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SURIARY,

Three residusl fuel @iié were charactevrisoed and separated
by chréatography inte aromatic and non-apometic frachions.
Sulpbur determinations indicated that mosd of the ouiphur
compounds wore im the aromadic fractions. Furthor snslysis

“indicated thet the sulphur compounds wero essentially thiophenic
“in nature erd relatively unveastive. -

Thermel oracking of the oils on glass 8% 430@0 end ovew
oopper at the oome femperaturs was ptudied, and & sulphup
balance wes carrled out on the oracking process. - Up %o fopndy
percent of the sulphur compounds wore womovable by this method.
Purther breakdown of thiophenic maderial required -
hydrog@matieno

Sinoe 1% was oonsidered that the hydrogen required ocould

be mede avallable by hydrogen dtrensfexr from-naphﬁhenag; &
afudy wes made of the dehydwrogonation of cyclohezens ond of &
-light nephths fraction over & number of transition-motal
sulphide-oxide catalystas of the typd gonerelly used in the
- gonventional hydrodssulphurisation processes. - - It was found
“thet 2n sdoquate amount of hydrogen becane avallable as 40080
‘with & pesidonee time of about twelve seconds on the catalyate
The specific reaction rate constant wes oaloulated,ss wes tho
aptivetion onoergy. The latier was found $0 be much lower thon
values roported for the dehydrogenation of cyclohexans oves

noble motdl: eatalysts.



The direet hydregenabtion of thiophone wes astudlied &t
the same temperature and on the some catalysts., A sevenity=
- 9ight percent decomposition of thiophene was obtalned a% 400@G
with & weslidenge time of twselve seconds. - Since W@B had beon
found to be the most active oxids for dehydrogenetion of
cyclohexzene, and V203 the moat active oxide for the hydrogenation
of thiophene, & mized catelyst of the two oxides was used for
“bhydrogen=transfer sjtudiss from cyclohexans to thiophens. - 1%
was found that with the apperatus uwnder test & velatively high
hydrogen partial pr@s&ur@,-&nd therefore & high cyclochozanes
thi@ph@n@-raﬁic)wam-r@qmir@da - An elghty-=five percant
- decgomposition of thiophsne could be ashieved in a residence
time of twenity secondsn.

'Similaf'hydfog@nntransfér studies with naphthe and thiophens
gave perallel resylis. There were indications,however ,thet -
increase of the pertial pressure of thiophene oould reduce: the
-extent of resctiony possibly due to iis adsorption om the
- 8etive sites of the ewtalyst. -

Aydrogen=tiransfor studies &b 4000G vere carried out using
méxtures of naphtha end residual fuel oil and optimum -
experimental conditions were obtained. - It was again evident
%h&%l&‘law ratio of 0il ¢ maphthe ﬁomld be reguired to
- produce effective hydrogenation at the residence tlme svailable,
Bxtonded twst runs wera made with 8 suitable mixture of

naphtha with sach of the throe residual fuel eoils in turn.
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One-giressn times of up bo tweanty-Tour hours were ashloved &t

409@@ with an 0il ¢ naphths r@%ﬂ@-@f~3@f?@ (afw) 2 - soventy
© 35 oighty peorcent of the suiphur in the vil was romoved by
- thie means.
- - After dehydrogoneted nephitha had been sopareted fron $he
treated oll, 16 wes Found thed the labtter hed a viscosity
=@@msi&@r&bly~ﬂ@war then that o the feed 0il. Sitructural
geoup aneldysis of the treated oll indicated sigaificant -
- hydrogenation of the sronsitios and extensive hydroorecking %o
Cgive an average wmoleculer: welght ol cbout half of thad of the

- Peed oile



1o  INTRODUCTION, .

1,5 Sulphur Compounds in Petroleum,

Crude petroloum is primerily & complex uixture of hydrocarbons
ranging from gases such &8s methans and ethane to aspheltic bitumens.
Other elements present include sulphur, oxygen and nitrogen.

VYanediun end other minor clements are present in trace quontitien.
Sulphur whon preoscnt appeers s & divalentd @lmm@nﬁla The more Common
divalent sulphur compounds include morcaptens, sulphides, disuwlphides
ond some aromatic compomnds. Within each of %h@_&bav@ groups there
in & considerable range of varistion, so thadt in the case of the
meroaptons one Linde primery, sccoondery and tertisyry elkyl thiole as
well az eromatie, olefinic and cyolic compounds. Alipbetic meroapions
with five carbon atoms have been identlifisd, as heve open-chain
gulphides with twelve carben atoms, end oyelie sulphldes with up to
fTive carbon atoms. Higher boiling mercepians a2s well a2s opsn-chain
and eyelic sulpbides have also been detosted, but not defindtely
idemtified,

The study of sulphur compounds im petroloum is complicated by
the feelt that some of thom are weadily decomposed on heating.

Hydrogen @ulphid@}alﬁh@ugh not presemt im oil as Bm@héﬂ@ Porased during
distillationg and thus is Ffoumd imn the gaeses and light distilliatesn
from both distillation and crasking cperaticns. Dven mild thermal
troatment as im the crude distillation prossess bresks down higher
molesular weight sulphur @@m@émm@@e and gﬁ@l&a low boiling mereaptons,

sulphides and disulphides. Veriation of distilloetion conditions



2a

may change the range of the sulphur compound producis, thus. hydregen
sulphide no%t found in the "Vacuvm® distillade is present in the

"atmospheorictdistillate and may account for neavly faur‘p@reant of the
original %Q%al sulpbur in the erunde oil. Only Poyrty porceni of ho
sulphur compounds in "atnospheric” distillate consisis of hydrogen
pulphide, mercapiens, sulphides or disulphides. Wo ldentifying tests
have go far been developed for the remeinder. In castalytic crackiang
& higher degreec of decomposition of sulpbhwnr compounds tekes plasse then
ia thormal eracking: among the sulphur cempounds that have been identif
in oracked petroleum fragilons ars ithiophenol, thicoresel, dinethyl
sulphide, thiophone, 2-wethyl thiophens and EsBVﬁim@thy1~thiuph@n®o
Information on the mature of individual sulphur compounds in petroloum
fractions ia rathey meagre. Smith snd Ballg have inveatigated the
nature of sulphur bodies in siralght-run nagébas boiling wp %o 250°C,
Their resulits showed that there was considerable varietion in the renge
of sulphur compounds from one oruwde oil to anoethor. Suiphid@a?‘
mercaphane and disulphides, hydvogen sulphide and elemental sulphur
counld be enelysed and deteoted, but mersapitan~type or open-chain and
eyolic sulphides wore difficult jo differentiate. In general, gasoline
containe ono poroent, kerosine five and gas oil and lubrisating oll
distillate each contain ten percent of the Hoital sulphur in crude oil.
The amount of sulphur present In & crude oll is apparently some]yhat
ralated o the amount of esphalt in selution. Qile containing the

groatest amount of asphall heve the highest @ulphugB sontonts in theom.

The conconiration of sulpbur in keresine is generelly 0.02 o 0.064 g



donentlic fuel oll 0.3 to 0.7Z2H ond industrial or residual fuel oil
2:5 50 400ho |

- Phe AoR.I project 48 hes shown that sulphur compouands in
erude oil raaidues!aw@~a1mea%‘an%ira1y~oyuli@-im_na&ur@a‘and
- gonaled- of condonsed: thiophenes of elmoat overy series @.g. thie-
-naph%h@n@$$'dihanmothiopheﬁﬁsg nephthothlopheness bensonaphitho-
thiophﬁneso~-=Thﬁae~aava-nnt-gu%-been isolated: or identified: ap
- Buohy however thero sre indleations of condensed molsgules
- gentodaing more thau one thichhene nucleus.

1,2 - Baturg and Characteristics of: Rewidual Fuel Oil.

Realdual %uel oils- are largely byproduots of refinery
operation;  vhich ie aimed a¢ m@ximising~%h@-yé£1d-and:qualiﬁy of
- other more desirable proﬁu@tab-:-ﬁhis*f&eﬁ explains the wide --

- gariation in properties often Ffound im vesidual fuel oil. Duping
the period im which thermal eragking was an important relinery
0ol, residuwal fusl oil consinted I@fgaly of tare from thormal
oracking operetions with only minor proporticus of straight-run
refuced crudes. Whon, howover; the demand for motor gasoline of
higher octone number increanscd, aa%&lytié eraoking wag introduced.
Thio chenge had a mevked offoet on the meke wp of residwel Puol oil
fnfil eaused & decredse im the poroentage M@@ha of such material
Irom & oPude.

The high boiling rosidue Iraction from the ocatalytie oracking
precess ig much %00 heovy for use ad Lfusl o0il, and must be adjusted
in viccosity by additicm of distillate stocks. Thus residusl fusl
0il feor & meodern refinery comslete meinly of blends of gas 0Ll

ﬂﬁ;@tﬁ,lla‘i;@fb 00w
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waually from catalytic oraoking oporation with the hoeavy vasuum
residue, and minor amounts of tars from thormal coréecking operations.
Residual fuel oils. in the UK. ave elasgified by Britich Stendard

4

Institute s and in the U.8.4A. by the Americon Soclety of Testing

[
Material”’. In the British classification grade F.G. and H. are
rosidual fusl olls, as are Ho. 4,5.end 6 in the Amoricen classifisation

Buch elescification is largely besed on viscosity as may be seen from

Pables 1.1 and 1.2,

TABLE No. 1.1

Britich Clossificetion of Residual Puasl 0ils.

Grado

P G ‘ H
Mex. viscosity at 100°F
Redwood Ho. L. 1000 3500 TO00
Gross c.v. Binfib. (18150) (18000) | (17900)
Flassh Polint P ' ' ' .
mininwm 150 150 15Q
Water Percent Vol. :

(E{&v}ﬂ) 1.0 1.0 1050
Sediment Percent 0.25 0025 0.2%
Sulphur Pevcent.

(Mez) ( 3.50) (3.80) 1} (4.5)




TABLE Ho, 1.2

Americen  Qlassification of Hesiduel Fmol Olls.

, 4 , é
Max. viscosity
Redyood Hoo.l. 1310 708 T520
Flagh Point OF
minimem 150 158G 150
Water and Sediment 0.0% 1.0 2,0
Sulphur per@@n% .
(Hax) (2.2) (4-7) (5.2) )

I+ may bo asen thet the No 4 and % g&&d@ﬁ in the Amewicen scheme
are mueh lighter than British class B and P, There is no .8
aguiyalent of ¢ grads. However, Ho. 6 sund B eve almost ldentisal.
The ¢ grede Tuel, & medium viscoslty Fuel iz also kunown as "Bunker BY,
while the H is known 28 “"Bunker 9. The U.8 bureawn of mines in
so--operetion with American ﬂ@tﬁ@l@um Institute conducted in 195556
- & survey on the 9&0@@?@1@% of bueper fuel oils. This survey ineludes
the dpte on distillate fuel 23 well as residual fu@1@69 and represented
the produstion of 129 relineriesn in U.5.8. and Cenada; sscording
to the survey the sulphur eontent of Wo. 4 maey very Lfrom 0,10 te
3.27 peveent. Tho cerbon residue mey alse very from 0.1 to 7.6
perconio This latter variation was dwe to the fact thet some such
oils were straight distillates vwhile others were blends of distillate
with residuel stocks. In gonersl Wo. 4. grade Teel varied in pour
polnt from =10%% 4o mﬁﬁﬁﬁg gater and sediment Lfrom trace te 0.1
poresnts and ash from 0.0001 %o 0.029 percents some wineral salts

of vanadiuvm and megnesium were &lso observed in & few paris per



"
é3 ©

wmillion.

in the sase of Mo, % fuel or P grade fuel, there was wide variation
in Speclific Gravity and this varied from 2;3 $0 22 APo.l.y ond the
pour point varied fyom =20 to 60%%. The sulphur content was higher
then thet of No. 43 gince this veluse wes usod primerily by the refiner
to olesslfy the fuel; wenging Tfrom 0.43 o 4.8 pervent. The mineval
palis of aluvminivm, caleium, irom and sodivn were &lso observed %o
an extent of zevenbty paris per million.

The H grade fuel oll or FHo. & is the most widely distridusted of

all rosidual fuels, and is the grade norwdlly used by power planis
and moest indusdtriel ocustomers because it is offered at the lowest
price. Thizs grade alsc showed conmiderable variation ip properties.
The gravity veried from 2.4 to 19.T A.P.I. The low graviiy products
sontained lorge proporiions of cracked stocks, while bthose with the
highest gravity were essentislly sitraighit wn-cracked long residues.
Sinee the low graviity products had & higher hest of &ombuﬁtion on &
Bﬁu/g&il@n bagia they were preferred by many indueirial users,
assuming thet the other properties were satisfectory. The viscosity
miy range frqmﬁ9 to 1@74 @@'&%’10®®§9 tho pour point vom O 4o 55@?; the
sulphur content from 0.4 %0-5.29 percent.- - - The- Lov sarbon residue
fuels were generally uncracked long residues and tend ¥o ho low in
viscosity. The high carbor residue fuels were blends containing hesvy
roaidues and possibly cragked respldual stocksy thelr ash sontent
veried from 0,006 %o 1.9 percent. The mineral salt present consisiod

ohiefly of zine, sodium, magnesium and venadiuvm. Thus 1t nay be seen



that thore exisis for any residual oil guite & wide varistion in
propertien. However if repeated deliveries of fwgl olls are.
obtained from & single refiner much lebs veriaiion in properiies
will be encountered.

Hith improved refinery techwlque the percentage of residual
fuel o0il cbiained from & given orude is gradually decreasing; bwud
cougsumption and demand For the heawvy 011 has inecreased rapldly,
poasibly due to it Tavourable price. The percentags of residunal
fuel was abous twenty-Ffour before but hos decrsased o 2bout eloven
a3t the present $ims. It ls estimated thet this figure could become
oven lower withln & few yearss; & bthe refinery ;ji%élhag desraased the
guality has deteriorated. Today the sverage heavy oil product ig
found %o have & carbon residne of slighiteen percent, & powr poini of
approximasely 50@F9 aulphur content of approzimately 5 percent and
an ash content of aboult 0.5 percent.

1.3 Sulphue Compounds in Residual Fuel Qils.

Most of the early work on the ldentification of sulpbur compounds
in petroleum was done on the lowsr bolling distilledesy since these
are nore eaAgily analysed thes the higher boilimg frestions.
Information on the nature of higher boiling oils hes been obiained
from the work of the Anericen B@tﬁ@l@umiimg%i%utﬁ repearsh project
483 and from the work of Waswson, Wiimingﬁem on Middle ﬁé@ﬁ exrudo
021@76

It ie Tound that the eyclic nature and aromaticity of the
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sulphur coppounds in oll incresses as the bolling wapgs of the oil
@ .
Inereases o Sulphur compounds in wesidual fuel olls are thus

Bainly csonsisting of thiophenes. In general, sevensy poercent of
the total sulphur compounds Trom bhe crude oil becomes consentrated
in the residual fuels although this reziduse mdy only asoount fop
twenty percent of the cvude 0il. Kuowledgs of the naturs of the
individual sulphur compounds in oracked petrolewsn product is even
more meagire than for giralght run preducts. I% in Pound however
that the erasked products are more highly thiophenic then sirelght
[

Pun ??@ﬁ&ﬁﬁ&ﬁo

1.4 Disedventages of Sulpbur Compovnds in Heaidnal Fuel 041 in
relavion o _i4e end uses.

Besldual fuel olls are wvwsed primarlily to supply hegt and bocauss
of their relatively low cosd are widely used in meny indusirisesg
but the heat of combustion of sulipbur is 4000 B%mflb ag against
14,450 Btw/ib for carbon. Thus the calerifie velue of the fuel is
lowared by 150 Btu/lb for sach one persent @fnamlphur present.

In certein steam boiler instellations fusl il with & high
sulphur content may lead to excessive COrrogion, pariiculerly at
places where ithe stask gases &re cooled to temperatures below their
dow point. However, residusl Tuel oils are widely used in both
stationary and mobile steam bollers of all slizges. Their uwse notb
enly mﬁ&@ﬁ it a cheaper installation but makes it less complicated
o operate. The problem of corrcosion may be sontrolled by

maintaining the flue gas tenperature above ite devw point, with an



acsompanying decreasell im overall boller efficlienay. The dow
point iz high Tor high-sulphur fusl oll; aines appreciable
guantities of sulphurocus and sulphuric acids apre present in the
flue gases.

Residual fuels are widely used in furnace industrisss among
these are open hearth furnaces in the stesl industry, kilns in the
conent and reluated industries, various furnaces in the petroleum and
chemical industries. The disadvantage presented by sulpbur in the
fuel in the coase of opoen hearth furnaces is reliatad to the absovpition
0f sulphur by the ﬁt@al,aaé resulting in undesivable chenges in ths
properties ,0f—4%— Similar troublss arve experienced in the glaes and
geranic indusitries, and hsnce low sulphur fuel ls always more
attractive.

In %he case of diesel asnglines wnost are operated on dizdillads
fuelsas btut seridain marive dlesel engines apd reiatively lovw spsed
stationary engines are operiated omr residual fuel oils.

The residual fusel oile ore also used sz gus envichment oiis o
improve the heating value of water gap and other gases. in some
areas where coal is not available, residual fusl o0il can bs ussed to

gereorate oll gas which ls distributed for domestic usea. Howevey

sulphur must be vemoved from $ths resuliant gas to & consilderable
extent before it is passed for domestle use. Sulpbur oxides have a
coneiderable effect on plants and human h@imgs1go Alfala besons and
barley are among the most sensitive crops. In the case of

humane evem &g low a8 one ppm of sulphur dioxide may csuse Tunciional



Siteration in the luﬁgg aly whye And wdy oduno asbanftic BRtacks.

it is guits surprising thet the elty of Few ¥York sions use

rosidual fuel oll sonisining 2.%h sulphur and dischargss nearly

- ; . . 11 o

85,000 tens of sulphur diexide smpually iate Tthe aie™ 7, Anhi-
pollution Jaws are becoming more siricet and consumers are thus forced
o use even lower sulphur counient fuels irn the vielnilty of elties.
Thus sulpbur content ia one of the primary foctovs in dselding v
field of application of a residusal fuel oll.

Lo Rewowval of Sulpboy from Pelrvolevm Produtis.

Tos remeval of sulphoy compounds fron distillabte pedrolens
Fractions o of obvicus intersest du the pebroleun industny. "Jis

mant lower wolling tusl oLk, epeciticaitlons bave bean

artablished Timiting the asmount of suiphue Bhat moy be lseih in

predust.  Thug a oonsiderable amountd of sfford hes bewn made io

weation for tie amount of sulphur in residus. el

eile At the seme Hime very li%ttle loformstion ism avallable oo
comwereial mesthods for redusing the sulpbwr gontent of this maiter Lal
Bzisting metheds Loy the treatment of distillatesr may be slasalifiad
undsy thrae hoadingss-

{(a) Treating or Bxlvacting procossas.

{b) Thermal end Contied Catalytic processss.

(e¢) Fydrcodesulphurisation provesses.



a1 Presting op Hutrachiiag procoused.
. : RIS we.

-‘.’};;

1e803

These maethodsn have been developed for relastively simple suiphur
coppounds in petroleunm distilledes, and utilise chemienls, clays end
solvenits. Hlost of the chemical treatving wathods developsd for use
on mercaptans are not effective for thiophenic-type esulphury lead
sulphide ftreatuent oxidises thiols o disulphldes and these ave left in
& S 7 & 1“2 5 ., - “ > SR I
the distillate™ . Aguaous acdium snd osleium hypochlorites oxidiss
thicls end alkyl sulphides o wRbter-soluble products, bat elemental

13
sulpbur apd tulophenic sulpbur ara not alfected ™.

The warious thiol-dissolving processss using causile soluiiorn ano
sointion prowcters such as palits of isobutyrio @cld, alkyl phenals,
mathanel, nanthenic acld and thamies ave used For repoving asidic

; . fad _
arlphur compounds including hydvogen auiphide and thiola™ ., Liny

e

troatment s wseful For lmprovieg the odour and colour of war:

LR

Fata

patroleun fractiovns. Ouly mezreaptan sulpbur i removed when

goocentrated eunlphurie acid ovr anhydrous hydvofluvoric acid sre veed,Th

15 . \ - -
ig Found ™™ that not only do they sztract all the sulphvr containing
mnglecsulest, but also some of the aronstlio hydrocarbong. This way saus
large product losses with some peitreleuvn frasitions.

. . 16 ‘ . : :
In solvent refining Welson ™ bhas used suiphur dioxide, furviuval

and enhydrous hydrogen fluorlde for the solvent extrasilon of ceiznlyiisc

gysle oil. He claimed 69 do 8% percent sulphur removal, but 14 o 15
welght percent of the oil was slso extracied. Tt would thus appesar
that sclvent extraction processes are oply perit:2lly effsobive becouse

they wot only renove the sulphur bearing molecules but also asoma

%

-t


mailto:m@tb.oda

hydvosarbong, partienlerly those with aromstie rings.

Cracked fusl olls are nﬂﬁe&‘fﬁﬁ thelr high avomatie hydrocarbon
gontent. Some straighi-run residual oil containg meore then &@ﬁwf
percent aromatie hydra@&rb@n@i?a “Thic suggests that this method

gonld not be applled satisfastorily with residual fuel oils.

1.5.2 Thepmel and Contest Catalysis poassses.

The petrolsun industry uses extensively such procesaes o wp-
grade residual olls to move wmariketable produois, "Fisbrealking®
for ivstance iz used te reduce the viscosity of an oil, bub dose
aot elininate sulphur %o any material eztent. "Holking® 18 & nore
revore bhermal operatiom often used in procesaeling residillum. KA ¥

- £

J s . . .
nowsver veported that sulpher iz not removed during flvid soiing.
3@

Yorrall™ heae lovestizeted the thermal evacking of variousn
thilophenes and found no decomposiiion 2t temperatures as high as
1500° . Thie s feriier *vpa@x&@ﬁ by the thormedynamis propertiilse

" t‘“G o -y
of thiophene™ . The logerithm of wonilibrivm constent i9 bhighly
, . < .
negative even &bt Gemperatvraes as high as 15007K, thie is shown in
the Figure L.l amd Teble 1.3

Catalybtie Conteet dscomposition of sulpbur coupounds in the
vapour phase over silicates, bouzites and aluwine is effective in
decomposing mercaptens, sulpbides and disulphides but thiophense are

3 oy .').21 .4’9 LT
quite resistant . Some decompeslition of thicopbene 4o JRYL
hydrogen ouvlphide has been observed with bauzite containing iroem and
titenium exides, but Bn szceptionslly lovg contact time im the

Ly

. 2 - (—}‘3 W 3 -
vapour phase is reguired . This suggests that sinese the residual
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oils contain the major pewt of thelr sulpbur az thiophenes, exlsting

Contast Catalytie processes would not he

1,503

BatigTactory.

Hydrodesnipburisrtion procosses,

This type of process is widely used for almost all tbypes of

gompounds .

a partioulsr lemperature and prossurs, 2ad ths

sulpbir cumpounds is
ig elivineted sosily
Heow the hydrogen =8

aither as a byproduct

trangfor Syobum 8.8

T Pt 1 e ey e 4]
The wide aproad

hydrogen ave

desalpharisadion cperse

plants 2Pre over inores

gans tins the inorae
heavy distillate fve

moment by
B

hydrodesulpburisadic

sulphur scapounds.

HBydrogen and the oil are possed over & sultable catalyst

viiabiiihy

as
other desulphuri

n is the only method applicable

sulphuy
ah

hydrogenation of the

effected and hydreogon sulphids formed., Thiz lash

and moy bo used Yo propare sulpbur aw & Ty produs

el for the desulphurisation may be obésipsd

in

from hg&rmfﬁ@@ vt ds 02 by some ehemieal hydcoger

L

g - S SR X1
fhAuntorining” .

as & by product has made sommercsial hydwro
efions feseible; bnt dhe pesds of suoh commerdlal
aging dus to the higher sulphbur srudes. HE the
aing demznd for low sulpbuv-sonteont middle and

2

ions can not be satisfactorily obtained at ths

.,,J

sation methods. kahgmi@y ass meported thatl

B all types of
3
Farino

Hughes and have invesbtlgsated satalytic

bydrodesulphurisation of gas oll, reduvced crudes, and residesl fuele,
but relatively very few referensea smhow resulis on the treatment of
residual fusl oils

Ia the cose of e chewmiecel hydvogen trensfor system the sulphur is



TABLE Ho. 1.3

Logaritim of Bauilibeium Counstent at Varlous Penpsratures
for Thormal Decomposition of Thiophewne.

Log GK

Pecomposition of 208% | w00 | 700 ! 900
thiophene | 042 | 02T {081 1,039

TABLE He. d.2

RN TSR PTERN R T & LR AT es

Logard thpof Bawllibeiun Constent at Variows Temperatupen
for Hydregoagtion of Bulybus Qompownds .

