.9 248

1900 A 11.9 238

1625 a 7ed 241

1775 a 7.3 257

1900 A 7«3 257

1625 A 3.0 181

1775 A 340 249

1900 a 3.0 247

1625 B 11.9 257

1775 B 11.9 248

1900 B 11.9 256

1625 c 11.9 268

1775 c 11.9 263

1200 C 11.9 260

* Tube rPackings
a =g to g ineh coke
B - % to inch sugar char
C = % ineh porcelaln balls

Note: 4ll gas volumes corrected to 609F¥, 30 inches of
merecury, and saturated with water vapor.



fhilophene 1n the creaence of Carbon Joaoxide

Total sulfur in Jag
Leaving cyrolysis Tube

(Gr./100 cu.ft.)

e

These values are gquegtionable

asal {far

=87
2356
2a9

229
242
242
179

243
237

252
246
256

256
258
258

involved.

vercent of Total

sulfour in Gas

109

Leaving ryrolysis Tube as:

04343. Hgﬁ &+ liere st‘ C&z cos
84'9 3&4 e 8-4 :’304**
49 .4 849 L8 17.8 238

5.7 2l .4 Te9 37 «6 58.4
85.5 1-3 - 303 5055**
B4 .5 7.0 4.1 22.4 16.1

8.7 19.0 9.1 41.3 31.0
95.6 Q.0 - Lel 2.2**
7847 5.0 1.2 13.9 8.4
27 .1 10.0 7 41 .3 al.5
89.1 "1‘03 - 535 1.2**
52.9 6.9 ©ed 23.6 2.8
14.1 12.5 9.8 63.3 10.2
8804 8.6 - "3-1"

62.0 8.1 3.1 21.7 8.1
12.8 167 Beb 62.8 7.7

cue to the small quentities of
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Toe resulls obtalned from experiments unslung hydrogen and
carbon monoxide ag thiophene earrler gases 1ndicsted that st
& furnace tempsratore of appreximately,1900°F (lOB@”C}, the

g

pyrelysis of thiophene would offer & mesans of removing this
coxipound from gynthesis gas. studies were made, therefore,
uaing & synthesis gas ag & thiophene earrier, of ths pyrole
yals of thiophene ander the game confitions as were employed
when hydrogen and carbon monoxide were used as thiophens care
riers.

The hydrogen-carbon monoxide ratic of menufacstured syn-
tnesls gas may vary from l:1 to 231 (iﬁ). From previouas
experiments the thermal decompositicn of thiophene wag shown
t¢ be more complete in the presence of hydrogen than in the
presence of carbon monoxide. Froz this it appeared that the
pyrolyais of thiophene would be less cumpiete if a 1:1 mix-
ture of hydrogean-carboun monoxide, as compared to a4 2:1 mixw
ture, were employed as & thiophene ecarrier. It was decided,
therefore, that studies of the thermsl decowposition of
thiophene in {4he presence of synthesis gao with & 1:1 hydroe
gen to carbon monoxide ratio would yield worth-while informe
g&tion. This synthesis gas was made from the sume gases used

in exporlments 1n which hydrogen and ecuarbon monoxide were
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employed individually as thiophene carriers.
kethod of Operntion

Rather than trying to control the flow of two individual
gages, l.e. hydrogen and carbon monoxide, znd still keep a
congtant mixture of ayntheésis gas, 1t was decided to mix hy-
drogen and carbon monoxide in & single cylinder. un 0ld care
bon dioxide eylinder was filled to approximately BB0 p.s.i.
pregsure with carbon monoxide. Before adding hy&rogeﬁ the
gas was tested for oxysen and found to contain less than 0.7
percent. Hydrogen wasa next'ad@ed to the cylinder until the
total pressure was aspproximately 1100 9;a.i. It was assumed
that approximately a 1:1 hydrogen-carbon monoxide mixture
wasg pregsent. Upon analysis of {thls prepared synthesis gas

the following results were obialned:

Hydrogen 53 47
Carbon lLionoxide 44 .5
Carbon Dioxide ) Y
Oxygen Oedia

This mixture was considered ssatisfactory and was employed as
& carrier gas.

