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The purpose of thls investipatlon wes to prepare
some hytrosarbone which would reprosent the heavy ends
in the rasoline Practise ond dhe low bolling korosond
froeotion of petrolewnm, which were to be woad in the
Following onidetion studies. The compournds were
seleoted o represent three types of hydrocarboms foond
nemely, streaipght claln pewalfine,
eroratics vith pereffinice 2ide chaln and coyelopareffine
with pareffis side cusin. Als50 to deotormine pome of
the phyeicel eonstents of the purdfied products.
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1. $wp Synbthesis of l-Fhenyl Hoptane
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. . ) ) )

&t L0=H0Y0 ., Breun and Doutach™ by the astion of

asodia: on le-phonyl 7-chlicor hopbene in other o Longong,
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by Disenloby sl o enais? By 8 Colif roduction of nehoxyl
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28 a8t 20 pme prossumg, e fraotlion DeDe m«ﬁa ¢ policetede

vhonyl ragnasis broride vas prepared soegording to bhe
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netridecene lmve Deon propered by the general meibod
of sondensetion by voans of & Urigaard reastlon of two

sultadly chosen vadionle, one a8 the Wwomlde end the
oeher sa aldelyde. The resuliing carblnoel

and She resuitiop woesturabed hydyo
“he bodilng voink, vofreactive index, and denelty
of the intermadiatos 4o well as tho products hav

doterrined end compored with reomlod saluos 1L

proviously veporited.
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EanrT I1
The Vapor ‘hase Oxidstion of Hydrocarbons.
Ae INEROGDUCTIOR

The atmospherie oxidsasion a: hydrocarbtons is ex-
tremely important from the viewpoint of the petroleun
inaustry. ithin the last decade there has been intensive
ehemlieal investigation on the oxidation mechuanism, methods
for its inkibition in some processes and acceleracion in
others,

The importanee and seope of petroleum hydrocarbon

oxidation is pointed out by XKalichevesky and Stagner;

Cpemioal Hefining af Tetroleum by k&llchévasﬁy and Steguer,
Chemicel Catalog uo., Ine,, 330 west 42 3%., Kew York,
Chapter ¢, iasge Z89. o

"Although there is but little applieation of oxi-
dation nethods in the refining of petroleun, the subjeet of
oxidation is, nevertheless, involved in practically all re-
fining operations, =~------, The subjeet of complete and
partisl exiaatian ﬂf the patnalﬁum hyﬂr9carhana is braad,
and 1nveatigatiana are beaamia@ mGro zhd more extenmive 1n
pure scienee and in industrial agplioatiana; zt inelu@es the
control of complete oxidatian unﬁer hlfh presgure is engines
to derive more of the ycﬁential eﬁﬁrgy ef the fuel now anly
partly available because of detonation and other factors.

It includes the partial oxidation ané resulting deterivration
of all petroleum products ia use snd In stiorege. It is

involvad in the manufaceture of
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sanhalt and o sore exitent in other oxidation products,
sueh an feity sceids, aldebydes, sleohols, ete.”

sor the sast seversl yeurs, this leboratory has beeoa
seirarily loterssted in oxidoation studles sné innivitors o
prevent aupbaliens formation dn lubricaitins oils. ifosnt
petrolew: profucts bro used under relatively Lich lemperce
tures in the presence of uimosphsrie oxyren und Cdeteriore
wtion takes plocoe under ithese conditions,

The wddition of substuncees L inhiolt this oxidation
hos been studled for & nucber of yaars with no ssiisfeactiory
iunipidor being found, nor has the cecheniam by which an
innibitor seis boen determinsd coumcelusively., Ssfore thess
aurstlons cen be explained 11 1z nocesw ry o Jdeteprmine on

what

onent or eowponents of o oil the ifunkibitor sois,
and thus he oxidation mochanig: and produets formned,

The course of hydrsesroon oxidatlon hae boen studlied
for the lower rembers of thne paraflin ssrieas. Joarlrentsad
deats snd dlsoussion of {he orxidation wechsnisnm of hisher
hydroecurvons 18 presenied in this papery the regulis oy

pniribete to the interpretalion of the bobauvior oua

oxidation of hydrscarbons oi hishor arder.