— ] _ |
% L E !
3 - :l{v i
I STy T
Hao Tepe of Bulphur Compound 2BE L 500 LS G T
[ — y : i} k: K ] ; . : |
: ] ‘
T, Sulphur eompound & j
Al

hydeoosrbon + K8
1. HMothenethiol to methaus 14020 837 o :

2. Thiophens o n—-Puitene 36,59 e o 5
3. Thiacyelopropense o athans 28,3 15002 | 9.26 o

+

;
- - :’ 3
hydresen o satureited ! _

o ) i

i

by

i

w Sulphur compound 4 "
vl n

bydrogen 4o wnsaturated b
hydrosarbon + H,S

1. Bthepethiol to ethylens % o 58 w33 +lo34 1 &




oLlminated a2 hydrogen sulphide by mesme of cateliyblc nydrogenss an

the swlphur compounds press in the Tesd stook. Whae TOSE
B iphur compounds present in the fesd sbook ‘e hydzay

required for the reacticons is obtained by simitaneows debydrogenation
of sizx-membered-riag n&ﬂﬁﬁ@n@&s pregent in the procsgs disbtillate.
The equilibeium conatent Lor the hydrogenstion of variouws byrpes

of sulphur compounds o g@ﬁ&a saturated hydrosarbons snd hydrogen

. ‘ 2t e
gsulphids &t various bompevaturss is given 2 h&ﬁ‘qﬁ THESUE %&E

P TR

For open-ahaln, oyelie and thiopbenia types of sulpbuy compounds ave

f‘"

o 20 . . o - . o e
aign avallable ", The Figeee 1.2 aund the Teble 1.8 show thal e

&h

iogarithaef oguilibrive constant in ke Semperedtvre rouge ¥O8 o 000TW

o

o

wen almest &8l posdltive. Fawe dn sdwest every ease the reaadion o gmd
proeaed virsually o complevion iY hwivoegon e presend in prope
nieiohlopederie nropondioy

- Fhicls, open—opain and gyslic sulphides are counverted o salapatec

g wpapabis hytrosarbons depepding uwpoen the particunlar sulphey

. L TRUR . S .

gumpowads involved. Bengwe Fhioghenss ove eomverted %o aikyl aromaiticc
. & ’\ug 3 en " w ehalh - e . T ” 7

A @A&@H%QV‘&Aﬁjm@ﬂwﬁ arg probably converted to biphenyl.

Tane the mejor reaction mechanien zeenms o be & simple esrbon-
gulpaur bopd Fupture followad by saturation of the free valeunciss.,
I general, sromatie pings are not saturated sven though their
hyvdrogenation may be thermedyemicelly Pavoured, This ia bLecauvse of
2 gpecific ineativity of the ceteliyst employed. Héw@vwﬁg ag 2hown
ju Tehle 1.3 in the following page, partial ring satucation mey
precede carbon—sulpbury bond rupture sush as in the case of dibenso-

Bhiophenes.

2
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TABLE Hoo 1.9

iov of Suliphue Compounde under Hydeodegulphweisstion

(L) Thiolssz-

BSH + H,, =2 RH < H.5
2 I
{(2) Suiphidess~
{a) open-chain
R-@3eR0 4 88, ——e-e R - BYH o+ H,8
< @
(b} opaids
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Ome mole of hydrogen 1s required per mole of thiel fow
pulphuy removal. Sinilerily for sulphldes the hydrogen conswmpdion
would be two moles, and for thiophenas 1t would require fonr moiss.
Aspuning & higk thiophene eomtent in residewal oll & Ligurs of

four moles of hydwogen per stom of sulphur mey bs need. The
removal of one pereend of svipbur from & barrel of oil about 107
bhoPoX. {l.e. wolghing 350 lbs peor beresl) would regulre

350 1359 P )
cf—.fm@éi‘?mr_}i—:.é7::ﬁgm - :{ ;f?, g's :5:’4& ¥ o f b\;?ra EENETL

- 85

oz ned e, o R gy, Fry e dag npm e g 3 S [ n e Al n oy vry e
Urevotesuliphurisfiion may e errigd out over & wide ronge

L 4] ] 3 3 oy e o e T . K 5 e B | A e
of sondlsions. ‘holea is gonovally determined by the fesd atosk.
the desirzed produet, the aveilability of bydrogem, and obbew

sonowle reguirenents. Boweaver usualily ths temperatere engs

- Fo o 8 . C . . .
AR R & 7 Y, P : L F my T S AP S
of TR o THOF is adopied. & below 007%, the cesation iz vers

A e Bem, ¢ « Ta T pa g Y nd? . A S
slow cnd cablo oide veacticns sush 3 hydrd-

sraaking tend B0 ineresss . Sulphur conoval lg sroportionsl 4o tha

hydrogen pertlial pressurs. Inwwresse din the hydrogen present

ased hydrogenation. Thus the plapt designer hes

D

resunlte in iner
0 halanos any increased cos®h of higher pressure egeinst the
incretse in efficisney, temperature and pressure are inter-ralaied
o aagh other. The uze of high temperature (above S@Gﬁﬁ} and low
presgure (100 peig) prometes satelytic reforming resetions with

increased deposition of oarbony while high pressure (1000 peig)



and lov temperlinre (&QQ P) leads to saturetion rescbions. €.8.

*

canveraion of aromatios o nailhenes. Gonventioaal hydro.-

)

fictu

desulphurisation is an evothermic process and the heat evolwad ia
proportional do the hydrogen sonsvmpbion. Uader properly chosen
sonditions with saturated feed stock where hydvocraelking is elimivate
the heat given oulh may be very small,

In general the physical siate of the rvesctanits i.e. liguid;seasavs
o wmized phape hes 1ittle effest oo desulpburisation, % is bhowaver

=

AT A <> . D E o remy ol By ot d e m " o o o En B am - R o U owceny T
epsentinl that proper dlstribeiion takes plage guey he cabalyad hed,

[P T WA, SUCRE S 2 N o o2 EN [ P
gmd this hao led %o & varie n af reaohor dasi 88, bynereontl A S
- L —— Pxe “% ey o o R P 2 IS 7 e AP & s P
comparalally availadble processes for the Iphwrigstiar + low
- Pan g . O B = il L) HED et e Tyl e amn o g n R P P
Rnpa e ciouiliade ars of Shoe Dizod boad tyoa. Movrnwe bad 9 ceer R
L ETINEPE . . Wi YeeFavet mer
TEINSRE L Haw ka m Loayees ey ovminss g
N S E
R I o ey % e AR o FRE R o " ) P e o B £33 B on 8 F PRONN, TR e 'S
daspiphunisntlon. The preferonse Jo0 the Qixed Deid system fo b
o - ST = E a1 17 e - y o o Ty - o - an = P %, e A i
G the aloplicity of operation. This method is ayniieable o g b
o ] - < or A wn R 28 v P T W n b R . o K <3
zad B0 residves: parbticwlariy ot the higher tempereture roguinsd

Tor regidue hydrogenstion, cenbtlonaig fiwld aad suweperded entalys’s
processes offer advanitagss over the stand point of satalyst rosesveraiion.
The fiuldised aysten hes the limitation that the stoek muwet he completely

gonveorted o vapourised products in order to meluvain the satalyetb

Plpidity.

(5

o

There are & renge of hydrogomatlion satalyate, one Patent
tndicates that the oxnides end sulphides of group I1 to VII of the

Pariedic Table swe suitable bub that greup VIII @?@m@nag together with
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Hydeodesulphurisotion wonld thus appedy w0 e the most

methol for the desulphurisation of residual

1.5  Whe Sutofining Process,
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guality. Spd heneo high temperatueen ave to be avoldsed. Om the o

hand, progessing &t high pressure aod pnoderats temperature would
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Thermodynanic evlouladtions show thad the dehydrogenation of a
giln-membered ring such as eyclohexone is thenvetically comlete ahomg
660°F. The variation of the logerithm of equilibrinm constent with
abgsolute temperature hes besn caloulated and is shown inm Pigure 1.3.
The eafr@épom&ing calenletion hes been mads for & model suwiofining
éﬁe@@mw in vhich cyclohexzame provides hydrogen for ﬁhiuph@n@‘ |
decomposition and this is shown also in the Figure. It may be seen
therefors that the autelfining reaction i3 quite thermodynamically
feenible &b the above hemperatures .

In general the process operates &% pressures of 50 te J00 paig
and fons aﬁipha@ ghtable ortalyst such 2 cobalt molybdate is wused.
Phe salalyst is rvegenerated pericdically. The on-stream periocd
vapries with the bolling rangs of the Teed stoek, the bigher bolling
fend siook giving the wnost trouble. When maximun desulphurisaiion
is reguired, the unit is run uwader equilibriuvm pressure gonditiona,
im whish Full use of the hydrogen prodused is madgglam@ no OXCeSE
gas is removed Tfrom the system exeept that dissolved in the liguid
produst.

The twe rewschtiong, dehydrogenation and d@@gl@hﬁfiﬁ&ﬁi@ng are
endothermic and exothermic respectivley, 80 th&? the overall reastion
le subsatantially %h@rmémm&m@wmﬁ.

The rate controlling factorsn in the cape of the
hydrodesulphurisation reaction for the formation of hydrogen
mulphié@ and hydvocarbons, have been shownr to be catalyst activiiy,

temporature, and hydrogen 2nd oil partial progsures.
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T4 hae been reporied by Hoagglg while precessing & full boiling-
ronge gag oil (5ﬁ5 o 66@@F}9 that the rate of hydrodssulphurisaition
of the heavier Drasgtion wag sonsiderably slower than the rate for
the lighter fraction. Hoog showed that the phonomemon of ¥ light-
hoavy selectivity" wag due %0 the different type of sulpbuw @@mpémnﬂ
present. The higher the molecular welght of the sulphur compound the
more the sulphur atom is @%%ylﬁaﬁ fromethe hydrogen atom by hydro-
carbon groupings. It appears thet the dosulphurisation of nerrow
boiling-renge frections o & lovel of 95 percsnt removal gowld bs

desgribed by & irst ovder nechenismy, ¥ig.,

bnf P o e ys
]n{E@ng} H0.
Where F@ = Partial pressure of svliphur compounds a8t the ovd of
the oftalysd bed.
P@ = The corresponding perdial pressurse 8% the inlet te
’ the eatalyst bed.
iy = Apparent contact btime.
KH 0. The rate comstent for a given hydrogen pariial preseure{d).
e 031 pardial pressure (0) tomperature and oatalysd
Gonbination

The Gesulpburisation of the full-range oll (500 o 662°F) aia
not follow this first order velationsbip. Thue the rate curve fov
wido range o0il 1s in fuot the resultent of an integration of the rate
curves for & series of narrovw oubts of inoresszing molecular weight.

Thae effeat 0f oll paritial pressure on the rate of desulphurissticn
wan explained on the sssuopbtion that oll moleocnlses are more strongly

adporbed on the catalyst then hydrogen melscules, and mey preferentially



22

eover pert of the surface lotving lees avallabls for the dissogiation
of the hydrogen molecule. The &é@mgbeﬂ 0il molooculs is more easily
ozxpelled from the surfase at & higher hydrogen pregssura. This causes
8 voduction im the influence of oll prossure at bighor hydeogen
paptial preogsurds.

In opdey to esitablish the typs of chemisal veactione oscuring
during hydrofining 28 distined from ovacking hydrvogenation, Hoong
carvied out & sories of model expevimentz in which synthetiec blends of
sulphve compounds with sulpbur fres paraffin oll were subjscted to
hydrofining. The results cbhiained Indisated that no m@%h&n@ or other
1ight hydrovarbon ie obitained, the reacbion wae in faet limited %o &
rupturs of the sarboa-sulpbur bond, sad the hydrogen saituration of the
froe valencles. fn 2}l cases (mercoaptans, sulphides, and arometic
$hiophenes) virtuselly completso desulphurisation was obtained. Veey
propising resulss were almo obteined while autofining sulphur compoumnds
axtracted from the gas il by bydroflucrlic sold. These sompounds
wers dissolved in n-boptansey and the solubtion waz subjected to aunta-
finivg. A sulphur reducition of 98 percent was obteined. Hoog further
glaimed thet the sulphur eompounds in 1light gas oll consinted of 30
$0 40 percent simple thiophones and 60 to TO percent of hemosyslio
eomdonsed thiophenes.

As & reasult of studies on the hydrogsnaiion of thioﬁh@a@ over a

Bﬂ

vapadlun oxide catalyet Komarewslky 2 proposed that the moshanism of

this remotion involved the Tormation of mercaptens and then butadiens



as intermediate shages, a3 shown balow.
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On the other hend, Kieren found that with tungsten and & molybdenum
sulphide catalyst at low hydrogen paritial pressures tetrshydrothiophens

4
A4 o agoount for the

wae formad. The mochanisms propoged by Kieran
effect of lucreasing hydvegen partisl pressure are as followss—
{(a) C@ﬂgb & Zﬁﬁ — Géﬁﬁs

(d) GRS .+ 30, — = \ Gy ¢ HS

(6) 8 + 4Hy —» Gl o+ HS

The tetrahydrothiophene formed im the reactiom (a) evemiuelly furiher
desomposes into hydvogen sulphide awnd butane, Since 1% decomposes
en %i_m@s fagtor than -the thiophene iteslf, at & sufficient hydregon
pertlal pressure rezetion (6) is mors evideatb.

It thus appears thot at sulfieient bydrogen partial pressure the

ultimate product im both mechenisme is the formatiocn of hydrogen sulphide



.
L

and normel bnitonae. This theory ie supporited by avidenne provided by
35,36

other vopkhers

1.6,2 Tho process in presbice.

The sudofining process bhes boon applisd satisfactorlly width light
distiliates end gee oils. Till wow the main interest im the prosess
feom & compersial poiat of view has been in the desulphurisation of
lower boiling distillates, which require & relatively ewienaive
rofining treatmsnt. 'The presonce of nopithenes in kevosines and iight
ges oil has made 1% feaeible to desulphurisze them in this way.

Renegarch ceprried outb &%“Sunbmfy‘ resunlted in the development of & very
aatisfastory desulphurisaition process capable of hendling mest disbillate
food svocks. The first largs scale walt of 3500 borreln per day
oapacity to handle n&ﬂ&h@ and power kerosine came into operadicn im

1952 ot the Liznderey pefinery of the Hedlional 01l Compeny.

The overege on-atresm poericd was 800 hours for gasoline prosessing,
while 400 bhours worse necessary Lo n@é&hﬁy kevosine, 2md tragbtor
veporising oil, aund 200 hours for bengine, srondtie exivacte, and gas
0ll. ‘The rogeneration wes earricd out with stesn-aly mizdures.

When processing naé%ha@ in the above unit ad T&Q@E9 100 peig
and with o apase velosliy of 5.0 vel/veol. br., not enly was neasply
somplete desulpburization obitained, but alse am incredss in ostene
numbey and improved lead responsa was reported. The sulphue @9@%@@?
wvag rvoduoed from (0,081 %o 0.0007 percent.

Under the cene conditions kerosine conteining 0.18 p@?@@gﬁ sulpbu

was purified to 0.004 percent. ITis char-value was a2lse considerably



o Jo

redused. The high sulphur content of tracior vaporising oil {0,577
percent) necessitated a lower spasse velosity of 2.0 val/valom o  The
sulphur counitent was reduced %o 0.126 percont. Iin the cése of arometic
hongzine exnteact {0.29% percsnt sulphur) 98.6 peroent of the swiphur

wos removed sad in the cess of gas oil (0.720 percent sulphur) £ifey
peroent removal wes achieved.

A swall somnersial uwaid of 350 barvels per day capaelily wes
ingtalled at Crengamouth refinery for process! ng & kherosine sulphur
dioxide suztract. By processing at & temperasure of ?80@E andl &
progsure of 100 peig end with & spase velooity of 3.0 volfvol.he., ®
gulpbur reduction Trom 1.04 peveent in the feed to 2 product contalning
0,45 perosnt was obiainecd (56.8 percent). The on-stresn periocd wam
200 bours, and rogoneration wae careled oul ag bofore with 2n aiy-
nitwoan blapb.

It hos generally been agroad that the &u?cfﬁnimg of highker bolling
distillates and residual olls iéiﬁiffi@ulﬁtﬁgahniaally principally
due o the freguent catalyst regeneratlon requirement {low op-sirvesmn
periofls) and the faet thet the releatively low price obteinsble fovy
rosidual fuel oils necessitates & very ohedp vefining process. This
atate of affeire may not condinue im&@fini%@iy due both bo growing
agongern sbouwl aimospheric pollution and funiure mhﬁrﬁ&ga@ of bhighey

grade fuela.
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Lo Purpose of Bewoarch,

The émﬁp@@@ of this study waa to seleet typieel residusl DTusl
oils aud to shavacterise them é@ far as possible, and then to meke
& sbtundy of thelr ﬂesmlphuriﬁaticne Po this ond it was proposed o
find the effect of hent, catalysts and hydrogen on the sulphur
content of thesse olls. It was aleo intended to meke & parsllel
study with simple model sulphur conpounds. S8ince in the above
disoussion it was appareant that the autefining process offered an
internel source of bydrogen, it was hoped in the gnd %o attampt to
develop & process for residusl olil desuiphurisation uging naphtha

Tractiong as & source of hydrogeu.



<

Ry T ye oy ey ¥ LR g

W WORG Guvainall ;
Wit ] m e g men} o mrada e edoam An bhe
AAVOAA R ARG FaridiR A8 FALTEN R bas

s e e i . - . T s A e e i
+ CR PPV, SR S Riinge4 £ ey e 2
3 (31 vt arin P Visoonity ! Snlphi :
“ [ b
IR S ¥ o " g
lt-.éﬁu.-f,’@fh.g. )ﬁi € .5. - 4 lﬁl
4 4
5 - ey M
as 1007 : ¢
e 3 Ve, S e A e e Y e 1 L“ = it neear ey
i ¢
l‘ 4
¢ I
i {
e 4 woAs H
A Shell P aeds :
=I ;‘
. f ¢
. . e st e e s o
‘n
i i f
™ B It Iy I kiid 3 1 269 A4 ‘%f}, bt i
B Haoor Sbtmenphorie rosiddns HEMN : %
e, - e, L o B P b
; From Tres el Sooie. i RS, !
. SO — st . v ST
: . : . : i ‘
U i Hesop; simoespherlo resitud ¢ :
4 > 5 S = oy iy PR :
j § ....'rhg;)ﬂ i“; DRAH DA SR ; o 3 :3"\";:3 ;3 ,&,_E_ o S ¢
K] 3 . h H
£ serses g j . AR, S AR A TR R R 2 b SR ST S S T 1 TR T P N NS KRR N L o e Y i

ey were 011 daplk oila.

RR R Lo vl ol e i
suntent ol eneh edis hosn worked onb, Fhie Lo A ponliioonvion
SN 1 aa:wu&é? appiited for ths desermlmftion in pay
watora, Snld voes tho Phoron ludisater. It wes fomad thad dhoe aow

+

had 8 cousiderable adventage over the cuntvanbionsl
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salonlntions sre given in the Ap



The sulphur econtents of the three olle sre given in the Teble 2.2

bolow.

Robhle o, S8

Porceptaso Sulpbuy in the 051g.

Daterminatlion 011 A 011 B o1l 0
nuambor
1. 3.22 4.08 4,34
9, 3042 A28 4o11
3. Fol5 an &.16
Averege 3,34 4,30 Ao13

2,2  Seperation of Saturtte and dremadtle Fracbions of Tont Qils.

The caturate and the eromatic frastioss of oach oll were
soparated wsing the shromstographic method, desoribed by Brook and
ﬁhiﬁmﬁnggg The aotual progodure is desoribed in the Appendix. A
one grom sauple of oil vas talken for oach déeterminasion. The resulis
are givenm in the Pable 2.3 cu the vexd pega.

Beook fnd Whitmen define the saturbie frastions as nephthonses
and pavafiing. The inscluble residue eppoared to consist mainiy
of corbon {l.0. petroleoum coke) ond omell emowats of winerel mhbdar.
Ap Lt was dotermined by differvence and wee iyfant the noterial
ingoperable from the chromatogrsphic column, 1t would of courso

inglude unsscounted-for errors.



Pable Be.de

7 &
b

3 .48

I AT

Yevoentags "Seturate” and “Aromstlie” dn Pest Odlm.,

0Ll Setuvate Aromatic Insoluble Reslidue
{vy difforanee )
36,80 53.30 ToH
A 29 .30 53,20 Te% .
38,10 53.60 T3
39.20 53,10 ToT

: y ?‘b @Q{J

54 . 3G

Ayaroge 3G L 20 B3.30 T80
3.\ 9;3’@ ﬁﬁ:‘ﬁt\g‘@ 6580
pid 3840 54,80 6 .80

T.00

Aveorams ABLF0 04.41 6.86 ;
3"-’3@?8 E‘S‘f’a}#{é‘} %u@?} \,
38.40 53040 &.20 {
.‘:?76 a&{} §2|=§5 §7 (;”5‘" ;
;
Avanage 38.64 5300 6.36 :
t
;
Tod of Oida.

gontent by the method mentioned

balances are chown in the

Y2 were Ffurbhey

and arometie frac

Followd

wione obidained by the wmethed

Y
Laede

15 bable,

e

‘The

ova

analysad o deterwmine their sulphue

R )

PGl sulphur

s e e g s




Pable Uo. 2o 4-

Sulphwe Balonce on Test 041 Peactions,

~ Poreontage
011 | Type of Percentage Perceniage Welight per Total
fracition walight inm gulphuy in 100 gue sulphuy in
frassion fracgiion teat oil fraction
A Saturate 39 ol 0.80 @wg:?.fé ‘9“ 635
Aromatic 533 %20 2.761 83,37
Insoluble {7-5) - {0.243) {7.28)
ropline o
Potal 100,60 3.34 100.00
B | Saturate 38.72 0.32 0,130 3,16
-&ﬁ?ﬁmﬁ‘i}i@ 5‘% 043 6 980 33 o 69@ 90 o @0
Tuscliuble {6.86) - {0.280) (6.84)
Pesidue
Potal 100,00 4,10 100,00
¢ Saturate 38.64 0. 34 0,132 3.19
Aromatic 53,00 6.88 3,654 88.24
Insoluble (8.36) . {0.344) (8.57)
rosidue
Tobal 100,00 4.130 100.00

The values shown in bragksts were obtalned by differencs.

The resuldts show that most of the sulpbur compounds arg

gonocentrated in the aromatic Tfragtioms of the olils.

importance shonld be atteched to the suliphur conbtent of the insoluble

Bo graat

residue since 1% weight wes delternined by difforence and thus

inoludes all sthe evrvors of the method.
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2.4 Detection and Clagsifliestion of Sulpbur Gompouvnds in Tead O0ills.

40 ;
The methods developed by Karr  for cualitative determination

of sulphur compounds were 2pplied here to atvtempd to detest the typse

of sulpbvr compbunds in these residusl fuel oils. Ths resulis ary

shown bealovw.

Table Ho. 2.5

Detection of Sulphur Compounda.

The oil {A) wes dissolved in two parts by volume of sarbon ¥etre-
ehloride and observaticns were sorried ocut a8 balowge

Group tested fowp Ovservation Inforencs
Aliphatic + 0.5 ml of the mixdture + two drops of Pos 1 ve
Aromatic thiols | 2% silver nitrate molution. On S
(14} shaking white precipitate was formed
Alliphatic < 0.5 ml of the mizbure + two drops of
Aromatie thiols glacial aeetic aglid 4+ two drops of Vegative
{13} sediuwm nitrite solubtien. Fo green
or red precipitate.
As 14 0.5 ml of the mizdture + 0.5 ml of
{1D) gthanol + two drops é 1@? godium
hydroxide + four drops of 10% Positive
Phoesphomolybdlia agid, After

agitation, the agueous
from yellow 0 grosn.

layer changed

Aromstic thiols

(1B}

0.5 mi of the mixture + itwo drops of
10% phosphomclybdic acld. The
aquecus layer changed from ysllow to
grasn

Ponitive

Aliphsatio and

Avomatic

digsuliphbides
{2a)

2 ml of the solution + two drops of
2% silver nitrate wors sgltated and
a@nk ifused., The bydrocarbon layer
was collsctad, and 10 small granunles

of wing wera edded ~ trioae deonn of
glacial agetic acid. The mixture

wae refluzed for 2 fevw minutes and
thoen the solution was tested 28 1A,

Poslitive.




Table NHoo 2.5 continucd.

roup tested For Uhservotion Infevonce

Sulphides of all [0.% wnl of the mixture ¢+ three drops of
types 41% nitric acid spd one drop of H,S0

{38) + one drop of 104 phosphomolybdic aeﬁdq Inconclusive
Ho yolliow precipitate wes obialned, bub
& dark gelatinous wess wee formed.

Aliphatic and 2.0 mi of the solution + two drops of
oyclic sulphides [nitric acid + three drops of 10%
(3\) phosphomolybdie acid. Teollew Inconclusive

precipiiate Tormed, bui disappaaved
on sheking

Avomatic thiolsy (2.0 ml of the golubtion « three dvops of
disulphidos and [sulphuric acid were agitated for a Few
aimple Thiophoenes|minutes. The ovengse ceolour in the
aqueocus layer was obseorved.