It was posslible then to uze the same system of gas flow
control &s had been previously employed. Hew orifices on
the flow indicators, however, were necessary.

The removal of iron carbonyl, sulfur snd oxygen from

the synihesis gus was effevisd by the use of copper main-
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talned at 3509 (662°#) or higher, as discussed in Chapter
AIL.

4 Tew qualitaetive experiwments indicated the presence of
large guuntlties ol hyydrogen saliide ln tus gus leaving the
pyrolysis tube. ikls nocessitated the rearrangement ol the
serubbing train for rewoviag specific sulfor cowpounds Lrom
the gases leaving the pyrolysis tube. . serubding traln cone
siasting of (a} two cadmiuom chloride-sodium curbonate botiles,
{b) two concentrated sulfuric aecld bvottles, followed by &
serubber of normal scdium carbonate, «nd {e) one aleohollie
potach bottle was employed. ILhe determination of hydrogen
Buliides wlone was made by means of &« modifled shaw analysis
{sce page 58).

On ithe basls of & few trial experiments 1t secaued advig-
able 1o otudy the pyrolysis ol fthiophene unt & furnace teump-
erature of 1700%% (927°C) in addition to temperatures of 1685,
1775 snd 1900°F (885, 968 and 1038°C). Under each set of
conditions, therefore, the four temperatures above were em=

ployed.
slaouasion of some of the Zquilibrlsas Involved

In addition to the resctions previously mentioned as
posslbly occurring with the thermual decomposition of thiow
phene in the presence of aspecific guses, it was believed
that with the application of synthesis gus as & thiophene
carrier, one other re&ction ashould be congldered, numely:

(G) CO5 + Hy = Hps 4 CO
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The cualculeted equilibriom constantas were Tfound to be:

Tgm . Wguilivrionm
(V¥ Conatant
1688 11.2
1900 30.2

It 18 seen that at the high temperatures employed here, hy-
drogen sulfide would probably be formed &s & result of this
reaction.

simultaneously with this resction the formation of hye-
drogen sulfide should have resulted from reactions (E) and

(C) (see pages 105 and 91):

(E}) 2005 = GOB “+ 033
(C) ﬂiﬁia + 2Hg = 31’?23 +« C

The greater predominance of reaction (C) shonld favor largely
the formation of hydrogen sulilde insteed of carbon bisalfide

or carbon oxysulfide.
Lxperimental Hesults

s Bynthesis gss composed of 53.7 percent hydrogen snd
44.5 percent carbon monoxide was used to carry ithiophene
over (a) coke, (b) sugar char, and {(c) porcelain while em-
ploying furnace temperatures of 1625, 1700, 1775 and 1900°F
(885, 927, 968 and 1038°C). 4t each of these temperatures
thiophene~coke contact times of 11.9, 7.3, «nd 3.0 seconds
wore employed, while with the use of sagar char or porcelain

&8 pyrolysis tube packings the contaet time was 1l.9 seconds.
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‘he results ol these exporiments wre presented in Table LI11
untt Flgure il

Very 1ittle tise wes required to establish equilluvriom
conditions witiiin the pyrolymis tube when syntheals guo wke
enployed &8 & thioghene currier. It wae noted that the mosay
eoating obtulned op the ocoke and sugar ohar when carbon mone
oxide was used &8 & eurrier gup {(see page 106) d4did not form
when synthesils ges wes esed 4s & thlophene carrier.

wnalysis of the zus leaviag the pyrolysia tobes showned
neglisible quentitles of cuarbon blgulilde or oxysuliide,
This updoabtedly was cue 1o the grester afflaity under the
experimentael conditions of hydrogen Ier the sulfuyr present.

From rigares VII and IX 1t i%’aaﬁn that at tas lower
fomperctores the thermal deevmposition of thiophene in the
pregence of synthesis gas i comparable o resslts obiained
aaing o hydrogen cerpler gpas. »% the higaer teuperutures
the uaes of hydrogen 63 &« thlophene cueriar gave botlisr Tow
sults thas ¢ld synthesls guse

Using synthosly ges s a cerrier «nd coke ws & pyrolyueis
tube packinog Lt wes foond thet contuct time wau an laporteant
faetor, purticelaerly it the lower lemperaturecs. .8 the toupe
erature wis inopresued the pyrolysis of thiophone becuwe wore
cosplete awnd contaet time hed less olfect.