"The Vapor ‘hase Uxidation of Hydrooarbons”,
Speelifionlly hyﬁmmahbms whi.dh would represent components
of the lower kerosene or higher fasoline fractiom of
- petroleum, to be passed in the w&pm‘ phase through a
hesated tube with & nitrogen-oxypgen mixture of a aﬁmzmﬁitim
approxirately ss in mq -&"maaah&ré, _30" catslysts are to be
present, or the tube ;»agksﬂ. in eny way,
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C. INDICATIONS

ig

Kerosene, n»triﬁecane, an& e, 2 4~tr1mothyi pentaﬁ& under

%tha ex@erimantaz eaﬁﬁitinns, in ahgeaee at oxsgen;_au

not tharmally ﬁeeemgaaﬁ te yiald gasaena greﬂuets.”

)

harasené, n»tridecane, ané 2,3,4~trimathrl 9antane
oxidize uuﬁar the experimental conditions to yielﬁ GO

and C0p, as gaseous »roﬁu@tﬁ.

Kerosene, n«triéacann and &,8,4~trimethyl pentane yield
unidentified acids znd aldehydea, Lo evidence of per-

oxide formetion,

Oxidation of an-tridesane appears to take place by the
sane nmechanism régakdlesa of ths'hyﬁraaaabanuoxygcn
ratio, btut the extem# of axidation is greater, the

lapger the ratio.

The axgari&gntﬁggrakalta indieate that the mechanisa

of oxidation involves, primarily, the formation of
aldehydes, and further that deocomposition and oxidation
of these intermedliates yields CO, COs and HgO.
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D. BGUIPHERT ABD PROCEDURE.

(a) “anterials Used, The n~trideeane and £,2,4-tri-
methyl PENTANE were those whose preparation ies deseribed
in 7art 1 of this thesie. 7The hydrocarbon mixture was
obtained by frectionation of a kerosmeas from sodium,
eolleoting the frastion of beiling range, B80-232°C, at
758 mm, yﬁeasure. mhia freotion was waahaﬂ thoroughly
with Concentrated hgﬁﬁ&, 10%, ﬂ&aﬂﬁa, &uﬁ wate». The mix-
ture was dried over anhydrous gycaﬁ, refluxed over socdium
for thrac hnwaa, and . fr&atianatea :»am aeﬁzua, sgain
solleoting the rraatian, halllﬂﬁ rnaga awa«aﬁaﬂﬂ. The
properties of the final fraa%iaa weres aa follows: -

&P = o.8112

3’ » 1,402

whieh indioste that 1% comtains naphthenes as well as
paraffine,

The nitrogen and axygﬁn'wcre Jouthern JUxygen prow-
duets, thelr snalysis Lnéié@%wa that they were of high
purity and were eonsidered as 100% N, und 100% Op
'respﬁgtiwely‘

ib) Oxidation Apporatus anml iethod, The complete
oxidation spparastus is shown in the photograph, Figure I.
¥itrogen from the tank was passed at a ﬁanatant e asured
rite, as determsined by the flowmeter (B), throush a dry-
ing tower of CaClg (C) and them to the vaporizing unit (E).



A8 Lt woo segoganyy to sroheat the hydroourbon for vapopw
igation, it wus conuldered sdvisable o svoild exponwre to
gryran uwntil the desired experimpntul temperature was
reached, v ordsr to secomplish this, the hydroowribon
wag vaporived inty the olireogen sirean uznd fthen mizxed with
the oxygen when the furnace lemperature hed Lesn reachad,
shie vaporising waiv is showa in the gholoyrash,
Figure I1i. It ig conmposed of & LOU eo dim%ilii&g flask
wiin indeatatious direcitly over the bulb whieh support 1V
of pyrex heliceg mepving %o remove acny oist fros the vapor
stream, The nitrosen inlet tube {(4) pusses throush the
helices, and extends Yo the bottom of the flevk, where it
io drewn to & eaplliery opening. The flesk is irworsed in
ant eleetricnlly hested constant temporaiture beth (%j. The
nitrogen puasses intn the Llsak, bubling thwrouwh spproxie
mately 6 2 erm. dopth of hydrocarbon, sod the smixture theo
sEssen sul throush the insuloted aide zrm inito the reuetion
tube, where 1t is nmixed with the oxygen.
The mixlag deviee ie shown 1o the shketeik, “louwre 111,
The nitroren=-hydrocerscen ia fed inte the oulaer annulaer tube
end the dried oxyeen fed Into thw loowe snnuler fube.
cixiae ftukes pluee when the gnaes arse {4diverted fron thelr
gourae and Iureed apount the pyrex ¢ wral at the end ol the
aroiviar tubes,
Yhe reaction tube 1a o 20 x 1.8 owe gyrex tube of
spproxivetely 16U ¢ voiuwne. 4t 1s ploeed in the lurnace
),

R
(¥

Figure 1, the temperature of which is controlled by



2 ohromel-nlumel thermoecouple (C) which extends to within
2" of the mixing deviee,