Positive

The numerels and lottors given in the loft hend coeluma of the
above table refer to Karevs oviginsl classifiestion of groups. Those
obzorvations were carricd oudt only on the test oil A. Sineoe the
rosults wers in most places rather inconciusive, he schene of
enelysis wap not applied to the other twe eils. It vould eppoew

that Keer analysis ie net really opplicable to residual fusl olls,

2.5 Struoiupal Geoun Auelyols of the Teet Oils.

The "earbon distribution® end so selled "ring @un%@m%@“ of theo
tent ollp were dotermined by the normal “n, 4, ¥ &u@‘ﬂwkg Wy QY
m@%h@dgﬁlg Theo poroentage numbors of carbon atoms im peraffinie
ptrueture, @@yﬁﬁm@mi@ shrueture, ond aromdsic Strusiure wers
salenlatod by the motheds cheun in the Appemdiz. The rofrbotive

index (n) end tho density (4) vero dotermined at both 20% opa 70%




by Abbe refractometer snd escursts pycnomober, respesiively.  The
. / o e U+
moleoular weights wePe determined by a wmodification of Heitlews
sbullloneber. The noocassry osloulation of the wmoeleocular welght is
inegluded in the Appendix. Phe kinematlc vissosity (Wk} of the tend
A @ A 2 )
olls at 20°C wap doetermined by means of 2 stendard reoverse-f{low

A7
vi@@@m@%@ﬁ‘3a

Qare
The data obteined €= tebnlated below.

01l | Refeastive Index]| Donsity Hol. Wte| Vieoomity.
Pog | Byg | dpg Qg ) (M) a (V)

A 10,6340 § 1.941  (0.970 §0.965 463 B4

B 1.6430 | 1.548 10.9828! 0,972 583 965

€ 1.6442 1 1.552 10.98301 0.976 618 1377

The resuldts of Teble 2.8 wore used to celeulate the strusiturel
group analysis by the twe well-lmown meothods. The reawnlis obtained
g © G e e
frem the ny, 4, H &% 70°C sre showr in Teble 2.7) & specimen

ealonlstion is insluded in the Appondix.
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Lf@.%l@mg;ﬁ

. . . - &
Structural Group Analysis from determinetiong &% 707G .

0Ll GA Gm Qg GE RA Rﬁ RT
A 32,000 19.21] 51.20] 48.70] 1.911 1.65 3.56
B 34,591 9.02] 43.54] 56.46] 2.0611 0.575] 3.18
& 36.48] 9,330 43.83] 58,171 2.961 O0.TT01 3.83
WNOT® ge= @Q = Percontége cerdow atoms in Avronatic SErRoURRO.

QE = v @ # " Hephthonie °

T P w L] 3t o] +

Qﬂ = Ring

@§ = ®] 4 o 134 P&lmaffﬁ_n:l@ e

R& = Total aronatic Pingo.

Hﬁ @ ?  paphthenie ¥

E? = Total #ings.

The strustural group analysis egitimated Trom the nomogréph given

) . A4 . .
in the gtendard work by Boelhouwer and C@fﬂ@li@ﬂ@ﬂﬂf uaing the Vpg Xy
i

a dats ab 20% and shown im the following Table 2.8,

Table %ﬁi

T TR ST RS

Structural Group Anslysis from V. o no & at 20°C

k
0l Gy Cﬁ '@R Cp By By B E@ﬁgm&%@d
A 32,24 § 16.T6 | 49.0 | 51,0 | 2,25 | 1.05 ] 3.30 480
B 33,501 8.50 1 42,0 | 53.0§ 2.05 0?25 3,10 570
c 34561 484 | 39,0 § 6101 2.90 | 0.60] 3,50 600




The Sifferonces beiswoen the vresulis glvewn by

shown in the Table 2.9,

Table 2.9

the Swoe methods are

oa1 | ¢, | e ¢ ¢ | B |®m |®Ry |m

| A oD% | 4+R.45 [+2.3 - =Bo34 | 4050 | 40,260 | =27
B 14102 }40.52 (+1.54 - <Da24 |4+0.325] 40,08 |13
¢ 141.92 (40,89 {[+2.83 - 0,06 [+0.270{+0.33 | +18

Yhore the n-0~M method gave & higher result the diffeorcnce iw

prescesded by & plus olgn, and an Xcessive Vkmnm@ volue by & minus.

I+ may be seen that on the whole the B-d-¥ methed gave slightly

higher results but ln generel the two sets of figures ere gatistoctorily

slope.

The ecerbon and bhydrogon contents of the teedt eile were alze

deternined bogather with thelr nweoloar megnetic specterd.

wore obtained oen the Pervkin lnmer Model 10 of 40 M.C.

are ghowvn im Table 2.10 and 2,11

Tablg 2,10

P@f@@nﬁmg@’

0i1 Per@@a@&é@ Pevoentage | Total
earbon hydvogen sulphue
A 85,08 11,68 3.34 100,00
B 84,24 11.66 430 | 100.00
6 84.24 31063 4.13 | 100,00

The laster

The repunlds



Bablio 2,50

011 | Perconitage| Percantage! €, 6., Gl ¥ N
Aromatic | Naphthenic & BP Avonatie nope Pormla
Hydwogen & Aromotic

(‘,%H&} Papalffinio
Hyédrogoen
G»j.
(”ﬁﬂ+P§_
. e s aelgw ol - G o HenB
& 6 o5 93.50 32.16167.84] 4.93 | 0.785 33,5755 491
Bl 5.02 94.98 34.04|65.96] 6,90 | 0688 |Gy gl o8 qon
6| 5.9 94,08 35,52 64.48] 6,15 | 0.637 G@?U?ﬁ,ﬂﬁ%ogﬂ}};

In the Teble 2.11 the percenitege of avometic hydvrogen and of
nop-aromatis hydrogen eptimeted from the H.H.R. Spesoive, are
ineluded bogether with sorvespopiing overage velues fr savbon
already obbtained by atruoturel group analysis, Tha apomatic apd
non-8ronetic carbon-hylrogen ratics caleulsble From these wesul s
are inclvded in thoe %able. Fhile reslising thet rosidual fuel oil
will eoatalin & veat rongs of Aifferont moleauwlien, it iz usefual to
oaloulate @ vo-called formnls for o hypothetical average moleculos
ﬁﬁ&t may be conplidered o constitubte the wnfvestionated oll. A
Bpecinen caloulation. im given in the Appondix apd the resulés are

incilunded in the lagt columm of the t8bloe.



——i
5]

[N

2.6 Dimcusgioa.

0y

The experimental resulte obbalned for the three test olls in
geporel ehow them bo be rather simliler in comstitution, particularxly
the lLatter twe iﬁ%yi%@ of thelr differcves ln origin., The sulphur
elences of the olls show that 80 %o 90 pureent of the total sulpbur
iz conneeiod 4o aromatic sirasture which constitutes nore than held
of the welight of the oil. The presence of high percontage of
aronatlie sunipbve compounds in the heavy oils has alwesdy Tosn
indicated by @@h@#ﬂﬂﬁ

The struetural group anglysis of the oils leads to the sane
@@nalmﬂiom%}in particular the p@?@@nﬁ&g@L@afh@n atomg in eromatic
slirueturs (GA} in remerkably similer. This analysie also shows that
ahout 40 Bo 50 pervcont of the todal carbon in the olls ig in the form
of ring structures snd that these aromstic sulpbur conpounds €Fe Qre
likely t0 be in the form of condensed rings. It appsars therefore
that mogt of the sulpbuy atoms in the oils are linked o condonsed
aromatic structures of high moleculay welght and thevefore any
physvical separailon prooess, ©.8. solvent eztraction, 0 Pemove
sulphur compounds nust novesslrily also remove & large bullk of the
pil. It is not possible to obtaln a very high sulpbur-conteining
gsoncentrate or %0 ramove & large wproportion of the sulphuy without

breaking up chemioctl siructurss.
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o PRELIMINARY PYROLYSIS STUDIES.

23

One of the simplest ways of breaking 2 chemieal strueture is He
heat the meserial to & high tomperature. Such & pyrolysis when
applied o hydrocarbon wnoterials on an industrial seale ic knows a8
“thermal oracking® .

1% was deplded 40 make 3 preliminery investigation of the affent
of mild thermal ovaclking on the swulphur sontent of the oil and on
the distvibution of suiphwe emong the proeducts of the pyrolyeis.

3.1 Ceneorel Desoriplion of the Apperatus.

The apparetus coneisted of three paris (a) the feedow {b) the
reacbtor end {(¢) the eollesting devise for the gr@ﬁm@ta The design
of the feeder is shown in %the Figure 3.1 while the 2stunal copnestion
of the fesder %o the renator is shown in the general Figure 3.2.

Ons of the open arms of the fesdor was eonnested 40 & supply of
nlitrogeon from & cylinder %hrough & galibrateod manometrie Tlow motey.
During the rPun & constant flov of anidtregen into the reastor waa
mainteined by this meaans, Thoe other arm wes connscted to & pressure
sgudiisation tube ond mavemster. & amell thermometer pocket was
gitueted in the centre of the Feeder, and during & run & thermometer
wen Lltted inte place. The volune of the feedor ab diff@p@ﬁ% lovels
was showr by o gradusted tepe Pfized on the outside of the wall of
%h@ f@@&@?o. The stopsogk of the feeder was £itbed with & polytetre-
flﬁ%@%hyl@n@ plugo The plug had on extousion Cinger and vhen who
plug wasg turned the Dioger woved over a ealibrated flew sesle.,

The reagtor consisted of & 35.5 inches long pyrez gicss tube with
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an L.D. of one inch. The design of the reactor is shown in the
Figuese 363 The roastor was Fidtted with an Jongltudinal thermo-
conple pocket of Bmm I.D. tube, and wes kept in & vertical position
in an olecteic tube furnace 30.5 inches long and with am internal
diameter of 2.5 inches. A cbromel~alumsl thermocouple wes fitted
into bhe pocketd. The bhottom of the reacior was connected to &
ppival water-Tilled sondenser which waa intended to cogl and
oondonse the oracked cll vapours in & ocllecting flask. The gﬁgém
from thies flask were led through & spiral into 2 pair of U-tubse
which stood in boekers containing 2cetone and solid carbon digxide.
The gages leaving the U-tubes were passed through an aqueocus solution
of cadmivm sulpbate conitained in & gas-absorbing bovitle.

3.2 Pemporature Distribution of the Furnace.

The equilibrium denmperature existing at different polints along
the length of the furvace was dedermined by meuns of & travelling
ealiibrated thormogouplae. Too tomperaturs at sach two inches of
length was obtained at three wuitable electric currvent settinge sed
+he readings plotied &g shown in Pigure 3.4. it may be seen that
the temperature was slightly higher at the two ends of the furnace
t0 an extent of wboud 722°C then at the middle position. Thie
would allow, however for cooling by radiction %6., from the ends
of the furnass and thue the middle twenity inches of the furnege
wonld previde almost consitent temperature conditions along that

longht of the re2oter.
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303  ‘Phevmsl Crockime of the OLL on Glass a8t 430 °C,

The reastor wes Ffilled with 20 lnches of glags helices supporied
on gleaes weol os ohown in Figure 3.%. The temperaturs was brought
6 the weguired value while nitrogen wan passed through the redsbow.
The test o0il A wes then run inm from the feeder for two houss under
the Tollowing conditiongse

Beoantor %emywraﬁur@ = 430@8

011 flow rabe 2.0 gn/min.

4

Wisrogen flow pabte = 0.006% £67/min 8% Ho¥.P,

The nydrcson sulphide soming ofF with the oxi® g&@@@xwa@ &b@@ﬁé@&
in ton percont cadmlum sulphate solutiong end eollacted for thres
Liveo-minube periofs during ﬁ?e kg KEC The mulbhﬁﬁ wen thon determined

g
‘hy vhe shandard L.2, m@%h@@gbo Tho oil collested in bhe condenper
regoveey-flagk wae anelysed Loy sulpbur by thoe method demeribed iw the
Hppondix. The percentage removel of sulpbur from the oil beped on
the hydrogen sulphide analysis was ocompared width the s2ne remeval
found by deternining sulphur content of the liguid product, end the
sguparison is recorded belows-

Sulphur removal from oil (based on H,S analysis) = 12.30%

Sulpbur removal from 01l (bused on liquid product) o 16,205

X% mey be soen that, wslbhough thore is scne @i&@ﬁ@@ﬁﬁ@y bawwosn
the results pousibly due o sempling difficulitlesn,; mild themmal
cragiking appears 0 remove & signlficant emounat of sulphwr from the

oile
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3e3.r HMeterisl balence on thermal oraskine.

The over-all material balance of the above procossg waa
datermined. The reactor was heated to 150@@9 and benzeone wés run
through tc collest bensene-soluble material. The bonzens extracst
wag heated %o remove the solvent and the residue weighed. The
increase in welght of the reacitor itself gave the petroleum coks

formed . The material balance obitained is shown in the Pable 3.1.

?@bl@ﬂﬁ% ok

Material Balance {Thermal Craclking)

Inpot 011 Output % Recovery
240.00 g 031 o 209,60 87410

Benzens solubls = .20 300

Petroleum soks = 16.04 670

HQS = 0.64 026

Loss = 6,52 2.94

 To%el = 240.00 gn | Fotal - £40.00 100,60

Jo3.2 Suivhur balance on thermal crackinge.

From the sulphur determinations on variouns products on overall
sulphur bhalanos was celoulated. The resulits ave tabulated over the

Page.



Tablae 3.¢

RO SRR s eIy

Sulphur Balance (Thermal Crocking)

Based on 100 gm of oil
3.34

2':185

3

Pereentage sulphur in Input oil

" " * Quiput oil

8

Peresntoge sulphur in Bensene soluble oil = 2.82

Porcontags of

Taput 0il Output Total sulphur
3.34 e 011 = 2,485 7430
Bengens soluble = 0.0684 2.52
?ﬂgﬁ w @ o 4@02 ig ] 3@
Loss = 00369 10.86
Potal = 3.34 gn Total = 3.34 100,00

The resulds showed an unaccounted for sulphur loss of aboub
11,0 percent. This could ba assounted by inzcouragies in the
sompling of the hydrogen sulphide-conteining ges and obher

experinental orrors.

3.4 _ Thermal Gra@ming of the 0Ll oa Copper &% 430@60

The gless helices in the reastor were roplesed with 150 gns
of purc copper Foil out inte emall pieces of approximately % ineh
square. Thio weight of foil ocoupled the same volume as the gless
holicos weed in the prgv?@m& exporiment, The run sonditions
L.0. tomperstere Leod Patey @¥6., were an Lerfore.

The run was carried out over three bhours, and the produot oil

wan oollooted in ceperate increments every fifteem mimmton. The




“42e

sulphar omtent of each Fifteen wminute fraction was dodermined and

the resulés are showvn in the Table 3.3,

Ho eadmiuvm suiphide wos

precipitated in the gas bottle indicating thaet mo hydrogen swlphide

had ecscaped from the reastor.

When the copper foll wos removed

fron the roacbtor at the end of the run it was found blackensd dua

to the formation of copper sulphide.

The total sulphur conient of

the foll wes dotermluned by the methodl demeridbed in the Appondix.

Haverial and sulphur balances were caloulated as befors.

Table 3.3
Thormal Orasckine of oll on Copper
Sample Duration |Input Pevoentage| Ouipud Percontags| Percentage
Hoo Sudphuwe Sulphuw Redunotion
i, Bren b 3.34 242 27,6
2, 15 300 Com 2.40 28.1
3, 30--45" & 2.36 28 .4
4. 45--560° & 2,16 3508
5o 60==T5" w 2,09 37.6
6o T5==80" @ 2,409 37.6
To 90==-1.05"° “ 2,06 38.6
8. 105---120° e 2,06 38.6
Yo 120232350 w 2,08 37.8
10, 135==1509 o 2,09 38.5
13, 150=~=165° % 2,09 38.5
12, 165-=1800 w 2,09 38.5




44

Tablo 3.4

Hasoriel Balonce — Thermsl Gracking on Copper.

Tuput 0L1 Oubpus Poroeontige
360 gm 0L = 30%.15 84.60
Bengene soluble e 19.35 Ho34
Patroloun cokse = 26.80 Tod
Loss = 8,70 2.6,
Potal = 360.00 Pobal a 360.00 100,00

Table 3a5

T ETTAR ST TR AR

Suipbyr Belence - Thermel Oracking on Gopper.

Baged on 100 gn of oil
Sulphue gontonts in produnots
Persontags sulphuy in ondput oil e 2,060
Porcentage sulpbur in bonsens soluble
Drodust = 2,880

Porsontoge sulphur in 100 gn sopper = 0,823

Taput ol Ountpns Perosntogs Sulphur
in freetion
© 3034 @gn {Outpud oil o 17450 52,30
Bonnene soluble = (.1503 4.50
Copper Foll (150 gm) = 102310 36,83
Loas a 0.2137 6,37

POsad o 3 o 3@- £in Tosad 52 3 03@(}@ 180,00
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3.5 The Bffent ef Copper Contact Time on Sulphur Reduction of
$he Tout 0il,

T R

The effent of contacht time wes delbermined by taking © new bed
of copper foil. The totel velume ococupied by 150 grema of sopper
wes obbained by wabter displscement. Tho corresponding voluvae
obtained from the true densiity for this asmount of copper vies
pubtracied from the former totel wvolume. The bed voidage wes thus
obtained, and henco the residence time for each {low rate was
saleulated. The calouletion is shown in the Appendix. The reagbor
tonperature and nitrogen gos flow rate were kept egnmﬁah% for all
succoeding rons. Hagh run wes serried out for tvo hours, #nd the
extent of desulphurisetion was determined from the analysip of the
produst oll.

The resulbts ave soburlated balow.

Table 3.6

BPteats of Conmtacs Tims

Pand 031 Reaidence time in | Sulpbur welght | Poroeniege total
fiov rate socondy' - pereontage in sulphur removal
product

1.0 gn/min 62w 2,19 34023

2.0 @ CYAL 2.28 31..80

3,0 ® 20,6" 2.63 21.42

4,0 o 15.5% 2:79 16,30

ﬁb@ w 12 oc‘%'” 3092 12 051
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Tha Bffeogt of B@p@&%md Contast with COpRar.e

£

s
Y
o

Yhe last nine fiftecu-minuito samples of the run desoribed in

Section 3.4 wore collected itogether and this mized 0il was whilised

o deternine the Purther aulphwe romoval possible by & series of

conteota with fresh semples of ceppsr foil.

were 85 before,

Tha rearlts ars tabuleibed below,

AT ETAVT

Tablo 3.7

Erperimontal condliions

Bffeot_of ranested oontagh with copper.
Bumbeor of | Total coantach| Persentegs | Percentage | Fereentage Overall
OB HRGHH 3ime (soos) sulpbur in | sulphur in | reraval of tosal
Foed prodned @ dphue ROPEERTREE
sulphee
rolne bl on
Lo 3L 2.06 2.0 1.02 38,32
%o A 2,02 2,02 nil 39, 3¢
Yo g3w 2,08 2002 nil 39.32
It weg found; o8 shown 2bove, that the copper Ffoll counid not

rosuas

alter the

Cirat run,

It would sppene therefovre thet chewiesl

the sulphur cogbent o a2ny naberial ertent by furthor contaots

agpilibrivm Pfor the roretion bobtween the swiplur compoveds in tho oLl

&pd the coppor was virtuslly reeshod in abond thirdy sesownds of

BONTRSE Bimo.



@

2.7  PBiscussloen.

This prelimingey pyrolysis shudy was intonded to find the
extent of desulphurisation 0f bthe %est oll by thermal cracking 2%

a temperature wenge which would be used in latew hydraﬁgaulphmrieaﬁiaﬁ
studien, |

A vemoval of 16.2 percent of the sulphur in the oil at a
tompereture of 430@3 and in contact witd reletively inmert gaseous
@u@f&ées eptablishes that hydrvogen produced by the sracking wvas
hydrogenating the sulpbur compounds Vo produce hydrogen sunlphide.

The possibility of thermal decomposition of complexn thiophenes iw

1ot likely eoven &% 1§069E {122700) ap has been shown in the Flgure l.l.
The logeritim of equilibriuwm constant for the decomposition ls bighly
negative at ngagu

It was Peldt that the thermdl eracking proecess aad %h@lpr@&uaﬁiem
of hydrogen sulphids would not necessarlly have r@&@héd sguilibrinn
in the coniaet $ime poszible in the apparatua,

Thus & catalyst wae sought which i¥ posslble would also be a
chemieal material eapable of removing hydrogen sulphide from the
syshen, 80 thet the bhydrodesulphurisation reachion @uu}d o t§
gomplation, Loud9n46 mentions the use of @epp@rﬁ? in the esdtimstion
of sulpbur from chemical compounds. In view of this pure coppex
Toll wap uzmed for the subsequent thermal cruckipg experiments. I%
was Tound thet using the same oxporimental conditions as with glecs

holicen the copper foll sceused the removal of 38 to 39 pereent of


mailto:hydrod@0ulphurisa.ti

W e

’, »

tho sulphur in the oll. ‘Phis indicdtes that the nopper g oither,
promoting the thoermal corsoking of the hydrootrbons which preducss
the hydrogen for the subsaquent hydrodesulphurisation, or is
aghing & en abporhent Feor hydrogen sulphlideo snd effaectively
rodueing ite partsiel pressure aund thue prewoting the hydrogonation
of the suiphur compownds. Possibly both offeots take plase o
aone extont.

Sinee 1% was Tound That repested contaot of the treated il
with forther amownta of fresh sopper ab 430@6 41l not prodmen further
sulphur wemoval, it wounld appear that the treated oll wes nov sitable
%6 orecking &b 436@@ or that £11 the suilphure compoumds thaet conld
be bydrogenated undor the experimental conditione had been removed
by the carlier treatment, It is poasible thet further sulpboy
ronoval eonld be achisved by csrrying ocut the thermal sraoking
proceas ot @ hlgher temperature; bubt this wonld markedly inovesus
the loss of oll as garbon, bthus it was not folt suitable bte soniinune

on this 1ine.
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4o DEHVDROCENATION STUDIED.

In the provious segtion it was @ﬁ@wm that only & limited
amount of hydrogen could be obidined by thermal eracking ab QBGQ@Q
Thie won sufiicient o hy&fmg@ma%@ only about fqﬁw%y poreont of
the sulphur compounds. |

From & oconmideration of theptypichiometry of the system, on
eil contaianlng "8" percent (w/w) sulpbur would require 28/32 grems
of hydrogen o reast with the swiphu® im 100 grems of oil,

In & fuel oil of the Ffollowing &n&lymiwﬂﬁ 8

§ = 891, H o 109 and 8 = 40
removal of #1) the sulphur as hydvogeon sulpblde would give in
theory & resiusl oil containing € « 89.3%9, H = L0.86%. However
owlng to the naturs of the thewawl cracking process bhe
Sshydrogenation of the oll cannot nowmally come 2bout withond
sineltencous deposition of ofvbon, and this resulte in & loss of
valuables materisal. It ie therefove nsessssry to add to the
sysben 2pother petroloum fraction which cen be dehydrogenssted B0
2 ugefnl materiel; 2nd provide suffieclent hydrogen %o remove a&il
the sulpbur from the heavy oil as bydrogeon sulphlide,

The pazrits of this work which follow heve boen arrangsd to
study the vearicus aspecis of such & provesss vis., bhe
debydrogenation of sulteble hydvocavrbon, hydrvogenation of thlophene
and the selestion of 2 guritable cebalyst conbinsdtion which wouwld
pormit both seestlons to be earried oud conseovtively in the one

BYSEOm,



Aol Gavedytie Acbiviby.

1% is huown that certain neotels end thoely asxldes ave sulinhle
hydromenating and dehydvogeonating catalysts. This i acdosgisted
both with theldr ability to odsorh hydvogen end with the slootronis
sonfiguretion of the motal atom. I one comsiders the IV, V and
VI periodn of “h@ Periodic Tabla, it ie Ffoumd that with the tremelticn
ploments the 3d, 44 and S4 ovrbivels ave wndilied. With sush
elementy edsoppiion oFf hydrogen tale plase A% & high »ate aud whe
epsunt afaorbed corresponds te the coverage of & lawge phwe of the
mathl surfacs.

The sposific catalytic astivity of sush o oloment iv avsosiaded
with the bond snergy botween the hydregen sad the wmwinl suelage,

and the number of wapaived Y slectevons. I% ds found that the
andtivity passes thvough & maximum vizg.. Soandime aund Titanive have
little activity, Venadium throngh b0 Hickel ave aptive, sod Coppow
which hag & completely Filled "4 ahell has again litltle setivity.
HyGrogen in 1ot chonmizorbol on coppey $0 any geredts extend uwmbil
a bemperdliure in exsess @f_@OD@@ i rosshad.

Holling and Gelifl $§ have wmeasured to adsorpbion of hydeogon
on verlous trensition metslilic oxides st Aifforent BEADPOLEHWT RSB o

The results are sbhove in Tabln 4.3.
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Adoerption of Hydrogen op Hetval Omidan.