«8 wes the cose wiilh @ hyldrogoen ecarrier, the pressncee
of soume mineral compound in the ¢she secued effevetive fop
the converslon of thiophene to hydrogen salllides rrom Pige

are IX 4% iua seen that the decumposition of thiophene, in
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the presence of syntheals gus, ls much less when suger char
is used as & pyrolysls tube packing as compared to coke packe
ing at the corresponfiing contsot time.



jfable . Iil. she vhermsel .ecomposition of

Type of Potal sulfur as
Furnace ryrolysis Contuct Thiophene in Gus
iemp. Tube iime intering cyrolysis rube
{®F) racking® (s5ee.) (Gr./100 cu.ft.)
1685 & 11.9 262
1700 s 11.9 247
1775 i 11.9 238
1900 & 11.9 230
1625 a 7.3 260
1700 A 7.3 260
1778 4 7.3 246
1900 a 73 243
1685 A 3.0 260
1700 “ 3.0 261
1775 a 340 261
1900 s 3.0 261
1625 B 11.9 250
1700 B 11.9 2885
1775 B 1l.9 255
1900 B 11.9 2556
1625 C 11.9 255
1700 C 11.9 267
1775 C 11,9 256
1900 ¢ 11.9 258

* Pube raecking
m - 5 to i‘inch coke
- % %0 inch char
% inch poreelain balls

Hote; 4ll guas volumes corrected to 6Q°F, 30 inches of
mercury, snd saturated with water vapor.
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thiophene in the ireseace of Lyntheais Jas

Total sulfur 1n Gas rercent of {otal .ulfur in Gas

Leaving ryrolysis Vabe leaving vyrolysis Tube ag:

(Gr./100 cu.ft.) CqHys Hgs + ker. Hgo Csg
260 55.6 44.3 wm=  Negle.
248 41.5 58.5 37 5 "
233 25.8 74.8 - "
226 3.5 96.5 79.2 "
260 64.3 35.4 29.6 "
260 50.0 50.0 35.0 "
245 30.0 69.8 63.7 "
246 4.9 95.1 80.5 n
255 8l.2 18.8 10.5 "
259 73.0 27.8 13,9 n
257 B7 .6 42.4 27 .6 "
257 9.8 90.2 73.0 "
247 7849 21l.1 8.1 "
283 71.3 28.8 14.9 "
254 46.5 535 46.8 "
263 8.1 94.9 85.0 w
254 7.1 2zZ.8 9.8 "
255 T2 &7 <4 1l.4 "
256 48.8 5l.2 46.1 b

256 5.5 96.3 83.1 "
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MalY X0 CURCLUGICHS

It has been ashown that thiophene is decomposed approxe
imately 90 to 95 percent &t & furnace temperature of 1900°%F
(1038”0), with & contact time of 11.9 seconds over coke,
sugar char, and porcelalin when u&ing nitrogen, or carbon mon-
oxide, or synthesls g&s @as thlophene carriers. wWith the use
of nitrogen as & carrier gas, the thiophene sulfur was trans-
formed chiefly into carbon bisunlfide and small Gpoantities of
hydrogen sulfide and merecaptans. #ith carbon monoxide as the
carrier gas, thiophene yielded ecarbon bisulfide and carbon
oxysulfide with small yuwantities of hydrogen sulfide and mere-
captans. In the presence of a synthesig type gas containing
53.7 percent hydrogen «nd 44.5 percent carbon monoxide, the
thiophene sulfur was transformed into hydrogen sulfide and
mercaptans with negligible quantities of carbon bisulfide and
oxysulfide. 4t & furnace temperature of 1900°%F {103&00), and
with & contact time of 11.9 seconds, thiophene sulfur was
completely transformed into hydrogsen sulfide over coke, sugar
char, and porcelain when hydrogen was used &3 & carrier gas.