Jetolyst Porpora tuees
1we%  2e0% aoe%c aoo®e asce
gcs adsorbed powr 100 grams cadelysd
¥ oxide & 30 sy 1950 1974
Gy oxide 152 280 400 3o 369
¥ oxide 3 16 57 3% 210

¥Fo ozidae 443 %0 360 1696 1800
Go oxide 613 993 1014 1015 R0L3

-

I% ie to be antlioipated that the oxides will ahow mesimsm
estmlydie activity at the temperature of magiwme hydsogen 24B02rpHion.
In the hydrogenation of selphur compomeds enlphus-sennitive

sabalystd bave to be avelded. Suoh sulpbur sonsdtive eatalysis

ere oxemplifiad by iron, sohalt aad picksel metnl or oxidos. The

=

antive hydrogomation sites such cadalyst avre poadlily polotnad

by traces of sulpbwe and also by orgoals peroxides aud uwasdbturated
polymers vhich nsy be prossnt i petrolewmsn pradvcts. Sulphus -

"

ive gatalyeds inelude vanadiuvm, obhromimm , tungaten and

b

inoensit
molybdeaus oxides and auwlphiden. Those oainlysts displey thedls
moximun aotivity only st velatlvely kigh bonperstures, bub &re
gulte aetive in tho tempavabters renge smploved for hydrodosulphuve
isablon.

=

Tuogston disulphide is & otrong bhyderogenebion ond hydpo-
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8.2.2 Properebion of Tuagsion Oxide (Hﬂ“)

Awmenilvm Hungstets . {WH ) quﬁ solutlion wag treavtel &g abovd,
A

The procipitete wvas yollow.

4.2.% Freoperation of Molyblemwn Oxide (MeD. ).
. o)

Humonivm molybdate (Hﬁﬁﬁéﬁc@?ﬁ solution wes treated apg abavo.
A white pracipitate wves obisined which gradwslly tuvaed o yollowv.

4,8.4  Propuratios of Cheoniwa (Or.0.) ead Sobeit Ozide (Bo.U.,,
-—mﬂ‘—"‘" _l‘-‘-ﬂ‘:‘ AT "!JLA:-‘:.’:;.!/..,J

Both the sxiden were obbtained 2g such. Before use the powder

wan damponed with water and peiloted as bafove.

'gd

4.8.% Propovoblon of 2 mized oabalys

Seidudiks

173,95 mrams of bungeten oxide end 100 grame of vepadivm oxide,
peopared a8 above, weres thoroughly minsd and the mizbtere pellebed.
The above qm&m%iﬁi1a were saloulated to give & voluws poroentbgs
of ench component in the mixture of 50 porcent.

42,6 Miving of Pelliets,

Hash bateh of pellets wes dvied in an oven 8% 120°¢ and thewe.
afbor in & furnase o 800 - 9@0@@ fwe threoe howes. Thin gave &
gtable 2vd mhrong pellety oxceepd in the coms of venadivm oxide (fﬁuﬁ}
whioh vas later found 0 give 2 ptable pellet by heading o JO07G.

43 Dobyérosonation of Cyeiohoxans aad of & Naphthe Srootiown.

‘The reaetor wesd in the preliminery sivdics was ngain weed

bere bus with scome modification wivge

>

{a) The Pecder wou veoplosed by & “dosing vemp® { Yype MINE-T2

«..p

by Watoon Mowlow Lid.)



{b) The hydrogen sulphide absorbing flesk was duvlieated.

(s) A menifold and serics of gas sampling Lotiles connecied

with @ vecuwn pump was adttached to the gas outlet line.

{a) A wet test gas meter wes also Titlted %o the ges outled

lins.

Turing the sarlier work it had been found difficult %o
obtain @ sufficiently low feed rate of oil {1.@.< 1.0 gn/min).

This difficulty was overcome by introducing & dozing pump whose
flow rate pould be easily adjusted from 0.5 ml $o 0.1 ml por miauis
by selecting 2 suitable thin dismeter neoprens tubs as feed lino.
This is ghown in the Pigured.l. One end of the neoprens tubs w86
fized to a burette-type gradusaited tube, while the other end was
sonpnesited toe & hypodermle neadle. The needle was pushed theough
& serwn odp Fitted o the wop of the Tﬁ&@%o@% tha flov of feed
material was from the needle point into the reastor.

In ovder to obitein a conbinvous anslysis of the hydwogen
sulphide, two absorblng flaske were connesited in parvallel through
a2 pingle two-way ztopcock, This is 2iso shown in the general
diagran Figured.2d. In ovder to analysse the product guses & series
of gog sempling bobttles weore atidached to the ouitlet line through &
nenifold. The gas meter was intended to measure the totel quantity
of off genes. The loss ln reocovery dus o the “snap® sample

sollastion of gas was also thus 2ccountsd Towr.
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43,1 CGatelyst Used.
The dehydrogenation studies with eyclobezane snd 2 asphths
frastion were caprriaed out with 2ll the satalysts shown in the

following table.

Table 4.2

Gatalynt Type Supsrficial Volume
{ece,/ 100 gu.}
A Chronium oxide-sulphide 33.0
B Yanediun i 244
G Tungs ten & 14,10
D Gobalt “ 19,30
B Holybdenum & 22,20
P "Yanadium + Tungssen © 177G
° A mizture of 173.5 grams of tungoten oxide and 100 grams of
venadium oxide to gt 30 percent volume of ssch eatalyst.

Lo3.2 Rew Baterial Used.

The eyolohexene ussd was on Analar grade reagent obiained from
BoDoHo Ite purity vas reported to be 99,98 persent. When
peased through sn P - 11 Porkin Elmer gas chronabtograph uwsing @
Bonayl di-phenyl column 2% 120639 no other peak exosept that of the

ayclohexane (@éﬁlgg was obaerved.



The naphthe fragtion was obbtained locally”  and was knowsn 8s
PG00 with & sulpher content of 005 DD

The physieslf charactoeristics of tho naphithd wore as followsse
Boiling ronge = 40 %o lbO ¢ {the disdillation surve prepared
according o I.P 123 is given in Figure B.l.
Spouific gravity, 60/60°F, (L.P.59) « 0.684.
Hean molosular welght (T.P.86) = 89.

4o3.3 Aunelysis of Produats.

Infitiel deshydrogenation tepts on cyclohoxene in this oppératus
phowed $hat the liguld pyodust wos benzone and smull- tracon of
éyclohexens. This made it pomsible to snalyse guentitatively the
- dghydrogenated produst by means of & vefragtive indew determination
and to check this by gos ehr@mat@gﬁaphe A siandard curve of
refractive indices ot 20%C over o W&ngm of mixturesn of syolohexone
and benzeny wes pf@p&rgaq - Bimdlesily calibration peeks for the
sume NIXTUres- were recorded Dy nmeans of the P-11 Perisdn Bimer gos
- chrenatograpi.

The exbent of dehydrogenation of naphtha was determined by
gas chromstographic analysis of the exlt zomen vbteined from the
" rzasting oysten. In this case & Perkin: Bimer chromaitograph Ho, 452
‘with @ gllice solumn ay %@ @ waS Wsed o Ho other porpanent goo
oxgopt hydrogen was @h@wn‘@n tho rocord obbtained. - A suitable

salibretiocn ourve for hydrogen was propared.



£.3.4 Roeastion Procedure aul Results.

Before cdch dohydvogenation vun the selected volums of catalysd
pollets wep astiveted in the reactor in o slow siresm of hydrogen
{0.0003 ftsfmim as zaﬂc} Ffor & peviod oorresponding o one houw peor
mi of catalyst volume, while the temperatuvre was slowly raised o
Aﬁﬁﬁﬂn Duping this astivetlon period 211 the oxlide cadnlysis vere
sulphided by treatment elther with thiophene or with hydrogen sulphide.

Catelysts A and B were sulpbided by hydrvogennting thiophene

. \ . 6 , . .
{ 4% v!v of thieophene in beasmene) at 400 ¢ vt & Flow pete of

-y
€

0.5 ml/min snd a hydvoges flow rate of 0.002 7 /min. The thiophone—
bengene mixiture wan starited 8t the haliway p@imt of the astivation
period aud contlaved wntil & steady maximum flow of hydrogen
gulphide appearsd in the exit goeses from the reastor. Thie
sulphiding occupled aboudt feur to six hours.

The remeining chtalysts (€ te P) were sulphided from the half-
vay point of the activetion period by 2 slow sbraswm of hydrogen
gulphide from & gylinder. Fhiz Llow wos egelin conbinumed wntil no
furtheor abgorption of hydrogen sulphids took plaee.

If at any tlme the Tlow of hydrogen hed to be iaterrupted i%
wvag repleced by & similay £flow of purified nitrogen. At the eud
of the agdtivetion pericd $he flow of hydrogen was yroplaced by
purlfied nitrogon, which wes then passed during the dehydrogenation
run sontinuowsly at & rate of 0.0061 f%BXmimo The furnese

temperature wha thon adjueted b0 the required valwe for the run, and



the liguid to b2 dobhydvogonetoed vas pageed lwvte the resator &% &
rate of 0.9 mlfmin and its flow continwed for twe hours, The
- ohpervations were as followss~

(i) For eyslohezame Tuns, Four, half-hour sanples of Liquid

product were collestied and the refractive inder of esach sample
measured. The Tour samples were Tthen combined and & g
cehromdtographic analysio wan nade on & sawple of the wizture.

(ii) PFor nephiths rune. The totel volume of exit gas produced wag

meapured and gis chromatogrephic analysis pade on snap sauples
sellacted after evory 20 minubes. An sverage analysis was

83,

galouwlated from the waluss found for each six gas mamples.
In salonisating the total volume of gas produced at X¥.T.P. allswapos
wos made for the volume of gas lost in snap seppling. & fypioal
st of experimentel valusg fov & ¢yslobozans run and Tor & nephiths
un ere recorded in tables 4.3(1) and 4.3(33).

Dehydrogenation runs wore carrisd out on each of the satalyeats

with various volumes of catalyst in the reactor and 2% varioua

temperatures 28 ahown in the follovipg tables.
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4.4
In the ieft hond column of eash table/ths letlers (2) to (£)

8ignify the following , vigsw

(5)
(v)

(e)

{a)

(o)

(%)

plgnifies the meon residence time (seconds).
signifies perceniags (w/w) d@m@mp@&iﬁion of cyclobexans
dstermined by refracitive index,
signifies percentage {w/w) decompesition of cyclohexans
determined by ges chromdtography.
slgnifiss the bengene gram moles produced psr L00 gram moles of
cyclohexane fad.
simifiez Tthe bydrogen gram moles produssd per 100 gram moles of
gyclobezane Ted.

P
asigalfies L@glg".? K= (QHQ)'?(gﬁéﬁé}f(pﬁéﬂlg)g the pardlal pressure

ro6lo determined from the sxperimontal values.



Bohydrogenstion of O aw_ U»% fian,,
b - A w 4
GLOSEXENEG LLdW TEhe o oy ML/
Lﬁg":j ].* B I EY Ffﬁﬁnm =ate O ‘: E‘fy l
Bitrogen Tlow »avte = Q0061 fc“fnim 3G W, WP
Volumse of catalyst = 48,8 mi.,
= : "
Tima ﬁé of sawple Porcentage Gas Chromatograph |
{min) : B@ﬁ@mgﬁ@ihl@ﬂs {% decomposiition) §
Wy E ;
0 3090 1.4484 A4, B0 :
B0 - GOO 1.44098 40,70 40,85 }
60 - 90° 144973 &G.90 ;
Q0 - 120° Lod49 2 40.90 :
e ¢
3
Average decompositlon = 40.70% !
Tabio 4.3(34)
- o) v, N " o > . 3
Debydropenatlion of Hopntha by Cotalyes "8 at 40@31
Faphtha Piow zate = 0.5 ml/min.
) - . N!' 3 3 10
Hitrogen £low wode = 0.0061 £%7/min a8t ¥.0,P
Volume of cadtalyat = 48,8 ml.
Tiwe of run = 120 mins.
"2
Hossured outlot gee volums = 1.206 £%° a% ¥,7.pP
‘3 - - . b3 Iy Q 3 Y 1% 2 :-:3} 2 -7 3 o~
Bnap ges sample volume = 250 mis at 2070, 0.007¢ £%7 at H.0.0
i
Time % H, in Volums H, | Total outlet Total oubled ;
ontiot gas| in snap 3 hydrogen LA g
sample £ g :

0 - 20° 38 .4 0032 080
20« 40° 4103 0034 086
40 ~ &0 43..8 0034 087
60 ~ BOY 38.9 0032 081
80y — 100 4008 0034 085
100 - 120° 4303 20034 086

Total

L.ﬁm 4+ & z
z ho@53 £

.E. .‘.: [ GO 7{}‘

I ST TR R O e I L TV R TV T Pt spe et © ot aTh
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e




Pable d.4(3)

Dehydrogenstion of Cyclohexsne sand Navhihe over Catslyst A
e difforent tomporaturen.

Temporature {QG) 300 L350 | 400 450 J
Gyl onasane
E@m Ho. 1 2 3 4
'Gaﬁalyﬁﬁ Volune (mis) 16.5
(a} 2663 - 2043 2,18 2009
{b) 2,00 450 11000 15010
[a) 2.00 430 10690 1485
(a) 1.99 4,54 13,00 15,00
(&) 6.03 13,62 33,00 45.00
(£} =5o4d% | =098  [-2,724  |-2.274
Ran Moo G & 7 8
Haphtha
4, mola/1G0 mole ] |
Waphtha T.56 - 80,50 58,10
Pomperature {@ﬁ} 3060 350 L A00 450
Cyolohazane
Boa Wo. & 1¢ 11 2
Gatalyss Volume {mis) 33.0
{a) % odd $74 &89 & o3
{v) % .00 10,01 18,10 22,90
{e) 5.10 10.20 e o
(&) 4,84 10,02 18.00 22,90
{2) 14.52 30,06 54,00 6870
(£) =3.987 =286} =2 022 =1 o693
Fun Do, 13 U T
Raphtha
H, mola/100 mele
Haphtha 18.10 - 73 .40 85,20




Table 4.4(1) eontiouwed,

&
7\ D e WAL s 2 Ry b
Pompowature (70)

300

350

400

Gyclochonane

Run Hee 17 18 19 20
datalyst Tolune {(wie) 49 %
(a2} 70 Tol3 | 6039 God3

{v)
(e}
{a
(e}
()

7,30
6,80
66T
20,01
3,430

- ilé' ;‘;‘E‘(}

?»52'#9()
14,40
43%.20

&y o ma
=& e

29 .45
29 .40
27 A0
82.20
=T A6

Rog oo =1 a2 =3 24
Haplthe
E,, mole/l100 mole :
Naphiba 24.90 40.80 89,30 105,10

, o
Pompevrature { )

&GO

450

Bun Ho.

ak]
p]

jetalyst Volume {mis)

66,00

{a)
(v}
(c)
{a)
)
{3

18,25
.50
3.90
8.2

24 .87

w146

9@5@'
17,80
.30
5L.90

el 2 - @?8

858
29 .00
28 .65
2T .40
82.20
wl o461

ot Py

Bum Woe

29

30

31

32

Hophths

P>

Haphthe

#,, molef100 mole

30.90

56

D

V]

106 .50

L314.50




Poble 4.4(34)

1Y

Bohydirogenation of Cyclobexena and Hephthe over Uelelyst 930
ot Aifforout tomporaturae.
Pemporature ( 6) 300 350 400 450
fyelohoxone
Run Hoo 33 34 o3 36
Catelyst Volune (@ls) 2.2
(2} 3.7 3.46 3006 2,94
(1) 5010 B.40 14,50 | 18.9¢
(o} 4.95 8.30 1450 18,70
(&) 5., (% 7.95% 14 .05 18,02
{o) 15,15 23.85 2,15 5406
{£3 ~ w3093 T i =213 =24 369 od o 022
Bun ¥o. 37 38 T 40
- _ Hapheha
H, wole/ 100 mole
Haphtha 18,70 20630 53.40 . 69 Q0
Pemperature { ) 300 350 400 450
Cysloherong .
Run HO. 41 42 43 A4
Gatelyst Volume {mis) 244 .
(&) T.24 670 6,00 5.74
(b) 7420 13.50 21,20 27 .00
{e) 7,10 1340 - 26,80
() Te19 13.00 19,89 2% .60
((e) 2857 39.00 59 .55 7680
(€) ~3 o 359 2,484 -1 .89, =1¢5%0
. SN - - S
Ruy Feo 45 46 47 48
Hephthe
H, wole/100 mole
Naphtha 27,60 0. 30 80.20 103,50
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Table 4.4{11} continued.

Pemperature (C) 300 350 400 450
Cyclohexans
Run Hoo 49 50 51 : 52
Catalyst Volums (mis) 36.6 %
{a) 10,04 9,20 8.70 - B33
{b) 9.80 18.20 28,00 35,26
() 9465 18,310 28,20 35,10
{a) 975 17.30 26430 32.80
{o} 28.,2% 51.90 78,90 a8 40
(£) =2 o004 ~2,078 =16513 ~1,225 i
| St
Run Hoo 53 54 55 58
Haphthe 'g
fl,, mole/100 mole )
' Haphiha 36,90 Y 101,60 14180 |

Tenperature (QC} 306 350 | 430 450 |
Gyoloheznane
Run Moo 57 58 59 GO
Gasalyed Volums {mlis) 48 .8
{a) 14045 13,40 12.00 11 0
{0} 16,50 25,10 - | 32,00 2,20
() 1645 24,90 31,80 4190
{a) 15.50 23.80 30,30 3930
(o) 46,50 Ti.40 8090 13i7.96
(%) @230 ~1.0646 =La329 ~0.98%
Ruw Woo &1 &2 &3 &4
Faphtha
i, mole/100 mols
Kaphtha 6G.80 931,50 115,310 180 .80 ‘




Pable d.4{411)

Dohydrogonation of Cyclohoxane and Naphtha over Cabolyst “g®

8% diffeorent temperatures.

Temperature ( G) 300 350 460 450
Cyslohenans
Ruw oo &5 66 67 68
Catalyst Volume {mls) 705
(&) 1,93 1,76 1,50 1,52
{b) 1 3040 6040 11,45 17.50
() 3035 6430 11,85 -
(a) 30 TP 6.40 11019 15.10
) 12037 18 .20 33045 45430
(£) 40379 =3.522 |  =2,70 <20 264
Run Ho. €9 70 71 q2
Kaphtha
H, mole /200 mole
Haphtha 13,70 23,20 42,90 59,90
Pomperature {0) 300 350 400 450
Cyclohexane
Run Ho. T3 T4 5 76
T Catelyst Volume (mls) 14,10 ‘
&y 3,89 5od3 3,07 2.3
{b) 6,20 11,50 19,20 23,60
() 6,20 11635 - 19.20 23,40
(a) 6.39 11,00 18.40 22 .40
{e) 19.17 33,00 55,20 | 67.20
(F) ~3o5R2 ~2,724 | =1.895 | «1.730
A x ' =
S S S—
Run Ho, T7 78 9 80
Haphiha
H,, molsef100 moles
Baphitha 23,50 43,80 74,00 86.40




~

Table 4.4(421) conbinved

66

Yemporstvre {(8) 300 350 AGD 450
Cyelohoxang
Rua oo 82 82 83 84
Catelyst Volume (mls) 28,20 '
(=) T84 670 6.02 5o Td
(b) 8,60 19060 28.20 | 39.00
{e) 8040 19,60 28,00 | 38,70
(4) 8.55 18.40 26,70 | 36,30
(o) 25,65 55 .20 80,10 [108.9C
B | =3.081 | ~1.995 ~10495 | =1.095
Run Ho. 89 86 87 88
Taphthe
H, moie/100 mole
Haphtha 3%.70 TO. 70 101,50 142,50
Pomperature { C) 300 350 400 450
Cyolohezane
Rum Ho. 89 9o 9L A
Catalyst Volume (mim) 42.30
{a) 10,70 9690 8,87 8,50
(b) 10.90 22,80 34,00 | 53,00
() 10,68 28,45 33.90 52065
{d) 10,45 21,70 32.10 45 .40
(a) 31.35 65 .10 66,30 | 136,20
(£) <2.799 | ~loTT4 | =1.254] =0.797
Rum, Ho. ) 93 94 95 96
Hephithas
H@ mole/ 100 mole
Baphthe 42 90 81.80 124,50 165,10




[RiES

Rohgarogans

R ]

Lon oF j*y:,,u.m;zo come ans Faphths ovar Gatalyat "¢

ot Aifferony

'bé}mﬁ@f&}“ﬂ}?@ﬂ >

Temperature {G) 300 350 400 450
Gyclohexane o
RBan Bo. a7 28 99 100
Catalyst Volume (mls) 48,8
{a) 13.59 12.40 11,50 10,85
(b} 8040 17,60 27,50 3510
{a) 8.20 1760 27,20 2.5
(3) 8.10 16,95 26,50 daoao
(o) 24,30 50,85 T9 056 A% 40
{£) =3,146 = 00 ~ 1420 Lo 200
R Wao N o w1 | i0p 103 104
Haphitha
H, wolef100 nole |
Kaphitha 31,70 67.80 205,80 134,50

Pable 4.4{v)

Debhydrogenation of Cyclohexane and Naphthe over (atalvet “gv

2% dirffarent btemporatures.

Tompergiure e 3 300 350 A00 450
Hyclohozane

Bon Koo 105 106 107 108

Catalyst Voluue {mis) 43,8 |
(a) 13.55 12,40 11,58 10.85
{v) 2.50 5ol0 15,10 25.5¢
{o) 2.40 5 0 45 15,10
{a) 3007 5004 14,60 22,30
{e) o2l 15,12 43.80 66,90
{£) ) ~G63 ~30917 | =@.316 | 1,730

Run Mo, 109 110 111 132

Naphitha

. mele/100 mole 12,60 28,50 66,70 -

Faphitha




Pabie 4.4(7L)

Dehydrogenstlion of Uyslohewine end liaphtbha over Satalyss “Ppw

2t different Jemporatures .

Temporature { ) 300 350 400 450
Gyclohoxane
Runm Fo. 133 114 115 116
Catalyst Volums (mlm) 48.8 |
{a) 13.15 12.10 10.85 | 10,40
(1) 9.20 23,10 40,70 | 54,00
{c) 9,10 22 .80 40.80 | 53.65
{a) 9 .20 21,80 37.50 | 46,50
{s) 27.60 6%.40G . 112,50 |339.50
{£) w209 wl o763 =L.091 | «0.765
T Run Ho. J 117 wWs | 119 | 120
' Waphthe
4, mole/100 mole
Yaphtha 44660 108,50 150.00 | 1F7.00
Table 4.5

Lehydrogenation of Cyclohexane end Haphtha over Catelysh “FY

at 400°¢ (Effeat of Mow B

a4@ )

Tomperaturs 40066

Nitrogen Flow Rate = 0,0061 £i°/min a% M.¥.P,

Volume of Catalyet = 48.8 mil.

Flow rate ml/min 0.4 0.3 Co2 0.1

Run No. 117 118 119 120
(2) 14035 19,65 28.50 59« 30
(o) 54070 67,20 75 .80 75 .60
(e) 54 .30 & 7.00 15 020 T5 030
(&) 51030 64,10 T2 o 60 13.20
(e) 153,90 192,30 217.60 219,60

Rua Bo. 121 22 | 123 | 124

Naphtha | \

H, 01s/100 mols 192,50 1 254,50 289,00 ’ 30340 -

Haphitha o

b TR I AN T 1 LY KT T 2

s ety L e
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4od Dlagussion,

it may be ssen Ffrom Plguves 4.1A%0 4.6 that the sulphided-
oxiden tested are 21l reasonably good dehydrogenating catalyzés.
They of sourss vary slightly in their relative ability. 1t would
appear thet most of them would bg suitable Ffor melking hydrogen
availabls for desulphurisation.

As hag been shown alveady (L.5.3), ovly & small emownt of
hydrogen is gtoichionetrically unececssary to remove the 4 peveent
sulphur found in moet resldual fusl oils., Assuming that the

ulpbur o the residual fuel oil wan thiophene (04H453 four molen
of bydrogen would be theoretically required for complete
desulphuerisaiion. Thus an oil with 4 percent sulphur would
raguire 0.5 mole of hydvegen per 100 gram of oil, The complete
dehydrogenation of oyclohexane provides thres moles of hydreogen.
Thus & mixiure of equal guentities of oill and cyelohexane would
only require 16.7 percent decomposition of the naphtheno. This,
of mouraeldoeﬁ not téke into sccount the value of the equilibriuvm
constent for the debydrogenation reaction, and the excess naphihene
and thus of the bhydrogen reguired %o push the reaction to the

desivred extont in the redction time available. Figures 4.1A 30

4.4B show the bydrogen made available by each oatalyst ss &

function of mean regidence tlme. % oppoars that the ourves will

g0 on rising %0 oome extent by increase in mean residonce time.
Q‘clsl

Catalyats PA", "R¥ and “C" were #3 tested over 2 range of

values and the resulis ave compared with those given for one mezn
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regidanee time atudy for two eatalymis ”m”(ﬁ@ o ) and “R9 (ﬁ@ﬁBY
which are recognised desulphurising cetalyste., Cetaelyss "F &
copposlte miziture ie included here slince déaulphmriaaﬁiam
studies to be describsd later showed that this mizture was an
exaellent hydrogen transfer casalyst. Catalyst ®CGY (Wﬁ%) WaB
Ffound to be the hest material, while catalyst B followed it
closely. This is shown in Figore .54, sad 4.5B,

The revults for the naphihene dehydrogenation wewre also
parallel to that of cyclohexéne, in thie ¢tse also the Catalyst
G proved o be the most suliable.

The extent of unaphithene decomposition incroases with
reastion bemperadtures 28 could be sesn from Flgure 4.%A.

The catalyss “L° (M@ﬁ3}9 AR (832@3} and D" {Co,l)

23
low hydrogen production &g compared to UBY, "FR and YCY, Tha
i & I I 9

} have

eatalyst “C" emomget 2ll showed the maximom production of hydwogs
while "FY showed higher than “C" in some cases 82 could be sosa
from Figures 4,18 to 4.4, The corzesponding f%aul%x for ©
debydrogenation of naphtha at the fized menn residénce time is
shown in PFigure 4,54, The producticn of hydrogen ir each case
is slighitly higher ( 10 %o 15 %) thap for cyclobezane. This
may be accounted Ffor by the Tast that the density of cyclohexans
{776} im slightly higher than that of the nephtha (.689), and
the lighter moleculies may deocompose wore easily. NDuring the
analysis of the naphtha off-guses, no other gas { szoept in some

cogae traces of methens)} than hydrogen was ohbserved, indiceting

Lo



500

450

400

As50

300

YHINDYA F70W 001 /5 FTON

u
S 5 s
S © o
W Ay 9 T Q
Py . 9 QO
z ) a m 9
F S
9 ABCDEF Iy . m/ -
W QXGAD.V 0 IﬁM
: : :
s 3 |8
S + 3
Q q
§ 8
m &
3] sy m
m Wy
4W 8
uy
N
Q
0
o
Q
)
N ? ' 4
€ ¥ 1 Ot o
m A m m A 2 <

INYRIHOTIRD F70W C0” \ H T

a
C

TEMP



450

Gaoa

TEMP &

350

oo

<+

-2



thet no other severe breaking of bonds tales place duriuveg the
dehydrogenation reaction.
The commercisl austofining process which ie careied ouid wiith

gohalt-molybdate catalyst is described by ?ur%@%ya

o Heo repowts
thet the reastion temperature must be kept low, 8z bBoyond 45ﬂ@§
greater breakdown of molecular structure of the hydrvesarbons takes
plage leading Ho carbon deposition on the catalyst which in tuwn
soon loses ite activity.

& ghudy with catalyst Y af QOGQG and different flow rates
(0.5 $0 0.3 mi/min) was carried out. The resullds ovse shown in
Table 4.5. Deorease of flow rate inecresses the percendégs
d@@émp@@i%ion and only at the lower Tiow wate testad does the
desompogition approach constancy. From free energy data for bhe
reaction the theoretical equilibriuvm conatent ave then the
theoratical extent of decomposition was caloulated. The theoretioal
decomposition for this temperature is related on Flgure 4.7
vhaere 1t mey be seen to be slightly less tham the meen valine
experimenially obdalined. The differonce is possibly due to 2
sombinailion of errors, but we ma2y conclude that the reaction
reaches squilibrium after about thirty seconds of reaction (inme.

From the stand point of later desulphurisation however, the
rate of produstion of bhydrogen is move importont. This wasg
found to be & maximum at the flow rote of 0.3 ml/win in the cage
of oyclohezane, while im the case of naphtha the rats was

constent Yor the flow rotes of Oo§ ml/min and 0.3 ml/min .
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in Figure 4.6 the degres of spprApbh o cquilibeiuwm in the
dohydrogenation of cyclohaxene ig vi&uﬁ&&@ﬂu The logerithm of
@quilibfium congtant is plotted againet temperatura. The figure
shows the theovretical value snd the approach of the 8stual valueg.
it may be seen that owlng to the grest rise in the equilibeiun
oongtant with temperature, the approsch to eguilibrium was greater
at 300%¢ then at 450%C.

The results shown in the Tables 4.4(1) %o 4.4(441) Fow
gatalyatn FA®, "B apd 0" indlesbe & Cizeth order renotiom.
Frow & wuitabhle plet the speslfico reastion rate conetint was
evalvated: and in given for the various catalysts and reagiion
temporatures in Fable fo6.  From & plot of the logarithm rate
consbant versus &f@pﬁ Tthe ectivation wnergy was determined. - The
volue For $he throe cotalyste s shown in Teble 4.6.

SR %hﬁ@@-@aﬁaxymég show 2 vreletively similay low astivation
'@m@rgy for cy@;@h@xan@ dehydrogendtion o Thin value is similaw

53

to that peported by Belendin’"for the dehydvogemation of

pyclohezene over charsoal ﬁﬁ?@@ft@a rhanivm, Odhow am%h@rmﬁg
who dehydrogonnied eyelochenazna a%~mligh%ly-1@W@§~ﬁ@m@@raﬁmréé
ovey sush catalysnte es niskel-sluming  pladtimum on silise~alvmineg
-end platinised asbeston veport sotivation cnergles in the ronge
of 15 %o 18 ¥ @&i@fm@lo— Tt wonld sppedy that the trenaltion
-wetal oxdde @&%&1y@%@~%§@%@ﬁ.h@rm Brg superior o woble wmedel

- gadelysdte for sueh dehydrogenation: purposss snd heve the added

- gdvantage of being resisdant to sulphur poisoning.



Teblo 406

Gotalyst | Pempesature G | Rete Constent | Astivesion Enevgy
(sa6™*) K.eal/mel
A 300 3.2 5 3077
350 Golh = 1077 8.05
400 12:0 = 3072
450 20,1 x 307
300 106 = 1073
350 181 x 1070 609
B 400 3069 = 1077
456 40,1 x 1070
300 Bo5 = 3077
350 16,2 % 107 8.1
¢ 400 29,0 m 1073
450 51,0 x 1072
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5,  HYDROGEEATION STUDIES,

Heving chown thet hydrogen is ocaslly made avelisble from
cyclohexane and naphthe dohydrogonation ot aheu%~@ﬂ@gﬁg i% wes
noy nesessary 0 doltermine the @&éé with whieh 4% could he
nitilised %o hydrogeonate thiophene. To thiec omd & number of
erperinental rung were okvried out to deteznine the sulbabiliby
of the selected sabtalysts Ffor thiophene hydvogenaticn.

In theme runs hydrogen gés wes supplied sxbernally from
ovyelinders and o consbant mele ratio of hydrogem to thiophene
{8:1) was mainitained.

H.1 Raw Materials used.

All msterials used wewre of Analey grade. Fha bensens and
thiophene nged %o calibrate the gee chromatograph showed mo obher
peak.

5.2  Analysis of Produsts.

The hydrogen sulphide iu the exit geses wes abzorbad in the
gae absorbing flesk whkich contained 109 aguecus eadmiun chloride
solution. The cadmivm sulphide thus formed was dedermined by
Iodomatrio titration. The aectual proosdure and celoulatlon are

(34 '
shown in the Appsndix. The liquid condensed from the eoxid gases
wos anslysad by gas chromatograph. It was found b0 eonbaln
only benzene and thiocphene. A reference curve for uwse with the
gas shromadogveph wes prepered from standerd mizmtures of bensene

and shiophene.



B0l Honetion Procefure snd Resulie.

Thoe sulpbidod-oxides weore loft in the resator ot tho
roguired Semperature in o éurrent of purliied alirogen. Fhie
wes then replased by hydwogen at 2 rote of 0.0008 f$3/m@m 2o
. P.P3 and thiz gas Ffed Lo ono hour, With stesdy hydvogen
fiow & dtwo percent v/v thiophens in bensenc selution wes them

- fod. into the reastor &t » »ate of 0.5 mlfmin. This gave & mole
-patio of hydrogen -to ‘thiopheno in the reastor of 801 {tho
stoichiometeric roastion vequirement is 421 ). - Tho hydrogenatiocn
T PUR wWag aan%imu@é Tor twoe hours, and during this time aix

sanples eash of twenty miantes duration vere passed throvgh the

- gas absorbing flasks containing csdmium chloride soluticn. The
exit gas Freed Ifron hydrogen sulphbide wasn passed through the wet
test gus mober. Periodic snep samples of this exit ges vere
anadlysed by gre chromatogveph to checlk that only hydrogen was
pregenta

The total condensed liguid produwet collesied after the run
wan analysed by meauns of gas chromatograph uvsing 2 bopzyle
diphonyl column 8% 120°¢. It wves thus possible to cempere the
exvent of thiophene hydrogenation by dwe methods.

Tho hydrogenation studles were cexrried out with 2ll catalysie
fy By G, Dy B and Fo Gatalysts A, B 2nd C wore studlied ot
different tomperaiures and diffevont bed &@pﬁh of catalysts
while each of the catalysts D, B and F was gtudied at differen’

temparatures while at & constent bed volume, The results ave



in Tables 5.2(1) %o 5.2(vi). The catalysis B, ¢, and P were
studied ot difforent ratios of hydrogen to -thiophene visz., Asl,
831, 12321 end 16:1 while at a comsbaut tempevature (400°C).  The
gatalyst B was studied over a ronges of thiophens flow vates, while
mainteining the radtio of hydrogen to thiophene at 8sl. - Four -
different Flow vates 0.5, 0.4, 0.3 and Obﬁ-mlfmin were atudied.
“The reeulbs are shown in Table %.4. A typisel set of experimental
valuesy for hydrogenation‘run-i@ shown in the Table ﬁolg-Whilﬁ the
resulte of all the catalysis ave shown in Table 5.2(%0 § H

- In the 1left hend column of sach table the letters (& ) to Qqﬁ)
aigﬁify the- followingse

{a ) signifies the meen residence time in seconds.

'(g ) signifies percentegs go-mole decomposition of thiophene by
hydrogen sulphlide colloction.

(h )'algm&zw@@ garaenmagﬁ gmmmﬂle dacampaaition of %hﬂapnan@ by
gang ahrnma%agrdphya

(k) signifiss total hydrogen gn-mole in off gases.
) (1) signifies mole hydrogen per mole of thiophsne ueed.
{m ) signifien Logy of I o (Hy8) (G ﬁ‘m) :
_(ﬁﬁ%e:s.)/.{ﬁg}




Wabla Yed
LI s e T et

Sl

Vio

HBydrosonnticn of thiophene by Catelysy “F" ob ﬂ@@®@q

Lilguid flow »ato - = 005 mifmiw { 2% v/v of “hiophone In benmeno)

liydrogen £Lov wade o D,0008 2 /min o4 HoP.P

Volume of catalyet = §8.8 wnis.

Tme of Fun

= 120 mins.

Output Sulphur

Pima  lmput Sulphur 4 decemposition|tes shromatogrepy
Tho (ean) Ao H,8 {em) of thiophono desempesition
(W) of thiophene (we)
0~ 200 | 0,080% 996517-‘ 643 |
RCG = 407 . 00537 - 6.8 68 .4
40 = GO @ - 0. 0542 - 6.3
GO - B " - (0520 65,2
8@ e 1009 " - 0.0541 - 63
100 - 120° " 0.0541 ¢ 6703




fera

Hydzogenntion of thiophons with Cotalyes “A” et difforont

Somperatures and bod volunes.

‘E@mpmm'mwd % 300 350 400 450
Rum oo i 2 3 8
gosalyst Volume (ml) 16,5 .
’ (e‘%) ‘é?;oﬁ-,‘} Bl {203-@ 2009
{x) 1,20 2,70 16,90 23,20
(n) 1040 2,75 17,60 23,60
(1) 0,122 0,118 0,112 0,106
{2) o= - 4,031 4.5781
{m) -, 00% o (9 + 0581, +o921
Fomporature 6 300 350 AG0 450
B Hoo 5 G 7 B
Gatalyst Volume (ml) 33.0
() 5013 4074 4027 {07
{a) 190 6.90 24 . 60 30,60
(1) 2.20 T.00 25,40 - 31.20
() 0.118 0,115 0.103 0,098
gl) - 7001 H.ldsl 5.2381
_(m} = 00R w Q7 +:97 +1o02
Pemperoture O 300 350 400 450
Hun Ho. 9 10 A1 12
Satelyet Yolume (mi) | 4903
(=), ToT0 Tol3 603D 813
(&) . 2.60 11.10 . 31.40 L4240
{h) 3020 12,80 31.80 42,10
{1c) 0,116 0,302 | _0.096 0,092
(1) 14.981 50981 (55381 | 4.8%s1
{m) o068 40318 1.04 1.298




Pabla 5.2(1) sontinued.

Pomperaiues 6 360 350 460 450
Run Woo - 13 14 19 _16'
Gatalyss Volume (ml) 66,0 l
A8), T 9,50 8.58 8.8
(g) ©3,20 14,80 36,80 48,50
() 3.90 14,80 | 37.10 48,80
(i) 00116 0,112 | 0,094 0,088
(1) 12,341 4+5521  5.0932 4.6%el
(m) =04 +0.3 | 1.18, 154

Pable 5.2(11)

Bydvogonation of thionhono uwith Catalye’ "BP &b difforent

temperetures opnd bod Yvlvmes,

. Tompevsiure G 300 350 400 450
Bup Noo | . 37 18 19 20
Gatalyst Volume (wl) 12,2 ,

(=), 3.72 3046 3,06 2,94
(&) 8.70 17.90 | 52,20 | 59,49
{n) 910 18.40 | 52,70 | 99.60
(x) - A0 | | 0B | 083
(1) - - 44981 | 9.3)
(m) w06 «514 1,569 C1oTAT
Tompovetura O 300 350 400 450
Ruon Woo 21 22 23 248
Satnlyss Volume (ml) 2404
{8) 7.24 6 .70 6000 574
{&) 11,40 29,70 (4030 69.70
(n} 11.80 . 64,80 69,70
{k) 0,112 0.099 0.982 0.0T4
(1) 50331 408931 400351 boTsl
{m) o015 1.0 1.82 2,01




Rable F.2{11) coablpnei.

G a

Ponperature °e I ki 250 4000 AG0
Run Ho. T e 26 e 28
Cadalyst Volune {ml) 3606
(2) 10.04 920 I8 T0 8.33
{g) 32,70 36,20 TL.40 7780
(1) 12,90 36,80 71,00 78040
(1) - 168 094 070 - DGR
(1) 6.85:1 5,031 406531 .57
{m) 0,12 1,19 2.0L | 9.24
Tomporature 0 300 1 350 400 450
Rum oo 29 30 33 32
tatalyed Velume (ml) , 48 .8
72 140l 13540 18,00 | 11.50
(&) 14.20 | A3.40 | 7810 | B82.40
(n) 14,60 43,80 18,80 82,60
(&) 00112 0,091 0,068 | 0,064
{1) A.28311  4.6231 A.5351] 4.63s1
(m) 4032 1042 2,28 | 2.32

Pable 5.2(431)

Gydrogenation of thiophene with Cetalyet “G" &% difforent

temporatures and bed Tolwmes.

Tompesature G 300 350 400 450

Run Ho. 33 34 35 36

Catalyst Volune (ml) ) T.05 o
(o) 1,91 LT6 %058 o5l
(&) 4,80 14.10 38460 44020
(1) 5,10 13,90 39,20 44,10
{1) o e 0.088 0,084
(1) - - 5781 EXT
{r) w0 0% o 38 +1029 1.32




Poble %.2(131) conbtinued.

81,

‘Pomparaturo ¢ 300 399 400 A50
Run Ho. 3T 38 K3 40
Getalyst Volume (m1) 14,10 ,
(=) 569 | 3443 307 | 2.93
(g) 8,90 20,20 43410 31,00 l
() G .40 20,60 43.6 0 | 5170
(i) 0.108 - 0,088 0,088 0,084
{1) 10,181 10.95% 85,0703 A.851
{m) =025 <613 1.325 1.584
Pomperature O 300 3%0 400 450
Hom 56+ X) Jiv “AF Aa
Gatalyst Volume (mi) 28,20
(&) 7ol G270 Bo0k ST
(&) 12.80 24,90 50,20 55,40
() 13.40 25010 50,40 55090
(k) 0.109 0,102 0.068 3,080 -
(1) 6.3 6,348 803650 | 409421
{(m) 24 2945 1.546 1.688
Tomperature G 300 350 400 450
Rumn 0. 4% 48 47 48
Gatalyst Volume {mL) 42 .30
TS 30,90 9.90 8,87, 8050
(&) 14020 28,80 56,60 58.20
() 14440 20,30 56480 58,20
{1} 0,110 0.096 0..082 0,080
{1} Bo2dgl 5.82381 4.95938% 4.66Gel
{m) 0.325 1..01 1.67 1a 725




Bable 5.2 {(iv)

Bydrogonosion of thiophone with Catalysyh D"
TR AN I Rk LA P i pre B s s s S P L:};b .. &i’

2% difforont

somporatures end bed volwees,

T@mp@r@ﬁuﬁaa‘@@

300 350 &00 450
Run Koo 49 50 51 52
Catalyet Yoluma (ml) _ 46,8
{a) 1355 12.40 11,56 310.85
(&) 31020 28.60 34,20 39020
(&) 13,30 29,00 34,00 39,30
(1) 0,312 0,006 0,089 0.085
{1) 55,2821 5,623 | 6.28s1 | G.3s1
(=) 125 1.02 1018 1029
Pable %.2 (v)
Hydvogenation of thiopbene with Catelyst PH* at difforent
lomperatuess
Pemporaiure 0 300 350 400 450
Rup Ho. 53 54 5B TTRE
Gatalyat Volumne ‘ 48,8
{a) 13.55 12.40 7158 TG.85
{g) & .90 24,80 . 29,20 . 34,80
() 7.10 25,10 | 9,60 38,60
(k) L 0a215 . 0,103 0,007 | 0.094
(1) 6051 6o8Ts1 | B5.458L | 5.29:1
{m) s 06 B45 | 1,02 1.2%




Tabla 5.2{vi)

vy A
ga,

ﬁydreg@na%i@m of thiophone with Catalvet "PY a% differont

hemporaturen
Temperature G 300 250 400 450
Run Ho. 57 5 59 60
Catalyst Volume {ml) 48,8
{a) 13615 12,10 1085 1040
{e) 16.40 | 37.40 " 68,70 74,80
{n) 16,50 37,60 68.80 %5020
{1c) G102 0,094 0,072 G068
{1) 5,051 4.8331 40831 AaTsl
P 545 1,22 2,061 2,24

Pable 5.3(1)

Bydrosenetion studies at differsnt mole vatio of thiophens

1) hydrogen.

Catelyed “B® at 400°C,

Mole ratis (H,sC,H 8} 4sl Bg1 1251 1633
Bup Moo - 61 62 63 64
Catalyst Volume (ml) 48 .8
A{a) ¢ 1% .88 >
{g) 69 .20 18,30 | 84,30 | 87,00
{n) 69,30 76 .80 84,30 87,20
(&) 0,014 0.0668 0.228! 0.188
{1} 4,665 4.%538] 4,283 8.1323
(m) 2,01 2,26 2,32 | 2061




Rt o & f S
éﬁgkiéhﬁﬁééi

gyivesenatlion ptudion ot alfferent mele pevie of thiophono

e bydrogon.

Gatolyed 0¥ af 4000

Molo waddon(H,sC, H,8) Ao3 831 1243 1681
Bua Hoo. 65 66 67 34
Gatalysts Volume (ml) 42,3
{a) < £ o83 sdp
(&) 30020 56,60 62.40 | 65,10
{m) 39 .80 56,80 62,40 | 65,40
)Y 0,034 0.082 00042 0,202
{1} 40,5821 §05831 4:3031.  Allal
{m) (1029 1.68 .78 | .64
Boble S.3(111)
Bydrogepatvion sivdlee at differemt mole eabtlo of thiophone
%o hydrogem. Gouvalyet W at 40070,
‘Hole radio (H230£HASB- i 8§i 1281 '1631
Runt Hoe &9 10 Ti 12
Gatalywt Voluwme (ml) 48 .8
al) ¢ 10085 -
{&) B8, 20 68,70 4. A0 18,80
{n) 56,50 68,80 74450 | TE.B0
(1) 0,021 0,072 0,132 0.191|
(1) 8.T883 Ao T687 H.588Y 423350
{m) 1,650 2,01 2.21 | 2.26




n&?}?@l@ J ol‘fi],v

Evﬁrm muﬁi@m @suda@a &t d4ifforond

A e S e Ty

Tiow 2atos.

Flow rete Bl/min Qad D3 002

Run Wo. 13 T4 (.

Gatalyet Volume (ml) 48 .8
(a) 14035 19 . 6% 28 .50
) 7980 84040 BA.40
(n) 79 .60 BAL6D B4.40
(k) 0.054 0.039 0027
{1) Bohsl foRal 42351
{m) 2,26 2,381 2,381
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5.4  Hivousnion,

Tho hydeogenation studies with ail tho sulphided oxide
saselysts show excellsat resvlde. X6 may be seen fyrom the Figures
S b0 B.4 that the catalyste heve dlfforent reledive efficiences,
The covrespondiag value for theovetical desouposition possible ab
eaok temperature obltaiped from theoreticsl equilibriuwm dete is
included in Figure 5.%5. The nature of the ocurves in Figures H.l
to S.4 show that &bt lower tempgratures the exitent of d@mulghmw&a@tisn
ig lergely dependeont on residence Sime, while at bhigher temperaiures
TiBoy 406&6 and QﬁDQGy the curves show the approach to equilibrium
and @ vesulitant smaller change im percentvgy dessomposition.

Figure %.% shows thav the equllibriwn line acts a&s 2 “boittle-
pack” o the éxﬁwnt of resstion. At low dimperaturs {300@6) the
reaction rate is boo slow o allow the high‘@xﬁenﬁ of decomponltlon
possible at this tomperature 0 be achieved. At higher
tenporature although the reastion rate ls greater the equilibrium
in less Tavouwrable. - Thu& over A yange of temperature thers is a
maxinue corversion possible in wny glven apparatus, which is
datermined by rosidense Hime. @hm&{with the apparatus uwsed hore
2nd the residence time mela@%ed the meximun extent of hydrogenaition
is obtained at sbout 450°C.

The Pigures 5.1 %o ﬁ;& indicate that in genersl the catwlyst “BY
nas the highest hydrogenation efficliency whils satalyats YPF and P09
Follow L6 The satalysts &, D and B om the other hond bave &

- pelatively poor hydrogenation efficlency. The Figure %.8 deawn
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from the Figures 5.1 to 5.4 at & fixed resldexce timo shows the
extont of hydeogenation at different temperatures. in view
of the wnfevourable squilibwivn these llnes will not extend
indefinetely as tomperaiures arve valsed above ﬂﬁQQGn Tha
thooretical decomporitior is shown by an equlliibeiam line
imsluded in the Figure. This 1ine reproseonts the nemlows
deconposition possible ot infinite wesidoncso Htimo.

The offect of tha partlal pressure of hydrogen on the oxitont
of reastion ab & constont repidencs time for catalycis F and
np dge shown dn Figere 5.0. 1% appeers- thet incresse of
hydrogen pariisl presaure incressnss the degres of hydrogendiion.
This agrees with the Ffindings of Hoog in desulphuvrising & gas
eiles it may be seen from the Flgure and Lrom the Pesnlis in

«3{41)} that thers io relakively 1ittle effeot after

‘J?

B.3(2) w0
2 partlal presaure of hydrogen oouivalent to a mole ratio of
lgl2+ X% is also shown in the figure thai the ﬁywﬁmm is
relatively near 0 equilibriuvm, and thus there is nothing much
t0 ba galoned in inupeasing the partlal pressurs of hydrogen

- further.

- The Flguere 5.7 shows the effeet of longer residence time
with ontalyst PFY &t-ﬂﬂogﬁu< it moy he seon that the extent of
devonposition approdches fhe value te equilibrium in about
Wenty seconds of rosidence time. - The maximum experimental
- docouposition was 84,0 pevcent while & theoretisal valus of

21D porcont wus reguired &. this Y,0perature. - It may aleso be
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seen from the Table 5.2(ii) thet the extent of hydrogenation
obtained for the catalysd “BY atb 40060 and & regidonce time of
12,8 aecugda'wﬂs_Tﬁaﬁ‘p@neenﬁo' % is thus limely‘ﬁhé% thié
Coutalyst will approach té'aquilibﬂium a% & rolatively lover
ropidenoe tlime tﬁan with catalyst "I,

It vag possible that tho offest of hydrogon in the reacilon

oould bo steted in th@ forng-

%@. = Apr)”
where pH is hydrogen partial pressure and $D io the porcentago
decomposition in a givéu apperatus ot a particular mosn residenco
time and tomperature. The vaiune from Tebls $.3(1) and 5.3(44)
and Flgure 5.8 vere put inte the above forﬁul&o
In Plgurs 5.9 loglo(pﬁ) ko plottod agalnat log, %D end tho

linear relation wad obialned.