It was found that in 8ll cuses at the lower temperatures
thiophene decomposition was most complete over & coke pack=
ing. 1%t appeared, therefore, that some wmineral constituent
in the coke was beneficial in the formation of hydrogen sul=-
fide, purticularly when hydrogen and synthesls gas were used

&s thiophene carriers. This suggesis the possibilities of



the catalytic conversion of thiophene sulfur to coapounds
capable of esay removel Lfrom gases. It should be pointed

out that the thermal Qdecompozition of thliophene in gases low
in hydrogen nay give carbon widlca rapidly goversg any surfaces
present. Hirds would probably limit catalyst 11%@; however,
gince the thlophens content of most guses iz quite low it is
posaible thatl carbon from the pyrolysis of ihilophene alone
would no¥ be & serious problem.

On the basis of {these experiments i1 is believed that
the thermal decomposltion of thiophene offers 8 nmeans of lowe
ering the sulfur present s thiophene in synthesls gas. Un-
lesg this deegoupositlon can be catalyzed 1o permit the use of
lower temperaturss, the use of nigh temperatures may limit
this method of thiophene reuoval 10 gages which are not there
mally deeowposed at 1900°F {1038“0) or less, &anu o gus
processes tnat can economically subjeci the thiophene cone

talning gas to such elevated teuperatures.
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afrENDIR

Thermodynanice Congtanta

AHY in eslories per gram

Y od in calories per gram

Cp in calories per gram

I Thiophene

o
AHggy

+]
AFagg
Cp

= 24,500
= 27,600
- "'? 008 + 00100$5T

Il Carbon bisulfide

=]
AHpgy

Q
AFg9g
Cp

III Eydrogen
Cp

IV Cardbon
Cp

¥V Hydrogen
Q
AHggy

+]
AFg98

Cp

= 17,600
= 9.76 + 0.0061027

6.88 + 0.0000667

¥

L4 108

sulfide
- 5.260

7,840

e 6.48 + 0.00556T = 12.04 x 10777

mole

mole

mole per degree Kelvin

- 6.325 x 10~ 278

- 18.94 x 10~ 7p%

¢ 2.79 x 10~77p2

8

1&8

{104)
{104)
{105)

(106)
(107)
(108)

(108)

(108)

(107)
{107)
(108)
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YI Carbon monozpide

a zzfm - w0 THO {106)
A iGgg = =UEyb10 {107)
Cp = boith ¢ 0.00209s = 4089 x 10°T2¥ (108)

V1I Carbon oxysuliide

A ﬁgm - w3y S5O0 {107}
zég% - 394600 (107)
Cp = BeBE + 0.007224T = 21446 x 1077 78 (108)

VIII Cerbon diexide

@ - =S a0 V)
AHGg, = 94 4400 (107}
M@g% - 94,260 | {307}

Cp = 648D & 0.00853% ~ 248 x 107778 (108)

Fhernodynamice Coloulations

The firat set of caledlatlons are presented in doteil
to ahow the methods employed in deteruinisng equilibriuvm cone
Stantde GHbeeyguent o this the thersodyneaic csloculations
are briefly vaslined Lor cuch re&ciion.

1 fquilivriom eoastunts for the reastion

Cqligs = §Cip + 2y + 7/2C 6t 1626 anc 1900°F (885 axnd
2038°C)

Aliflgy = 1égidh = 24,700 = »10,365 (Reuction ic exothers
e}

AFjgs = 8,800 = 27,600 = =18,800

A% = euting
13,800 » & x 298 x Re800 logs



£ o= 5.2 x 1072 4t 298%

ACD = 31.96 = Q.097877 + 6,169 x 10-9,%
AHE® = ¢ a7t
g 3
- AH. 4 31.96T = 0.0972772% 4 6.169 x 10”27
° T %

Substituting T = 291% and solving for AHg:
AHy = =16,050
(i) To find K at t = 16259 (1158%) by use of theo Van's

Hoff equation.