1@@10%3 = logh <+ n log(pH)
The value of n was obiained from the slope of the line and was
found to bo =0.T799.

I% was shown e@arlior that the beoot catulyst of the sorics
undey teat for dehydrogonation was "G¥. - In this serios of.
bhydrogenation experimonts catalyst "R® proved best. Thus 1t wes
felt that & composite eatalyst mado wp of equal volumes of pellsot

-of oatalysto "B" and "C" would be a firet approximaition Lo an’

o

ansofining catalyst vhich would be expected o carry out efficlontly

hydrogen trennfer from wnaphthene to thiophonses.
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The reaction rate oconsbante for the hydrogenation of
thiophene in this apparatus were dotermined im the uswal vay 8%
the variows tomperatuvres and Loy the three catplysts viz., L, B
and Co Tho activation onergy was then caloulated and is shoum
below, Full detalls of these caloulations.are included in the

Appendiz. (o chowa im Chepior 4.)

Catalyss _ Tempeorature betivation Baovgy
300 350 400 450, K oal/mele
k {Rete Consitents in se0 )
A 1,0510™° 3.5%207> 13,0510  16.0510™ 1601
B 1422075 28,0x107° 52,0107 8900216“34 12,1
0 805107 17,0220 49,0210™° 54.0210™° 1203

The value of the activation energy obtained here agrees well,
with that for & gehnoral hydrogen hydrosarbon @g@@&ﬁg@ POABTL0n.

The value normally quoted in 13 fax celo. I% should be
noted, of course, that the hydrogenation eof thiophene is exothermie
while dehydrogensation of naphthene is endothermis, Thus wodoi
sulteble conditions & syét@m in which both roactions are oconePing.
-will be thermally neuwnsrel.

From & comparison of the relative values of Activation Energy
of the &@hyﬁr@gmn&@inm of @y@l@h@xan@‘an@ of the hydrogenasion of
thiophone, 1% would appeag ﬁﬁ&ﬁ the former reaoction rate is more
sensitive to rosctor temperatures than is the latter. Thus in
an autafiniﬁg«pf@a@@a the everall reaction rute mey well be
- sontrolled by the aveilebllity of hydrgg@@~r&th@f then i%e officionsy

of wbtllination,



90,

6,  HYDROGEN TRANSFER (AUTOFINING) STUDLES WETH OCYGLOHEKANE
AND THICPHENR.

Hoving dotermined th&%-it wae possible o debydrogenate
eyclokexrene offsotively with catalysts ﬁnder tonts and that the
- peme cavalyst could aéﬁ im‘ﬁhé-hy@r@gam&%iam of thiopheno, tho
next vtep wes to ocerry out hydrogen tpenafor rouotion £eom
eyolobhoxane to thiopheno.

The results of bydrogen trénsfor runs would possibly
indiente the sultability of the catelyst in an sutofining procosn
for residual fuel oil.

6.1 Raw Maﬁari&la-U@@@o

All materials used wore of Analar grade, Fhe benzone and
eyclohexens and thiophono used to calibrate the gap chromatograph
showed ne other pealk.

6.2 - Analysls of Produeds.

The precedurs for hydrogen end hydrogeon sulphide determination
were the oeme a8 d@gcrib®@~im 4033 and $.2 vespestively. Pha
1iquild- condensed from the exit ganes was enalysed by gas
- Chromatograph. It wos FTound @o‘eoﬂ&i&% of eyolohexane, bengewnoe,
thiophene and trases of cyelohsxzene. - A reforoncs curve Fopr wade
'with the gas chromatvegraph was prepawed from different stendawrd
migtures of‘cyciahexan@‘an@ bengene in &-tﬁo'pmrc@nt v/v of
thlophens.

6,3 - Roastion Procodure and Resulte,

The suipkilded-oxide pellets wore left in the reagtor at the

rogquired tomperature in & surront of purifiecd nitreogen for one



hour at & steedy flov rade of 0.0061 fﬁ:"/mm gt HoToFo & dwo
pergent v/v solubtion of thi@pﬁ@n@ in cysloheoxzene wap fol imbo
~%he veastor at & m&té of 0:50 ml/min. The hydrogen-transfor
7un was cendinued for two*h@uéag'&nd during thic time sixzx sampleos
cach of ﬁwanﬁy‘mimuﬁem‘&ar&%iém for the hydrogen sulphido
d@éerminaﬁi@n and: for the hydrogen sontent in the of¢ gases wore
obtained., Tho totel liguid product was- analysed after the run.
- The hydvogen=-itrensfer runs were cwrried out with catalysts A, B,
€ and P The fizrat %hf@@*ﬁ@ﬁ@'ﬂﬁmdi@@:&% different tomporainros
. 8nd bed depthe of satelysd. The results are shown dn the Tebles
6.2(1) %o 6.2(441).- @&%&lyaﬁs-n and E wore not studied here -
due %o thoeir @&flief p@@é performanees: -Gotelysds- B and P weve
- alsgo studied a2t difforent mole ratios of available hydrég@m~%@
- thilophena. Thim-wa&-&@hievad-hy-diluﬁi@g the oyolohexand with
- benzene before mixing with thioph@nao
- In computing the proportion of the mixiduves of cyclohezane,
thiophene and benzene The amoun%-of-hydrng@n*agaum@d S0 be
- available wag- that alresdy found in the corresponding
dehydrogenation study o ¢yclohexane alono under the seme
-@ondiﬁiéﬁs—of~flo@ »ade and- temperatures Usiﬁg this approash,
-mixtures were- propared which had mole ration of available
- pydrogen to thiophene of 631, Bily- and 1631 - for use with catalyst
B and 681y B3l 1651 and 303l For use with oatalyst o
The proportions of the miztures salouvlated 4o be required

to provide the mbove ratios ere given im Teble 6ol



2o

Table 6.1
Catalyst] Components v fv dvfv Ivfv yagan
mizture Ho| mixture tojmixture to|mixiure to
givae 63l |give 831 |[give 1631 |give 3231
B, G0 H;,- to H, %0 Ol H, to :
ﬁgiaph@m@ %gi@ph@m@ %%i@ph@n@ %%iaﬁh@m@
cycichezane! - 18,10 3620 T2 . 40 e
B benzene 79,90 |  61.80 25,60 =
“é}hﬁ.@ph@n@% :2@_00 . 2.00 ?200@ =
cyclohexane T-50 15,00 30,00 60,00
14 bengens 90,50 83,00 68,00 38,00
|¢hiophene 2,00 | 200 2,00 | 2,00

Tho catalyst P was studied over & range of input flow rate

of 2% w/v oyslohexane in thiophene.

Table 6.4

The reawnlt is shown im the

A Bypisal set of experimental veluse Lor a hydregen-transfer

run ie shown in the Table 6.2,

In the left hend columm of sash teble the ledtters signify

the followings—

(a)
(g)

determination.

(n)

()
(1)
(o)

pignifies mole of available H,/100 mole 6

signifies the mean residence time @ﬁ@@@nﬁﬁ)

signifles porecentage decomposition of thiophens by H

ez,

23

signifies percentage decompeslition of thlopheune by gas
chromatography.

significe total hydrogen (gm mole) im off gases,

signifies mole hydrogen utilisod per meole of thiophons.



Lignid Flow Rate = 005 ml/mim (2% v/v of thiophens im oyolohezane)

Witrogen Flow Rate = 0.0061 £4°/min 8% W.B.P

Volumo of Gatalyst = 48.8 ml,

Time of Run = 120 mins.
Pime Input sulphur| Outpus sulpbur|% decomposition)@Gzn chromatograpk
whe (gn) |As iR (am) of thicphone decomnposi tion
* {(vwt) of thiophene
{vs)
Q=200 . 0.0805 0.060% 5.0
20409 n 0.0614 76,2 76,6
$0--60° - » 0.0613 76.2
60‘-”’80“ W 0 -] 0618 ?6 [+ B
80-100° W 0.0624 T7-3
100-120¢ w 00,0613 76,2

Bydrogen Analysis

Hoasured outled gao volume o 1,126 £4° ab H.T.PZ

Snap gan semple volums

o250 mls o 20°C = 0.0079 £oas N.T.P

Pime %ﬂ? in out| Volume H, | Total cutlet | Potal outlot
lot ges in snap Hydrogen zas
semplos 3
B an& 2t NoTaP““""%‘
0-20" | 35,50 0.0028 0,069
;20‘”‘@-@“ . 360 é&@ -O.e 0029 @ o 0?1
40-80" | 39.40 0,0031 0,077
60-80° | 37.40 0.0030 0,073
80-100% 38,50 0,003 0.075
100--120% 37,70 0.0030 0.074
Poval b4 0126 o 6 = 060‘7§

o 113 245



Pable 6.2(3)

fo

“Amtofining? of Tmishene waing SyeloWexene with “ntelyst “4°

at differont tomperetures and bod volumes.

Pomperature G 300 350 400 450 T
Run Heo. 1 2 3 4
Catalyst Volume (ml) 16,5
(=) 2063 2043 2018 2,09
{g) 0630 1,90 19.20 24.10
(1) 0,60 2,10 |  19.20 | 24,40
(=) 0 .03% 0,073 0,169 00231
(1) - = 4olsd 4,031
{a) 5076 13699 31.90 4300
T@mpe?aﬁur@ % 300 350 400 450
Rua Hoo - 5 6 T 8
Caﬁaly@% Yolume (ml) 33,00
{(2) 5013 4674 4029 4,07
(g) .0.80 1220 .26,20 32,40
() 0095 - 26,40 32,40
() 0.077 0.159 0,276 00361
(1) e 50 Tsl Todhsd Aolsl
(e) 13.90 29.70 51,30 68,30
Tomperature °G 300 350 400 450
Run o, 9 10 11 12
Catelyst Volume (ml) 49 <5 |
(a) To70 Tol3 6.39 613
() 1020 8,60 139,60 42.80
() 1,20 8.40 39,70 42,90
(k&) 0,102 0.228 0.360 0.428
(1) - 851 40,081 | $.201
(&) %804@ 41030 6930 82..50




@@%%Qm§32(i) sondinusd.
Tomperatura G 300 350 400 450
Run Noo . . 13 14 15 16
Gedalyet Volume (ml) 66.00 _
{a) 10.25 9,50 8.58 8,18
(&) 4060 9040 44,80 48,80
(1) = 9040 44,80 48,60
(1) 0134 0,271 0,422 0.492
(1) - 13.38d 500581 40181
(e) 24410 50020 80.50 94 .20

PAutofining® of Thiopheno uweingm Cycloheneno with Cebtalyst "BY at

Pable 6.2(11)

different tomperatures snd bed volumes.

Pomperature -G 300 350 400 450
Rugn Heo 37 18 19 20
Catalyss Volume (ml) 12,20
(a) 3.7 3.46 - | 3,06 2,94
() 6010 21,30 59 .20 63.40
(1) 6,30 21,40 59,20 63,80
(k) 0,081 0,119 0,196 0.258
(1) - 40031 40131 4.181
(o) 14,60 23,70 41,80 53,00
Tomperature °G 300 350 400 450
Rup Foo 21 22 23 24
Gatalyst Volumo (ml) 2440
(a) . T.24 6070 6,00 5074
(&) 10.80 38,40 56040 T2 .80
(n) 10,90 38.40 66,70 7190
() 00213 10,192 0.286 00378
(1) 8081 Ao.1s1 9,243 40331
(o) 22,40 38.90 58 .40 75 .80




pable 6.2(14) continued.

Yompereture O 300 350 400 450

Run Ho. ﬂ 25 26 27 28

Catalyst Volume (ml) 36,60
(&) 1004 9020 8070 B33
() 12,80 41,40 69 .80 7360
(n) 13.10 41,60 69.90 7360
(1) 0,154 0.259 0,390 0492
(1) 4,083 40231 40753 AoTsl
(e) 28,90 51.00 7790 96,20

Temperature s 300 350 400 450

Run Ho, 29 30 33 32

Catalyst Volume (ml) 48.80
{a) 1445 23040 12,00 12,50
(&) 1420 43,40 | T0.40 . T4-00
() 14030 43,50 | T0.60 14+20
(x) - 0.25] 00365 0,450 0,596
(1) o081 4.631 40431 4:921

45030 70,00 88,70 114,00

(o)

“Autofining® of Thiophone wsing Cyelohezaune

Pable 6.2(1i1)

with Catelyst wO©

at different Steumperatures and bed volumes.

400

450

Tenperature % 300 350

Rua Moo 33 34 35 36

Catolyst Volume (ml) T7.0%
(a) 1.96 1,80 1567 157
(g) 4050 11.20 42,10 49 .60
(n) 510 13,30 42 .40 49 .80
(&) 0,06 0,102 0,150 0,220
(1) 4olsl 4051 40151 4,053
(&) 10.82 19,30 32,80 45 .G0




Teble 6.2(i32) oontinued,

Rrryccoger

Tomperature % 300 320 460 450
Run Moo 37 38 39 40
Cadalyst Volume {ml) 14,10
{2) 3092 3,62 3035 3014
(&) 7040 24,80 49 .40 56,70
(n) T.60 2490 49,80 560770
(x) 0,031 0.116 0.276 0,336
(1) - 4,521 4123 Rodgl
(o) 32,10 5% .20 67,00
Temperatura O 300 350 400 450
Rup Moo 43 42 43 44
Catalyst Volume {mi) 28,20
() T.64 T.24 6.69 .20
(&) 9,70 26.40 56,20 61,40
(n) 9,80 26,50 56,40 610,40
(1) 00,138 0,294 0,408 0,560
(1) . o
(o) 25,90 5420 T9 .00 107.00
Tomporatura °C 300 350 400 450
Run Wo. 45 46 a7 46
Gatalyst Volume (ml) . 42,30
(a) 11.75 10,85 10,05 { 9043
(&) 11,20 28,80 63,20 | 66,20
(n) 13030 28,90 61,40 | 66050
(k) C0.164{ 0,342 | . 0.496] 0.T32
(1) 5098l 4131 B.283) . fodsd
(o) 30.60 6340 95,70 | 13550




{

FARNER

Tablo Go3

“Auntogindng” of Thiophono using Cyelokhexons with ﬁaﬁagym% WTW

ay_disferend ?@@p@r&%um@ma

Tomperature O 300 350 400 450

Run Koo 49 50 . 51 52

Catalyst Volume (ml) 48,80
(a) 13018 12410 10,85 20.40
(&) 18,20 | 46040 76040 82,80
(n) 18,20 46,70 76060 82,80
(x) 0,123 00311 0566 0,704
{1) 106353 69531 8.901 5odgl
(@) 23.90 61,030 109.50 135,00

Table 6.4

- Thudefining® of Thiophene wsing Oyolohexane with Catalynth W@“

8% different flow rates at 400 C.

Flow Rete ml/min 0.4 003 0.2 0ol

Run Yoo _ .53 54 55 56

Cotalyst Volume (ml) . 48.80 ,
(a) 14035 19,65 28,50 59030
(g) 78,10 84,80 B6.20 86,20
(n) 18.40 84.80 86,30 86.20
(1) - 00621 00594 0.426 0,226
(1)  5.07s1 6,431 79381 5.1l
(o)

Do



Table 6.5

WAuto;;ning“ of Thiophene using CGyolohezene with Daealgs

WBW

2t 400 G, ab firroront mole »abios oF hvﬂr@y@n availabilatv 30

Enionhens.
Mole ratlo, H,sthiophono 6sl _ 853 16381
Run Ho. ‘ 57 58 59
Cadalyst Volume (ml) 48,8
(a) PARS— - vV 5
(&) 56,20 61,70 68,30
(2} 56,00 61,70 68.20
(1) 0.042 | 0,074 0.194
(1) 503482 | 5.07e) | 4.7501

Teble 6.6

“ﬁm%@fﬁnjmg“ of Thiophone using Cyclohoxane wi%m Catalyat Wi

a% 400°C, a% déffer@nt moLe 2&%&@@ of hydrog@n avallability 8o

Thiophene,
Mole watic, ¥,sthiopheno _682 Bsl 1632 32§12
Run Woo ) - , 60 61 - 62 63
Catalysts Volune (ml) 48 .80
(@} & - 310088 l &>
(&) 52.30 158,40 63040 68,70
(1) 52,40 159,20 63,40 68,60
{1} 0,058 0,079 0,196 0,421
{1) 563l 40641 H5oTsd 5.991




6.4 Discussion.

The hydéog@nu%fan@f@r ptudios whith the temt cutelysts 4, B,
¢ and P showed considevable decomposition of thiophone, and thad
the oatalysts differsd im theilr relative officlencies. Catelyst
WA had @ poor afficiecncy &8 mey bo seen from the Pigures 6.1A
%0 6.2B3 however the nsture of 1% curves indisate that & longer
residense time would heve given an adequate reaption.

I% should be noted thats with only %wo pereent of thiophene
in the f@@&"mixﬁur@ the hydrogen eavailable for reastion was ad
loant four times the stolchiometric requivement 2nd inm meny 62808
mueh lavgor tham this. Thus the operation of the catelysd was
not being limited dy hydrogen partiel pressure. G&%&l&@t ngw

on the other hand tonded tovards & comstent effisiency im abont
twelve seconds of resmidense time &% 81l temporabures.

Referring %o the d@hyﬂr@g@na%i@n studies Table 4.4{14i1),
thia catalynt geve the maximun hydrogen production. Thus L the
hy&r@g@mm%rangfas-r@a@%ion was enly dependent on hydrog@m partial
- pressure, this catalyst showld have shown & m&zimum roastion &%
& given rosidense time. “The experimentsl remsullts for this
catelyst indicating low hydrogenation of thiophone @@@m hawavm¢
t@ &nﬁiea@a that the @xa@n& cf bh@ reagbion i m@% d@pandenﬁ on
hydvogen partial preasure &1on@o Again if one compares the
@al@ula%@d moles of avalleble hydrogen per % bundred moles of

syclohorane determined from the dehydrogenation studiees for thia
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esatalyat ©09 {Feble QJ%Qiii)g column Ye") and the hydrogen
aotually Ffound in the off gasesn froem the corresponding hydrogen-
trenefor rung plus the hydvogen tokon up to hydrogenate the
thiophén@ 30 the detesmined extent (Table 6.2(1ii), columa “e™},
- 4% mey seen that thore is & swmall hu$'migniéiéanﬁ:diffe?@n@@
botwesn them., This inhibidtion of the dehydrogenaticn ofF
gycloherene may be due Ho tho Lavt thad thiophone molecules ore
@@mp@%iﬁ@ for the active sites on the catalyst surfese. This

 ®££@@% in similer to the offect dasoribed by H@@ggp who found,

t
i

im & @m&l%(@@&lm aubofining plent, that the oil partisl pressure
tnfluenced the roaction rate.

Cetalyst "B” om the other hand showed quite exeellieond
hydrogen=tranaier and i@&‘@ffi@iﬁﬂ@y-appr@&@h@d constanoy ab
400 end 450°C and & residomse time of dwelve seconds.

- Gatalyst P provided th@]b@a% rosultn. A docomposition
of Shiophene %o am exbent of é208~p@fq®nt was obtained at 450@G9
- with o mean vesidence time of 10.40 sesonds.

T4 wild be recalled ﬁh@t~@&ﬁ&1y@é-wﬁﬂ was the besd
dehydrogenotion catelyut while satelyst “BY waes the best for
hydvogenation of thiophene. It was therofore decided that a
conbined catalyst of "C® and YB" might well be eppropriate fox
Coptimum hydrogen-trengfor. Catalyats “F® was &@é@fﬁimgiy
" prepared by simply mixing oqual volumes of pellets of Gatelynh
~ﬁ6” and satelyst "B and using the mintuve in the reavior., - It

may be seen that Ffor hydrogen—teansfor cedtalyst "I is mueh



votler then ®0" and a little bebtier than "B (Figure 6.3).
The Pigure 6G.44 and the Table 6.4 in which the effoot of

inlet flow rate with catalyst "M was atudied showed that the
- reeetion rosvhed egulliibrium in about 29 seconds of residence
tdme. - A decomposition of 86.2 mole persent of thiophene was
- obdeined at 400°C with thie oatalyst. -

The Figure 6.4B shows the effect of different mole Patios
of available hydrogen to thiophono z2nd the officicncy of - -
- catelyste "BY end "F'e  This oompavison shows that at any velwe
- of availeble mole ratio of hydrogen %o thiophone catalyst WB%- .
- was- more offoodive %hﬁ&‘wﬁmb“"@hi@iﬁgf@@B‘Wi@h the ecariior
- finding that in hydrogenation with cadtelyst "BY- an@ with 9
-(Taﬁl@ 5.3(4) and 9.3(11)- ) et sonsbent hydrogen perdisl pProsoure,
catalyst 8" was more effective. - - This i inm contrast de the - -
- rosulds in Figure 6.1A%0 6.2B which shows eatelyst "I ¢o he
botdter on & basis of rosidense time
--~--Thg effset of hylrogen- partial pressure on the docomposition
of thiophene with direct hydvogeon eand with avellable hydrogen
- may be soon by comparing Teble 5.3(1) zad 5.3(1il) end Pable 6.5
- epd 6.6 and- from Figure 5.8 It may be sesn that the lowsy - -
decomposition of thiophone achieved im the hydrogen-tvanster
- PuRg was dus %0 @ Jower hydrogen papbtiel pressure. - -

- X% ig- o be concluded from ‘the above that with the system
undor- ot 8 partiel prossure of hydrogon equivalent to adt loest

& mole patio of hydrogen %o thiophene of 1631 is roguived %o -
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To... BIOROCET-TRANSEHR (AUROFLULNG) STUDINS WLTH HAPHTHA AND

B/ cl S E

R OPUE R,

if one scoumes that in any hy@rmganwtr&naﬁeﬁ PLOCGHD
@ﬂmgm&%e~gu&nﬁiﬁi®@~@f-ﬁh@ hydrag@m“pmedu@ing*ﬁaﬁari&ﬂ-wiii be
presenty- the "bottle-neck” o tho bydrogenation process is moro
Likely Yo be the roeodlvity of the hydrogenntion cegalyst thon
hydrogon paebtinl proosurg. @h&@ the mont sultablo eadtalyss
will be thed vhich gives the maximwa hydrogenadien 02 thicphens
“in the mininwm residenss time.

Por this reapon in cubsogquent hydvrogon-trencfer Funs only
satalynt PP wae cmployed.

T4 Roaw Nevterdols.

Fhe nophths used in the dehydvogenetion studios (4) wes
williscd hore and &z before the thidphene aund bonzone wers of

Anglay gradeo

1-2 - Aualyslo of Produotse !

Th@‘p@@@@&mfa for hydrogen and hydrogon sulphide
d@%@rm&waﬁi@m@~war® th@‘éam@ eg desoribed in 40303 and %.2
Pogpactively. It was hovever not possible in theso runs o
am@lym@tth@ csondonsed liguid product, since the eoriginel naphtho
ﬁ@@_@heﬁw onn the gas chromatograph 0 be & nixture of & levge
numbor of hydrocerbons covering & moleonlar weight renge from

Bg. to O

5 10°
“ 7.3 Roaction Prosedure &nd Rooults,

The roastlion prosodure wag au deseribed im 6.3. Gotelysd PE?

ven atudie? fipet ot different tomporaturcs and then ad hfferent



inlet fiow rades.

anfl 7.2 rospootively.

The regulds are inoluded in the Fable T.1

The offest of catelyst "M wes aloc studied &% different

mole vatios of available hydrogen to thiophons.

The neseasary

nole ratios were obtained by diluting the nephthe with Analar

YeRBeno o

The various propordtions required are showa boeleow,

while the results are shown im Table T.4.

Table Tol

Gemponent

Gvfv mizture
68l Ha‘
. %0 thiophene

dv/v minture
831 H,

bfv mixtwr&é%v/w mizture
16e ¥, | 328 M,
B0 %hi@ph@ng e thiephene

Nephthea
Bensone

Thiophane

6,20
91,80
- 2,00

to thiophene
12,40
85,60
2,00

24,80 49 .60
T73.20 48 .40
2,00 2,60



mailto:r@su3.te

‘l\? 1-.@3 @ _xlo

Rpubofining® of Thiophene ueing Nophbhs vith Gabalyss 87

&% @Affo&@n@ %@@E@Eﬁhﬁ?@ﬁo

300

| _as0

Tenporature “c %0 400

Run Hoo 3 2 3 |4

Gadelyst Velume (ml) 80
(2) 13015 1216 | 19.85 36046
(&) 21040 57,60 | 81.20 85,80
(&) 0.189 0,458 0.576 00729
(1) 40982 453l 9,858 66583
(@) 42,10 103,20 | 130,05 163,50

Table 7ol

L] S0 1) 8¢ yRed
Am%aﬁ&mﬂ@g; of Thiopheno u@in@ Hephthe wish Cotolyed “IF
8% Glrforent TLOW I m&t@@ a% 4@@ Gu

Flow vagte mlfuin. 004 003 0o? 0ol
Run Yoo 5 6 7 8
Gotalyot Volume (ml) 48,80
(a) 14035 19 .65 28050 59030
(&) 82,10 87.40 89,20 89,20
(1) 0.672| 0,678 | 0,510 0245
(1) 5oT6l 40781 He381 9,831
(&) 18650  251.10] 285,00 | 270,10




Tablo Tob

jl@ (77 Q

shutoliningl o of Thiophene v u@ing Haphthe witwh Catelyst "F &b

400 @ 8% ﬂﬁfﬁ@f@n@ mole rablo of @gdﬁ@ﬁem aveiilenle 3o %hithﬂn@o

Mole ratio, Egsﬁhi@ph@na Gsl Bsld 1631 3231
Run Hoo ;9 110 11 12
Catelyet Volume (m?) ! 48 .80
(a) P — 3
(e) 39,20 | 64,70 | 72.80 | 78.40
(%) 0.042 | 0,069 0.186 | 0,424
(1) 83l | 5.45) 8o881 | 50301




LEG o

Tl Dipoussnd.on.

The hydrogen~tranefeor studies with nophthe-thiophone
mixtures over oatelynd VIP gave resulis parellel to those given
by cyclohezanc=thiophone mixture (6). The Figure Told and dhe
Pable T.2 shew the oxtond of thiophone d@@@mp@mi%i@m7aﬁ veriong
tonperaturest. ' Thilo Eﬁguwa:woiﬁ phows the offoct of lovgor Pooidonso
" $imeo.Fhon one compawren- the extent of thiophone hydregenation
- prodused by the two sourees of hydrogen, 1.¢. syelohorane and
anphtha at tho sape mole »ation of aveilable hydregon %o
- thiopheno, 4% is Lound as showmr in Figure To28 thas nophtha 14
2 bottor meaterial with catalyss W

The shepe of the cuvves im Flgure T.2) suxmoids dhed oven
grottor doosmpositlion of thiopheme sonld ﬁ@-@hﬁa&m@@~a@~@%111
higher hydrogen pewtisl pressures. - The finel deoelsion an 40
the mont suiteble hydrogeon perdisl prepsure e cmploy wonld
dapoend: on whebther it WS ROCE8BARY Ho remove the léa%»%mm@@a
of thiophenlic meterial, and @n-%h@'aamnuﬁi@ dogren o
dohydrogenation of the nephtha,

The results of those tests indicate o inm the cese of
syclchexane thet & residonce time of ot leant twendy-nine
saconds ond & mole radtio of ad least 16sl, hydrogensthiopheno

woul@ Yo roquired Lor significemt thiopheno deccmposition.
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8o HYMROCEN TRANSPER (AUTOFINING) STUDITS WITH MINTURES OF
WAPHEHA AFD_ RESIDUAL FUBL OILS.

It ves ostoblished in the last two ohapters that satalyst
N prém@%@d adoguate hydirogon %ram@fmr &t ninimun rosidense “ime
under the tent conditions. Abtontion was now Surned o tho
p@méih&lﬁ@y of utilising catalysd "I wi%h*mixﬁuw@@'@f naph%h&
- pnd rvosidual fusel oll sountalning sulpbuw. It was realined that
%h@-%gaaom@ fuel oil might well geupe difficuldics of operation
- and- moreover leoed to deposition of ocarbon on the eatelysd.  I%
- BaS- neeessary %o dotormine: the opitimum flow rate of the mixmdture
through the reastor and the most suiteble ratio of naphthe o
- 0dle Asccordingly two series of Tund wore sarried out as
- follown g , |

{a) A 50% naphthe 50% oll (by woighs) minture wes fed atb
Tive differentd flow rates. |
(b) -The differeont mixzdures of maphthe end oll wvere fed adb
003 md/mine

Thergaftor at polested Sest @@ﬂﬂi%&@@ag the threso rosidual
odle ware-auhﬁea%@d-ﬁn~%uﬁm-%@-an-@ﬁ%@n@@&-hydr@gém—%rangfﬁf »in
-in the presence of naphtha.:
8ol Raw~g@§§riazaf~--

The threo- rosidual oile A, B, ard G vhose sharsotoristion
wore determined: im Chaptor 2 were used here. - The m&ph%ha-am

-used in Chapteow 4 and T was employed ss- the wouree- of hydrogon.
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8.2 Apalyeis of Produeis.

The procedures used Tor hydrogen and hydrogen sulphide
dotormination wore the same asn descrided in 4.3.3 and 5.2
respeetiveoly.

I% was not possible to analyse the desulphurized oll by
ghrometograph, since both the oil zad naphithe coneisdted of o
- laige numbers of hydvosarbons. - The liqudd produst from each
. of the ten runs in which: the effect of Llow rate and of naphthas
0il wes studied. This was not analysed directly due o the
faet that it was diluted with an indeteruinate wvolume of
dehydrogenated naphithe. In the case of the three extended Tung
the liguid product wee redistilled to vemove dehydrogenabed
naphtha end the residual oll analysed Lor sulphur content in the
wsual way.

The &iaﬁillatiom LaNEe qf the feod naphtha was dedermined
by I.P 123/643 cnd the ﬂi@@ﬂilagﬁ@n surve is shown in Pigure 8.1,
The ocorr@sponding @mrv@~f@f:ﬁahyﬁrog@nated néﬁhtha; dehydrogenated
under the -came oondlticns a8 in the threc extended testsis givem
in the same Figure. It was heped by this means to d@%ermiﬁ@
the amount of desulphurised oll im the liguid produsct.

8.3 Rosction Provedure ond Results

A bed of 48.8 mls of catalyst “F" was astiveted im the
raactor ab 400@6 en dosgribed in 4.3.4. A% the ond of the
agtivation peried tho hydrogem was replased by a flow of

nitrogen {0.0061 £%° at N.T.P) ond an appropriate mizture of oil
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23e ond pephthe wes fod dndo the reactor &t the regquired flow
28%0. Tho run was cerried out for two hours &nd somples of
the oxit ges wore collevted as hefore o entbloe hyﬁr@@@@
sulphide aud hydrogen %o be doterained.

Pabnlated below am the foed flow rote of 50550 minturs of
nephthe to 0ll used in the Lfirst é@ﬁi@@ of zuns and the latier
ingludes the oxpsctod mole ratio of avalleble hydrogen te culphup
in the reactor. - The omowat of hydrogen wes caloulated Lrom
the slrealy determined dshydrvegenation characteristie of the
feod nephthe and the sulphur from the snalysis of the residual
oilo

In the second series of tests the »atic of oil 4o Bapl the
fod was veriod and the watlos used avre %&ﬁmi&%@@'&é @@b1é;8o2°
The table inoludes tho expected mole radtle of aveilable hydrogen

to sulphur in the roagtor. -

Pable 801

Flew »a%e 031 Paphtha xpeetod Hole ratie
w1 /min mlfuin ml/min . By B
05 - 0204 -~ 06296 20,1 g 1
0.4 0,163 0.237 271 8 %
063 0,122 0178 275 8 %
Vel 0,082 0,118 874 8 3
Uold 0,042 0,058 274 8 1




Table 8.2

ORI

Percontage w/w oll - naphtha.

60/40 | 50/50 - |- 40760 | 30/70 | 20/80
Mole wabtio M08 | 166381 [27.5s1l {38.78) | 850,631 { 900581
(th@@f@tﬂ@@lg
Flow of naphtha
ml/min G.146 | 0.178 0205 992321 0.256
Flew of oil #g»
ml/min 0156 | 0,121 | 0.09% Ooﬁﬁg}ﬂ 0.04%
Table 8,3
The Effect of Flow Rete with Catelyss “I® at 400°C.
. {Food material 50/50 wfw oil = mophthe)
Catalyet Volume (ml) 48,9
Rum Hoo . Lo R 3o fo
Flow rate ml/min 0.5 Ood 063 0,2
% 8 removed 2904% | 36:5H | 3Bo4%h | 38.4%
Hole W, im off , o
ERBES 0.594 0,621 0,462 | 0,297




dL3s

The catelyst sotivity during these two hour Tuns proved
very constont as wps indiosted by the hydroges sulphlde content
of the oxit gae dotormined every swonty minutes of rur time.

Afber the sompletion of eaoh run aboub & hvndred nillilitres
of bengone were run through the hot reactor to flush out any
soluble matorial. Hothing howover was Ffound appars from trages
of foed olil. The resulte are shown im Table 8.3, I% may be
peen that & steady perseutage decomposition was obtalned ab
a wate of 0.3 mil/min flow of oil-naphtha mizdure. Honoo
further Fumé on the obove miztures showa in Tableo o4 wore
carriod out oxestly on thoe neme patternm &% Bhe #izmed flov wate
O0f 003 ml/mine

Feom & stolchicmetric point of view only one nole of
hydregen 18 required per mole of sulphur to Form hydrogor
- sulphide ond honoe from en o8gnemic point of view high ilupud
of hydrogen should be avolded,.- ~Siﬁ@@ héW@V@?g the studien
with Shiophene had shown thet & consideorable sxoese of hydrogen
- wah necessary with the test roastor, o0ilsmaphthe watlo used in
the eoxtended tests (30/70) was solected to provide au adequats
- amount of hydreogemn.

For the oxtemnded rums a frosh bed of the satalyust volume
(48,8 ml) "F® wap teken and coblvated am described before
A lepge quentidy of oilsnaphihe miwiwre (30/70 wfw) wao
prepaved end the Hesd uns curpied ocut under the conditions

desoribed already ab QGOQCa The deternination of hydrogen
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anlphide and that of the hydrogen in the @xit.g&a@m was
carried out after every half am houv. Those enbonded vesd
Pung were continued ag long as the znalysic of the cwld gos
was constant and for two hours beyond the time a% which the
satelys? B@g&m %o ohow lops of actlvity. Thus bthe periocd of
- Pun extended o 17i=24 hours as shown im the table. From he
&ﬁalyai@ of the products the percentage removel: of the sulphur
was then calounleted. - The caleulation in showa im the Appondis
wﬁ&i@ the results are shown in Tablos 8.8 %o B/ amd Bgwoe 4.
A% the end of eash exteonded run the veashor was allewed
%o cool in & curront of purified nitrogom. A total of aboud
- 200 wmls of benzone were then ruy through the ecoled reactor
- from the dozing pump af & pate of 0.5 ml/min to wvesl bonzene
soluble matorisl from the cxtalyst bed. - The washed roasctor
wag Treed fr@m—b@m%@m@'by a current of nitrogen and then
wolghed to determine the amountd of carbon deposited on the bed.
- The- henzane soludtion was @@&pora%@d-on-& water bhath and the
residue welghed.
Priow %0 the subsequent exztended run the reactor end
catalyst were hested te sbout 480°¢ in & slow current of aig
o burn carbon from the catalyst. - The catalyst wap then
-reactivated ln the ususel way with hydrogen émlphid@ and hydrogen,
" and the next run earried .out with nitrogen swd eil s naphthe
mizture. - In this wey the three residusl oile ©p B, and A
- wore subjested to desulphurisationm.

Owing to the dAifficulty of running the reastor fop



1o

DISTILLED

V7

q0

Ve

)

15

20

TEMPERATURE
Fie 8-/

C

A
R PURE NAPHTHA
e USED NAPHTHA
A NAPHTHA FROM Oil.
§ | 3 r s
Bo lao 120 rae




OF SULPHUR

REMsval. -

30|

%6 (W)

351

EFFEECT OF FLOW RATE
550 (Ww') Gl + NAPATHA

FIG 8.1A

G, 5

¢
0'4 003 a2 o1
FLOW RATE M‘Vm:’n

60

R EMeyn L of SULPHUR

% (W)

901

30|

Fig 84 B

%o | “%o 5% 2%o
wWwW RATIO OIL / NAPHTHA




ertended pericdo indo the night, the flow of oil s naphthsa

“hed o ho shut off ot the end v & working day. A thad

CSime shae

flow of nitrugon wis contvinusd into the hot reastor
-t

wetll the foliowing morning whon the flow of vil v nephths

was Pebt veptod. - The Dirst fow snalysis readings afbor restars

generelly showed slight loss of activity of the cadalyst buh

aftor shout two hours the aatalyst wes back do the actividy 2

had shown th@-@ravi@uﬁ BYENING R -

- The hesd reswlis are shown in Table 8.5 . 40 847

R

o



Zoble 8.4

The Bffect of Mixturs RBatio of oll 3 maphtha, with Catalyst

£

& {7

at_4007C,

S P

Cotalyst Volume (ml) 48.8 |
Run Hoo 5 6 7 8 g
Flow rate mlfmin _ 063
Rasio oil/maphtha w/w 60/40 | 50/50 | 40/60 { 30/701 20/30
% 8 removed 28.4% | 38.4% 163.6% {72.2% {79.1%
Mole H, im off gaseo 0,290 | 0,462 0,520 [0.560 10.59%
Pabia 8.3

Anzlysis Date from Copntinuwous Rus with 041 0", 30/70 w/w.

0Ll ¢ mephthe ratio.

Plow rate ml/min

0.3
Catalyst Volume 48,8
Time {(hee) |$ & removal| Mole Hy in| Time (hr@)l 8 removall Mole ngﬁ

orf geses { in off
EAB63
0.0 = 005 6806 0.142 9.0 = 9.5 ] 7T2.8 0,145
05 = 2.0 6806 0,138 9.5 = 10,00 1.7 0.346
1.0 = 1.5 T0.4 0.341 10.0 - 10.5] 72.4 0.143
1.5 = 2,0 Lol 0,146 10.5 = 11.0{ 72,4 0,143
2.0 = 2.5 T2.4 00142 1.0 = 11.5] 68.4 0o 13
2.5 = 300 7206 00146 119 = 32,01 68.4 0.281
30 = 305 2.8 0,146 12,0 = 12.%] _69.8 0,142
35 = 4.0 72,4 0,145 12,5 = 13,00 72.4 0,146
800 w 405 7204 0,140 13,0 = 13.5] 72.6 0.146
405 ~ 5,0 Tg B 0,240 1365 = 24.0]  T4oL 6.143
500 = 5.5 7361 0,146 14,0 « 14.5F 12.4 G142
5.5 w o0 1204 G.142 14.5 = 15,04 72,6 0,149
6o = 6.5 2.6 0,145 15.0 = 1551 T4 0,146
608 o To0 7204 00146 15,5 = 16.0) - T2.1 kY
70 = 7.5 7201 0,143 16,0 = 16.5 69 .4 0o 125
Tob « Bo0 7265 0,140 16,5 = 17.0 66.2 o 124

8,0 = 8.5 725 G.143 1T} - 195 AF s




Analyols Date from Continuons Run with 01] “Bv

30/76 wfw, 931 s Haphihs Retlo.

Flow rate mi/min 003

Catalyst Volume (wl) 48,08

Fime (hes) | 98 vemoval| Mole Hy in |Time (hre) |48 removal|Mole B, im

_ Orf Zases off gases

0.0 = 0.5 68.4 00153 1060 - 20,5 73.8 0. 156
005 = 1.0 68.6 0,153 10:5 = 11,0 74.4 | 0.154
1.0 = 1,5 69,02 0,151 130 = 1.5} 69.8 0,139
165 = 2,0 7004 0,138  f11.5 - 12,0 69.4 0,142

2.0 = 2,5 74.8 0,158 12,0 = 12.5 | 66.8 0,138
205 = 3.0 7604 0,156 12.5 = 13.0 | 64.9 0.148
300 = 3.9 76.8 0:360  113,0 = 13.5 69,8 0.152
365 = 4.0 76.8 0.154 1235 = 14,0 | 72.6 0,15 3
860 = 4.5 7604 0,159 140 = 14.5 | 74.4 0,156
405 = 5.0 76,7 0,258 1405 = 15,0 | 76.8 0,156
5.0 = 5.5 T6.4 0,156 15.0 = 15.5 | 76.4 0,154
505 = 6.0 7406 0,158 15:5 = 16,0 | 76.4 0,158
660 = 6,5 5.2 0,158 16.0 = 16,5 | 7404 0,151
665 = To0 760, 0,156 1665 = 17.0 | 92.2 Q144
To0 = To5 | 7604 0:,156  117.0 = 17.5 | 72.8 | 0,139
To8 = 8.0 6.2 0.134 ~ 117.5 = 18,0 | 7T1.1 0,148
840 = 8.5 76,2 0.156 18.0 = 18.5 | 69.8 00124
8.5 = 9.0 7668 0.138  118.5 -~ 19.0 |69.8 0,121
965 = 10,0 7604 0,156
9.0 = 9,5 164 0,156

indlestes shud down due o lntervendicn of ndghle

...........



Table 8.7

Analysis Dobte from Continuous Runm with 0311 9AS

£30/70_w/w _oil s nephthe rabic).

AL EW o

Time (bea)| 48 removal] Mole H, | Tine (bes) @S removal| Mole Hy,
in off in off

£OBO8 ' Z2808
0.0 = 0.5 T76.8 0.163 12,0 = 12,51 7406 0,176
0o = 1.0 9.2 0,161 1265 = 13,0 5.2 0274
1.0 « 1.5 83.1 0.159 13:0 = 23.5 ] 76,8 | 0.173
1.5 = 2,0 83.4 0,164 135 = 14,0 81.4 0,179
2,0 = 2.5 83.4 0,169 4.0 = 14,5 | 83.4 0,176
2.5 o 3.0 83.4 0,172 14.5 « 15.0| 83,1 0.174
3.0 = 3.5 83.4 0,171 15,0 = 15.5] 83,7 0.172
303 = 4.0 83.8 0.,172 15.5 = 26,0 | 83,6 0176
4.0 = 4,5 8304 0.173 16,0 = 16,51 83,2 0,174
45 = 5.0 83,2 0.174 16o% - 17.0| 83.2 0,169
5.0 = 5.5 83.6 0,171 17.0 = 17,5 | 83.4 0,172
505 = 600 834 0,172 175 = 18,0} 83,2 0,174
6o0 = 6.5 8301 0.272 18,0 - 18,5 | B3.4 0.173
6.5 = 700 83.7 0,376 18.9 - 19.0 83,1 00174
Te0 = 7.5 83,1 0:.174 19,0 = 19.5( 83.6 0.176
Ta8 = 8,0 83.4 0,164 1905 = 20,01 83.4 0.3.76
B0 = 8.5 83.6 0,168 20,0 = 20,5 | 83,1 0.174
8.5 = 9.0 9.4 G172 205 = 21,0 81.8 0,169
90 = 9.5 83,1 0.274 1.0 = 21,5 81.4 0,169
905 = 10,0 | 81.8 10,175 21.5 - 22,0 | 9.4 0,163 -
10,0 = 10,5 83.6 0,174 22,0 = 22.5 | 79,4 0.154
10,5 = 11,0 | 83.8 0,268 22:5 = 23,0 | 76,1 00158
11,0 = 11.5 8104 0,173 23.0 = 23.5 | 73.4 0,153
115 = 32,0 | 748 00172 [23.5 - 2400 | 3.6 | 0.353

CCLTATTTESNSD

indlicates obhut dowa dus o intervention of nigh$e



Bad Diseussion,

The results show & significant desulphurisation of the order
of 70 %o 80 percent with these residual fuol elle.

Roferring to Teble &.& swé 8.3 4% may bo seen thed at a 50/50
oil 1 naphthe ratic , o dosulphurisation of not more then 3B.4
percont conld be achigved at the minimuwn Llow rate of G.2 ml/min.
This was equivalent o & reladtively low space velosity im the
reschor @ﬁ‘Ooéﬁ vol/vol/beo

The total hydrogen prodused during the desulphuvisation rune
ves also recorded im Teblos S.4 ami 803@ - To obtain hovever &
strict comparison, one must rscord this hydrogen to & basls of
vate of p@@@uéﬁi@n per wlt welght of naphthe Fod to the reestor.
This is shown im the Tables 8.8 and 8.9 given bolowe

Tﬂ:‘bl@" 8 08

Run Moo Plow Rate (ml/min) Availableo mole ﬂzfmim 1b naphths
0.5 000950
0.4 . 01270
0.3 . 0:1265
0.2 . 001245

Table 8.9

Buw Hoo Poed Ratieo (wfw) Available mole HQ/mim 1b m&phﬁhg
oil 3 maphthe =
. 6ofao. - = 0.0925
50/50 ’ 0.1260
40/ 60 0,1160
36/70 001330
20/80 01280




It may be seon that the raste of produgtion of hydrogen was
virtuelly conotent in dboth series of experiments, lvndleadiag

- that the primery influences on deanlphuriscaticn were oondbeoh
- time and hydrogen parilal pressurt.

The total amount of hydrogen produved in thesse
desulphurisation rune vas gomewhat less(about 19%) then the
amount of hydrogen obbteined from nephitha alone (Table 4.5) vhoa
dehydrogenated undex- the same experimentael cowditions, © I i
possible thet the olld pertial pressure was roduolng the emound
-@f*&@%iva-@uﬁf&@@'@n the satelysd. -

- I% should be noted {(Teble 8.9) thet the lower values of oils
naphtha gorreapond o very high mole retio of aveilable hydrogon
$0 sulphur (.0 up $0 90.9 8l).. - Only & relatively small amoun®
of this hydvogen imput is utilised %o hydrogenate the éulphur
@amp@uﬂd@-&nﬂ-iﬁ‘m@%‘r@@y@ﬂé@-wamlﬁ-y&@@-%@ wanto.  Bven &t sush
& high ratio of aveilable hydrogen abort twenty percent of the
sulphur compounds in the oil remeined wwhydrogonated. - Bebder
- Pesults may be expected with longer contect time end roeeiroulotion
- of hydrogens

-In the case of the oxtended desuiphurisatieon runs with the
throe oils %he hydrogen production Pfigures have the seme reladive
indisates: the influsnoe of hydrogew partiel: pressure.

From the strustural group snelysis at 70@0 (Pable 2.7) i

hod been Tounmd thet oil A wes the lesst bromabic of the threc oils.
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I% is possible that i%s sulphur ocnpounds are more Teastive than

those of the other bHwo 0ils.

A% 4ho bemperature used in the oxtended tests (400°G) enly

& roledively small: exbent of pyrolysis of the 0il COOMS 0 OBOUD.

This may be judged- by the small amounts of carbom end bonzone =

goluble residue found in the voastor &% 4he ond of & =uwe ' This

- mey U6 soen in Table 8.10 given below.

Table 8 o i)

4% oulphur| %0 sulphur-| %9 sulphur{ $V carbon | P0 benszone

imput oil | im produet | redustion | im 100 soluble in

o S _gm ofl | 100 gn ol
051 A1 3034 1076 48,20 406 009
031 B| 4,08 | 2024 45,40 | 6.2 0.9
031 6| 4014 41,50 ol %03

. Ba41

I3 ip likely that these values may be reduced by »unning the

rossbor uwnder pressurs to further increase the hydvogen pertial

PROSOUr@.

I$ wos pomewhat ALffiocult 4o cobtain & frue sulphur baloawnso

in these oxiended runs.

dohydrogenated nephths snd hydrogenatod oil. -

The total liquid produet contained

The lattor wae

likely b0 have an oxtended boiling~f&ng® and might well imeludo

- 8pirds of thoe same bollling rénge as the naphtha,

* Thus 1% weeg

possible o separate accurately the treaded oil and naphithe by

dissillation.




The sulphur conteonts of the test olla sould be obtaiasd in

HTO WayBo
1o © By ealoulationg-

The total sulphur vemovel fovnd in the exlt geses wes

saloulatod,; and subtrasted Pfrem the total sulphur in ¢the fwel

o1, -

foed oil,

Table 8o11

This gave & residual sulphur oonbtent peor 100 gremo of

This ie shown in Table 8.11 given below. -

Sulphur Balonsce.

011

Brtonded Rwnm
Totel Laput sulphue in- 24 hre Output sulphus
. 970 = 3034 = 3.20 gws - Total sulphur as hydrogen
| suiphide - = 2,410 gus
Differeoncs = 0,790
3,200
o | Potel Input sulphur in 19 hes Oudput sulpbur
B T2 & 4008 - = 315 gms- - - Totel sulphur s hydrogon
sulphife - o - 2.210
DifZferonce = 0940
32150
Total Imput sulphur in 17.9 hraW Output sulphuy
¢ - Lol Bo1 v 26.94 gme-

Total sulphur as hydrogen

- sulphide -o - 2,06
Difference = 0,08

< 294




By #ireet doterminetion s-

e
o

The tested oil wes spoparated by distillation from the
- dehydvogenubod nephthe end its swiphur content determimed in
ﬁh@‘ﬂﬁu&l‘W%yETo" The results are given in Table 8.10.
The diPPerence betveon these two seds of rosulds would BPPOEP
$0 be due to the ohange in the boiling range of the residwal oil
- o hydrogenstion. - |
The charasteorietics of the olls after "sutofining” treatment
and separaticn of the dehydrogeneted nazphthe by ddetillation are

-pecorded in the Table 8.12 below

Pable 8,12

Desulphurised By @2@- WK'@@ GA @m GP Holesulawp
olls . o ‘ woight
A 1?522 00913 | 3.53 | 15.51{ 50.5] 24 | - 280
B 1,510 ] 0,892 | - 2,62 | 1.5 | 52.%] 26 - 295
@ L5255 | 0.92) | 3699 | 15.6 | 34.4] 40 282

T% 3¢ opparent that considerable @h&ﬁg@ hes boen produced in
the oversell molecular make-up of the throe cils by passage through
the hydrogon-tronsfer rosstor. - There is a very lorge drop ia
viccoalty by & fastor of 200 o 300 times aund & comnsiderablo
drop in the content of aromatics in the olls with an acoomponying
tinerease in %h@'@m@mm%~éf naphithenls carbon. - Scme chenge in the
amount of carbem atems in peraffinic structure is also noteable

- The averaege molecular woight of the deswlphurised oils i

(8]



124,

about one half of the original olle,

Thene Facts all point Seo hydrogenation end hydroerasiking of
the odls in the hydrogon-trennfor reagior. Aromatios have baon
hydrogonated to nephthones and paraffinle side chaina ha¥p boen
8plis off %o give light spirit end an overall lowering of the
molesulay weighbo

Thess chengos show that & @éft&im amount oF the available
hydrogen han besn absorbed by the oll and gives euether
orplanstion of the seemingly low availlable hydwogen Lound whon
only the tmount of hydrogen sulphide formed and persentage of

hydrogon in the exit gas were teken into consilderatien.