ALlnE = A
.. y 3 1158
lnag - lnazgs - l??ﬁg *qgln@ +§§ P +‘§§ T-}Ees

2.303(1logk = 27.42) = [16050 4 31.96 X 2.305 log? =
gy TE
5 ]118
0.09727 © + 6.169 x 10~ @*]
— v 298
solving: K = 1.5 x 10% st 1625°F.
(B) 8y & similar solution: K = 6.1 x 107 at 1900°F (1311%9%)

II Equilibriuvm counstants for the resciion
CyHgs = Hpu + Hp + 4C &t 1625 and 1900°¢ (885 and 1038°C)

AE8gy = ~5,260 - 24,700 = -29,960
AFQgg = =7,840 = 27,600 = =35,440

logk = 25.85 at 298°%
ACPp = 27.58 = 0.094887 + 6.233 x 10~0p2
AHy = =34,470
(a) at t = 1625°F (1158%)
2.303(logk = 25.85) = [34 470 4 27.58 x 2.303 log? =
~tr—
1158

0.09482 © + 6.233 x 1&'5w3]
i 17 298
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K= 2.5 x 10°
(B) By & similar solution: X = 4.0 x 108 at 19009F (1311%)

III Equilibrium eonstants for the reaction
2Hg + CSy = 2Hg5 + C at 1625 and 1900°F (885 and 10389C)

~33,280

]

AF§gq = =15,680 -« 17,600
logd = 24.28 at 298%
ACp = =8.76 + 0.004878T - 0.1072 x 10~5y?
AR, = -36 ,837
(4) at ¢ = 1625%F (1158%)

2.303(logk = 24.28) = [?6 837 « 8,76 x 2.303 logi +
T 24

511158
0,00488 T - 0.1072 x 10"9y ]
- S Y 208
X = 1850

(B) By & similar solution: X = 19 at 1900%7 (1311%)

IV Equilibriuom constents for the reasction
CqHgv + €O = COS & 4C + 2Hy &t 1¢25 and 1900°F (885 and
1038%)

AE8gy = =33,300 - 24,700 + 26,730 = =31,220
39,600 = 27,600 + 32,510 = ~34,5690

AF39g
logi = £5.30 st 298%
ACp = 30.05 = 0.09518 T + 6.212 x 10932
AHg = =3E,450
(o) &t t = 1685°%F (1158%)

2,303(1logK - 25.30) = (36,450 & 30.05 x 2.303 log? =
ﬁ’f 2
1158

0,09518 T + 6.212 x 10‘5w3}
4 iz 298



(B) By & sivilar solution; K = 6.6 X 107 &t 1900°F (1511°K)

V Bquilibrium congtants for the resction

2C05 = COy + C5, &t 1625 and 1900%F (885 and 1038°¢)

2
AHgg, = =94,400 + 28,670 + 66,600 = 870
AFGgq = ~94,260 + 17,600 + 79,200 = 2,540
l@gﬁ - -10850 - 80156 - 10
ACp = =0.3 + 0.00015 T = 0.008 x 10™972
AHG - 9562
(a) a4t t = 1625% (1168%K)
2.303(logk + 1.850) = [—9@2 - 0.3 X 2.303 logT 4
-5 _p] 1158
0.000156 T - 0.008 x 10 §_]
I S v 298
i = Q.,0376
(B} By & similar solution: K = 0.0403 st 1900°F (1311%)

VI Bgquilibriom constants for the reaotion
Hp + £5g = HpS at 1625 and 1900°F (885 and 10389¢C)
AFD = -19,200 + 0.947 x 2.303 T log? + 0.00165 7% -
3.7 x 1077 4 1.65 T
a3 given by Lewls and kandall (109)
AF = =RTLOK
By a substitution of temperatures
K = 30,9 at 1625% (1158%)
K = 14.5 &t 1900°7 (1311°%)

VII Bquilibrium constunta for the resction

COS + H, = HpS # CO ut 1625 and 1900°F (885 and 1038°C)

2



AHSg1 = ~5,260 - 26,780 + 33,300 = 1,260
‘&Fgga = =7,840 - 32,510 + 39,600 = =750
logk = 0.546 at 298%
ACp = =2.47 + 0.,00692 T + 2.04 x 10~72®
AB = 1,684
() 4t % = 162570 (1158%)
2.303(logk - 0.546) = [~1,684 = 2.47 x 2.303 log?® +
: 211158
0.00692 ¥ + 2.04 x 10-7¢ ]
I Iz 298
5‘; - 1102

(B) By & similar solution: K = 30.2 at 1900°F (1311°K)