9,  GENERAL, DISCUSSION AWD CONCLUSION.

The work described hers, deoveleped into & study of the
foapiblility of utilising the Yaulbofiniag" processy af%
atmospheriec prosgure to desulphurise rosidual fusl oll. The
- Tauntofining” process was orlginally developed %o dosulphnrise
middle distiilator 2nd the fow studies of the process which hove
been mede ere eonfined %0 tho desulpburisation of such metorials,
- which are in thempelves easier 6 Aesulphurise due $0 their
relatively low sulphur contont emd the loss complicated nature
of the sulphur cempounds present.

SmebanyﬁB hes published the results of "batch antofining®
with gae oil using nophthenes ap & sourse of hydrogem, but there
is no agocurate informaticm &Yailabla on the f@&wibili%y-éf'%hia
- process with residual fuel ©£1a~
Tho Union Qi1 Company of Galif@ﬁmiaﬁﬂ have olaimed theb
ninety-nine poreent of the sulphur im ahy fraction, irreopective
of the type of sulphur compound , 6an be removed by thelr
direst hydrodesulpburisation process wsing & cobalt-molybdate
satalynt, Assﬁmimg tha%'au@h hydrogen could be made avallable
cheaply Irom light nuphtha, there 18 every roason to sipent thed
an antofining process could perform quite as well as this.

A hydrogen prédu@ti@m of 52,6 cubic feet at H.T.P per
gallon of naphthe was ashieved from the nephths used in this

worlk with catalyst PV ab 40@969 end & rosideonse dtime of thirty

soconds. It has beon rep@r%@d:ya that & commerceial

s



hydrofining walt requires seventy cubloe foet of hydrogen per
barrel of oil 0 Tomove one persents of sulphur. On the basio
of those figuves an oil s nephtha ratio of 10 g 1 would be
vequired to romove threo percent sulpour from 2 residual fuel
oll.

The work reporited hore however hes imdisated that 2 mueh
higher proportion of naphtha would be required te ashieve the
neseaary hydrogen partisl pressure for an afequato roasgtion
CPRB0. The small percentage of hydrogen utilised indlisases
that before sush & process would be commersially feasible

recirenlation of hydvagen might he Neces8aPry.
B¢ .
Amh@ﬁg?ﬁ, who studied the hyldredesuiphurisadion of

%hi@ph@n@-@v@r & chromivm @xiﬂ@mgmlphid@ satalyat has concluded
that the reastion rate is dependent oar ﬁh@-@ﬂ@@@p@i@m or
h&dr@g@m- and ¢the reaction at the surfacs. - - Gur Findings
agroo with this, in that o fivet order cohange indicading &
- heterogonous roastlion was evident in- ocur studies of thiophonse
vhg@r@g@naﬁi@mb and that tho sate of reoaction is thus very - -
- dopondent on hydrogen pariliel- prossure. ' It alse appoaved
'h@W@vé§~%haﬁ adsorpiion of the thiophene itmelf might prevend
hydrogon reaching the active sites on the satalyab.-

-~ I% has boen concluded by GelTis 26 - thet thiophone
hydr@@@m&%i@n-wi%h—ni@kél oxide-sulphids follows- & ndtricbly
- chonical oyocle of chenges in wﬁﬁ©h-th@-@@ii@-@@@a not Tunotion
- 88- o tPue eatalyst. - The Tirst step io- cuppossd e be the -

- produetion of nickel metal by the rodustion of its sulphide;



this i Lollowed by & hoteropenous rezction of the thiophene
with the metal to give ageiw the motellie sulphide' whieh

- pubsoquently axain: mdorgecs reduction. - I suck & mochenlom
- applied wh@@'@h@‘@ﬁi@@*ig:pr@@@n%~w&%®r wonld appoze in thoe
ozit stream. - 9ince ve found ne water in our worl, 1% would
appear ﬁﬁa@ if a chemieal rorctlion does take plase it only
involves the metallis sulphide and m@§ the oxide.

In owr worlt & oonstent catolyst &@%iviﬁy.@ver poriods of
up Yo twenty-~four ﬁ@m@& ha@ been aschioved. X% is likely.
thet this mey be improved by a better design of the satelyst
bafle - In eny ovent the esatalyst ic roalily reoaetivated by
burning off carbon dopoeited and by treating egalnm with
hydroegen sulphide and hydrogon.

Th@‘tranéiﬁi@mhmaﬁal-@Xi@@ catelyste tested here hove all
shown themselves to be very active, the mest astive ozide -
proving to be W@Bv and that for hydrogenaticn of thiophene,
vggﬁg A very @impl@-mﬁxtmra @frp@ll@ﬁ@-@f'%h@%@-oxid@a proved
a2 uzefnl cowbined eatelyst end it is likely thet sush meterials
perhaps diluted with alumine or with some noutral binding
matoriel Would be superior om the indusirial seale te the
cobalt molybdato catalyst populer st the present time.

It io suggosted that & fubure progromme of werk should

study the development of & commcvolal eatelyss fop antofining

besed on these twoe oxides.
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The limitations of the leboratéry reowlts conld well bo
raducod by operation uwander prossure conditions. The offeah
of prossure would he no doubt to incrcese the exbony of
hydrogonation and reduse @éwb@m doposition on %h@-@a@aigaﬁ
thus giving & longer ov-ptreem porlod which is iwmpoedtent Lron
& commoroial point of viow. It i thorefore sugsosted thod
future eozporimentsl work should be cerricd oudt ab tho modoerate
prossures (5 to 15 atm.) used in the commercial “asntofining®
© PROCESB o

Under such eonditions 1t ie likely thet & lowor proportion
of naphthe would be roguired.

It has been shown that considereble ohange hes taken plase
in the molecular meke-up of the parent reisduval 0il when b
pagsed through the autofiaing reastor. From & sommoroial
point of view there is probable some adventeges $o this as
the lower viseoslty o0il produced may well heve & ready merket.
However i% shovnid be noted thet the treadted oil still eontains
@ @ignifi@&nﬁ pr@per%ion of suiphur and thus requires furthowr
troatnense |

The exbeonsive hydrogemation of the pawent oll sugpesto
thet futuro exbension of the vwork shenld imclude & ceroful

- dotermingtion of hydvogen balanes in the autofining prosess,

to dotormimne the relative proportion of hydrogon &g oxit gam,

as hydrogen sulphide and as hydrogensted oil, resulding wader



2 veriety of ezperimental conditions.

Ideally, a prosess which uses hydrogen-transfer fron
naphithe to residusl oil %o desulpburise the latter should
provide the following produsissge
{(a) 2 nophthe fraction, high in sromaties,

(v) & light fuel oil of low sulphur conbentd,
(e) axcess hydrogen a2mnd (d) hydrogen sulphide for sulphup

mannrecture

an k3R W



The index aumber rofers o the cshapters in the nain pard

of thig work.

201 Determinatlon of Suiphur Content of R@aiﬁm&l»GiIBTo

Soludiong rovuivead.g=

“lo 0,005 berivm perchlocate. 2.0 gns of berium
perehlorate is dlssolved in 200 mls- of distilled water and %o
thio 48 edded 800 mi@ of othanol. - The piE ié»a@jmat@@ 0 3.5
(os mensured on & PR meder) by adding & Pow dvops of dilute
pershloric acid o the solutien.

2> - Thoron indicator. 0.2 gne of thorom is dissolved
im 100 mln of waters

3o E/l@ pofivm sarbonate. 530 gme of anhydrous
sofiiun carbonate is- disoolved in weter and made wp to & 1itra.

- Proceduwre g -

The bapivm p@f@hl@r&%e polution is standardised with
0,005 sulphurie- acld solution usidng the thoron indicator. - 0.3
- 50 0.5 gmd of oll aro ascurately weighed imto the crucibls of &
bomb e@nloring jer .- 10 -mls of /10 sodium-carbonate solutien are
placed: Lh-the “bedy of the bomb and the crucible fitted im place
in the bomb and & fine nylon Ffuse thread scnnosted- froh the 0l
%0 the Living systewm. - The bomd im filled with oxygen 4o & --

pf@s@mr@-@f-gﬁ-lh/img gauge and Lired.- - - AR%ter about 19 mimwbes,

Lop ]



the prossure in the bomb is redused %o aﬁm@apheri@ and the boab
is opened. - The contents of the bomb ave weshed inte & flaglk
- ond: the washings made uvwp to 250 mls with water.

A osation oxchange columy sondteining about 5.0 gms of
P@rmmﬁi%~§@@im-&é propared =ud estivated by B/50 hydrochlorie
acld- solution., - 10 mls- of the diluted bomb washings are passed
through the don @Z@h@ﬁg@-@@lumm-@a@ collected. - - Tho column 1B
wanhed with 5.0 mls of walter and %h@-W@@hiﬂg-ﬁﬁd@d-%@~%h@

- gollieoted sanple. - To this soluticn 40 nls of»é%hén@1~and two
- drops- of thoron indicetor are added apd titrated with sitandard
- barivm pevehlorate soluticn. - - The ond poind is wvhem thoe
aaluﬁiﬁﬂ-@ham§@@-f@mm~g@11@w to pinlg.
-Wit@-%h@~@@mm@n%@a@i@m@iug@@ww
1.0 mi- of 0005} berivm porchlorate solution = 0.0038 guns

- of sulphur,
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)
2.2 Chromatogropbie Soparatlion 0% 011@3”o

-~ Procodunrage:

- 40 gme of silieca gol (about 50 mesh) is heated for threo
‘hours at 160@@; his is put dnde & 30 inchos long, 12 mm L.D -
'ﬁﬁ@@@'%ﬂb@p‘ﬂn@ ond of thieg tube is narroved to 2 mm diemeter.
This end is packed with emﬁﬁcg wools. " - The dried silies gol io
then poured- into the- tube: whieh is @mr&ng@d:in-a verbical
pesition 80 that the bed of silice rests on the cotton wool pad.

1.0 gm of the oil is dissolved im 100 mle ef 60/80 petroleum
othor and is then passed theough the sllica ocluwmn,

Owing %o difforeonces in the »aten of adsorption the nens
avomatic fraction cemas through the coluwn while the aromaties
are retained.

The addition of the petroleum ether is continued for some time
end o cheook is made from time 3o time at the ond of the tube by
means of Lilter papsey 4o dotermins the polimbd &% whish the naphths
- fragbion coages %0 appear. An olly stein, afbor the other has
evaporated from the £ilber péper, indig@ﬁ@é'th@‘pr@m@nc@'@f naphtha.
Thue addidion is contimuwed $ill oloar petreolouvm other ocmes from
the cutlet. The collooted naphtha solubion 48 hoated G0 6VaPOPato
- the peotrolouwn ether and the r@@idu@~waigh@@o.

Bolvent @ﬁhar iz now passcd into the column and ¢the prosedure
Gesoribed zbove io combinued. - Thus the sromatic Lraction is alse
obtalned. The dlfforence botween the weight of o0il fed and the
total weight of the two fruotions is recordsd as material rotainsd

“on the column.



2,9  Bbvuetural Group Analysis,.

V.5 8, & ab 2076,

et

Prow the rosults obbtained on Table 2.6 . The valuen
wore put into the stenderd g@&pﬁgﬁ - and by talkking the logaritbm
of kKinewatic viscopity log Vk éhﬂ rofrastive indoxw & denoity QY
was obbtaineds Tho chenge in density is related as -

‘ AL & @ - @ ocooocoll)
cwhere @ in the cobserved demsliiy.

The geaph for detecmining the value 4' was limited %o @
vafragtive index 0f 1.500 and the refrastive indices of the three
oils wewe boitwoen 1.634 and 1.644. UHenseo the graph wes
-exbtrapolated to obtain the velue &' at the above refraodtive intices.
Resuld from the extrapolated graphge

Q' For Ay, B, and € o0il were
- 1043, 105, 1,054 respostively.
Calounlation fom-ng"ng»d &ﬁ 20
0il A occoe . = - @ m @ @ @ coocaofl)
o 1043 = 0978 o 0,065
% Aromatio Carbon G, = G00AY - '(4@(@@)2'boocboob(2)
Subs ¢l buting the veluo of Ad - from eguation (1)
5. 6, =600 % 0,065 < (40 = 0,065)°
‘e 39 = 6,74 - 32024 -

Froe the graph of the molesular welghty, total cerbem in

ring strusture and Botel numbowr of ring comdents were road oud.

B = 480y Gy © 49.03 Ro = 3e3



Sinee the releition Avomatic ving contont was given by

Mox 'G&

QR- & 1 it ‘c:.-:.‘:‘ G 2 000000000(3)
b 2800

480 x 32,2 o
5500 @ Jed

2]

e 33 = 225 = 1.09

Again minee GE & -@R - QA

% Garhon in nephthonic sitructuce
w49 ~ 32:.24 = 16.T6
GP m A0 - GR‘
8o 00 = 9.0 & - HL.0

Honoe total resulds for the Shell 01l (0il A) was obtained

% Cesbon in Aromatic C, @ 32.24
% Cavbon in ¥ring structure Cp = 4900
4 Carbon im parelfinie Cp & 51,00
% Corbon in nepbihenic @ 16,76
Tobal ring conbtenv - “m - 3,30
Potal nephthenlic ring contend = * 1605
Potel avomatie »ing @@nﬁ@mé = “ 2025

Thus &imilawily-%h@ ropult was caloulated: for othor olls.
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gy o M 8% 700

R a2
The Rollowing @qu@ﬁi@n@ e roported by Ven Vesbten o1

wore used in ealoulabing the porsentags aromstlc carbon (G&)g
porcentage nephihenie oarbon (Gﬂ)g percentaze peraffinie sachon
(@PD and percentymze carbon iﬁ'?ﬁn@ shrueture. - Similerily the
erenatic 2nd naphthenia rings end total nunber of rings were
also celoulated.
- Gonoral equation for % 6, = 410% + ég%g_cccooo(l)
where ® iz related wath refrective indox and demsity
x s 2.47 (010 = 1.4600) - (a1° - 0.8280) -
Subatituting v« values of refrastive imﬂ®x'(n?@) and densd by
(@WO)-f@w the 041 A  from the Fable 2.6
% o 2024 -(1.541 = 1.4600) a~(60965 - 0.8280)
e 4 06059 evotunoe(18)

o = Ty

Thue § €, = 410 K-Oo@59'¢'%§6_9; = 32,09,
- 2

Simiterily the percentege oyclic cexbon (Arometics < Waphthenies)
% @Bi @ 7?5& = 38 4 11}%@@ '900000000(2)

éh@yg ¥ 40 rolated with vofractive index and deneity
v = (1% . 0,8280) «~ 1.13(a1° - 1.4600)
Substltuting the values of refrestive imdeox and density of
041 A o the valus of y comes ouh 0 be
7 = (06965 = 0.8280) = 1,32 (1.561 = L.4600)
@ ¢ 0047 oooocsvcooo{3)



Thuad substituting the values of y end the valuen of persentags
suliphur ocontont end moloewiar welght Trom the Table 2,6

the velue of % 0, wap obtainetdo

%Gy = T13 % 0,047 = 3 = 3,34 + 11500

463
Peroentegs oyelic cerbon % Q& e 5103

Honoe percentage nophthenic covbon - % Go = Gy =€

30 % % o 5103 = 32,09 o 19.21
Thus perecnbage peraffinie csrben % @P w100 - GR
8o 100 = 51,3 = 48.7
Ring Contunds=

Phe tobal numbeor of ving content (RT) is given by

By = 2655 & 0146 I (7 = 0.0098) ocooooova(d)

vhore § 48 the sulphur content of the ol
ﬁub@tituéimg the valunes of melooulayr waleght ;, ard the valuw of y
from oquedion (3) --

xsi‘i,- ‘e 1055 4 06246 % 463 (0047 = 0.0467) = 3.96
Avenatie wing @@m%@nt~ﬁ&-i® given by

Ry " 04l ¢ 0.09%5M

Substituting the valuwe of ¥ from the equation (1a)
RA W 0041 Lo 000§5 bid 463' B 00059
cm (dd o 105@ s Lo9QL

Hephthonls zing (Rg) @ Ry = Ry

Tm 3eH56 = 1,91 @ 165
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Galeunlation Bo seeisgn & Formule Tor & hypothotiosi avereno

Tost 041 A (Speoimen Galoulation)
From the Heblo 2.6 - Holooular welght is 463 and agein from
Pablo 2,10 - Porcentage covhow is §5.00, perceniege hydvogen
s A1e6B, TFrom Table 2.2 percentage swiphuwr 16 3.34 -
Whan @_l%%@@, s 7ol for oarbom

22068
3

16,88 for hydrogen

3034 & 0,104 for sulphur

Henoo & molecunle with 100 molecunler wolght will have T.l sarbon

S o Toll ® 463 -

o 335
- B0
Por hydrogesn 11068 = 463 55
~ 100
Por oulphwr 00104 x 463 o 0.491

.....

The moleeulo mey be assigned the formuls

®33.5 T55 %0401



o ed s O

Galowlation for Molocular Welsmhdo

et Sl Lon bty

The ebnlliosoopic wethed vwan uweed for determination of
molooular wolghto

- The obwiliosvopic coasdtand K, wen determined from the

aquation - © My, =W, xR
By ® W, ® 1000
vhoro W, = wolght of selvent -

Uy = volght of subsbunce
R = rosictanse
B - o moleoounls® welghs.

10,0 mis of benpene were: usod and X, was detormined by weing

i
< pure- 206 Dimothyl- nephthalenes:
" Phus I e ~Ki'x'wé.x'ﬂ060~
s @1 ? . R i
Holosuler wedght of 041 A
Lo 931 = 0,085 = 1000
2o 931 = 0,031 = 1000 o 457
8.76. % 6
3o 931 = 0.0234 2 1000 492
876 = 5.

Moan Value w 463
The instrument wsed in theso detorainaticas vas a

(79
m@@ifﬁ@@-f@ﬁm.@f-H@i%I@ﬁ@>@b@ﬂli@m@%@@jﬁ



304 Dotermination of Sulphwe dn the wsed Gopper Foil.

Progedure ge

A 5.0 gme sewple of the blackoned copper £odl 18 pud
into & bolling tubse Titted with o B 24 gﬁama-ac@k@% Joint ond
10 mle of concentrated hydroschlorie asid added. The tube iw
clossd by & ground glove cone Litted with an extonsion a8%@m.

Thia latter arm is joimed o & gas aboerpbion botdle combaining
40 mls of 104 equecus cadmium chleride solutien. - - The tubo is
kopd vortical and gontly heated. - The hydrogen sulphido ovolved
i@-&bm@rb@d-in%@,ﬁh® polution in the bottle end heading ie
-gontinued watil no more hydirogen sulphide is ovolved. The
hydrogen sulphide iz thon detormined by the stenderd method

= :
59 which inveolves an Adicmetric titeration.

doseribed by Shaw
The aﬁlaml&ﬁi@n-f@r the woight porcontege of sulphur ig
80 follovwnge

- Prom the stonderd formuls gliven dn TP

H woight of B = e = b) & 0,007
W

% 100 nooooo(l)

vhore ¥ o normolity of sodivm thiesulphate

8 -« - obperp®rvetion with fodine emly (blauk)
b = observeltion with hydrogen sulphide
W= volight of tho substenco SekGHo

IMultdplication of the rosuld of équ&%i@-zca (1) by 32 gives
34

the poreentage weighd of sulphur,



305 _ Geloulation For Residenco Fime.

The resideonce btime of & stadtlic system may be given as Yo
U

vhere Vo ds the totel Lroe wolume @é bed voldage. It is given
hér@ im litres. ©U" 4s the flow rate im litre/min.

I¥ 4% do scspumed th&%vth@ vapourn oboy the ideal gas law
PY o nRP,

Tho £low of the liguid "U is glven by 23.%3 Z Q% 22.4
wheres @ is the g nole of liquid feed to the reactor por minute,
vhile ? i the ozporimentel roactor tempoersture (@K)o

Propoure changes ere neglected hore sinee the present
piudien were cerriel out &t aimosphorie pressurey and é@ﬁ
npeeassury Arop ¥as negliglible,

3 % Vo

. Ez bid
6T - R x ey ) KRG
Taue ronidonsce Bine B T x O x 22.4 minnses o

Gelonlatiocn g

Total voluns of copper cbtained from its superfeeial
donsdty for 150 gre o 17.42 él@

Avtual totel volume oceupicd by the 150 gme of copper o
142.0 wls.

Bod veldege or fren opeoe &v&ilabl@_f@r rRRGtiOnR =

142:0 = L7:.42 o 124,58 or 0,124 1itzes. -

-Rosidonss. time. for. & L£low of oll & 2.0 gn/nin
273 = o124 x 60
TO3 = 0081 x 22.4

Mole oil impud/min o 0,0021 o

» 62 pooonds

For flow 2a%0 2.0 gn/min oF 0042 molofmin
_ 213 = 124 % 60
7@3‘: iy o@@égz ki 2’2204

31 seconds.

Taporinent tempeorature in those twe caleulations i @3@@@0



404 Activation Enerey Caloulation (Cotalyed A)e

GgHyp Cgllg ¢ 3,
Galculation on basis of molo/l100 melo.
Inlet ¥adte of flow of oycloboxane - o 0.5 mi/mim
Dousity of syoclohenane w0776 -
Inlot yobte of nitrogen ‘= 0.0061 f%B 8% HoF.B/min
Taling an oxperimeatel result of run (1) of Pable 4.4{1)

s "\.;3 9 T . bo w005 (0o . e . =5
Tniod mole Gsﬁmfﬁl@@ _Qg@;;(g gﬂ@ 5069 2 1070 eeeoll)
.44 = 60 '

Hitrogen inlet mole e 0.00061 % 2803
' 2244,

QGOGQD.OQOQ(@)

Inlet sonsentrabion « (1) ¢+ () o P69/77829

Tnlot concentration mole/100 mole & 0o98B coceccessscocsf{T)

oud ga%~ﬂiqmi@- w98 ml Ogilyn ® 240 m1-06ﬂ6'~p®$*300 ml

[98 = 2776 ¢ 2,0 ® 886
84 ..

o 0:905 ¢ 00227 o - 0.928 mel/200 mole

Nole feaction = 0,905 = 0.976
. 0.928
Outlet £ato of Gglly, ~® 7069 = 107 2 0,976 ceovoeoess(R)
= 79 x 1079
Bxi¢ mole of G, o 7.69'% 2077 x 0.0245
= OF 1o86- = 106 ...
Totod ozl mole o T.69 = 1077 ¢ 3(2.08 x 1076y
o B.85 x 1079
go Outlet mole o B85 = ﬂﬁéﬁ 4+ 00077 sosocacea{d)



(5)
Cutled contentration = (ﬁ) o

60964 oae‘oooooeoooo(ﬁf)

Thus when logarithm of ratlio of initiel concontration %o shange

X
in concentration (L@g'%§%)' was caleulated at different residense time.

’l

The v&iméuaf\x.wh

Runy Hoo | Catelyst | Tompersture | Resldonce ﬁ:%i; I8 Aotivetion
Volume . blme X/Y ergy
K eal /mol
1o 16,5 2,63 1,031 {302 % 207
2o 33,0 300 5013 1,085
3 4909 170 1,380
bo 6600 10,25 1230
9. 16,5 2,43 1,065 | 604 = 1073
10, 33,0 350 474 1134
_13. 49 .5 T-13 10270 8,05
12, 6640 9,50 | 1,480
27 1645 2,38 | 1,235 | 12,0210
16, 33,0 400 8027 1,230
29| 49 6,39 |  1.520
20, 66,0 80,58 1,665
25, 1645 2,09 1,150
26, 33.0 450 4007 1,280 | 20,3210°
27, 495 6013 1,520
28, 66,0 8,28 | 1.630
Log

on plotted pgainot 1/T°K sud the slope wee

put into Aveheniuve equation the eotlivation cnewvgy wes obiained,

5 L

See B4
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