The emerging v#gars pass through a epiral iee cone
éenser (H), u 25 oo distilling flask immersed in a COge
aloohol bath (I) ané thence through threo other tn%as
eooled by COg-aloghol, samples of the gases pasaing
through the condensing system were collected over Ig
directly soé analyzed in the guu apalysie outlfis (X} for
carbon dioxide, gasmes ihaavbad ia fuming aulrur;e.aaxd,
oxygen, and cardon monoxide. Gecasionsl enslywps were
made for hydrogen anﬁ sethane. |

Ko deterninations were mude on the 1i$u1a pra&uats

21

ex0azt the presence of aldehydes was shown when a red color

wa s produced with fuahsan on a@ﬁitian‘ﬁa the agueous pro-
fuot. .oids are alsoe formed as the aalutimu~tnzaaw1£tmna
red. Jreroxides may be present for Ip is libersted from
XI, but this may be due to peroxides tovﬁé&gﬁﬂwxag the
resetion or later oxidation of sldehydesn ta-é&adu&a

peroxides, )



be LITRRATURE

The wspor ghnae'Qxi&aﬁtom or méiﬁﬁma»ané sthane
heg been studied extessively by Bonme und co-workers. His

work is summsrized by Lllie.:

Chomiatry af”ﬁétralaﬁm perivatives by ~llis, Chemiosal
Catalog Co., sew Tork. ¥ol. I p. 846,

"4 study of the oxidation mechumisn of methane
made by Bone and /heeler showed that, in the presence of
an excess of meihene, the resstion between methane and
oxygen ook plaoce at Semperatures below ithe ignitiah point,
in no case was there a preferential ovxidation of eiiher
element of the hydroeardon molesuls, inaamuch &8 nelther
f&&e sarbven nor free hydrogen woaae obsorved at any siage
of the oxidation., In slow-oxibation #xywrimmntn,thay
isolated fornaldehyde as an iutermediate oxidation pro-
duot. %hia avidence served as & bazis for the hydroxy=
lation theory of oxidation. Hriefly, this theory stutes that
oxidation progceeds through the suscesuive couversion of the
hyGrogen atoms {Attached to & cerbon atam) to hydroxyl
groups, Uxidation in the presencs of a csatalyst was held.
‘%o take place in exuetly the mame way, however, with this
-difference:; hgﬁfgxylatian progressed w&%h'#&nh velooity
that intermediate oxidation produsta could mot be detected,
unly ané-preduets agucsh as %hq oxldes of esrbon and wateor
were obtained, .ater work by Bone and Lrugsan with exe

plosive nixt.res of hyl@roosrbon gases lntleated thal this
#ame expluamation, with some alig ht mollfiewtlon, was
a8lso a,};sliaﬁbleﬁ”.
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The oxidation of ethane eould be repressnted as

follows:

JOH A 4Q
CH—CpHg0H —= CHpCH™ — —>-CHaC —> CEzC

N OH J 0&3 NOH

HOCHgC{ —> CHgOH

$u ﬁg OH

Hp0 ¢ COp <— Hp + €O é——KG:\O-e ﬁc:e———a ﬁwgr Cog ¢ HgO

The mono and di-hydroxy dﬁrivattvam—ér~tna hydro-
oarbmnm’chaential to the theory have not been found. Eone
congiders that they oxidize or decompoese so rupidly that
their presence would not be expeoted; but this is imn contra-
dietion with results obtained by other workers who find
that doth the hydrocarbon enéd corresponding sldehyde oxi-
dize more readily than the aleoohol under similar conditions,
Also there is no evidence for the formation of glyosls from
aleohol oxidation.

Marek and Hahn in diseussing the oxidation of hydro-
oarbons, have the followiug te say concerning the peroxidation

theory:

Catalytic Oxidation of Organic Compounds im the Vapor ;hase
by MNapek and Hahn, Chemiosl Cagalog Co., Hew York. p. 305.

"slthough eonsiderable controversay has existed and
8%1ll exists regarding ghs;e;act manner in whieh a hydro-
carbon oxidizec, one fact stands out from the grest mess of
data that have sccumulated and that is that sldehydes appear
early and arm‘yzominﬂnx in the oxidation produots, It heas

been recognized, however, that aldehydes are not the primary



ad

nrofucts of the enco.nter between oxygen and hydrocarbon mole-
cules, and it has been proposed that the most probablg
initisl produet is peroxidic in type.

The peroxide theory has developed lar:ely from work
iz the linguid phase or at low tenperatires cond.cied
primarily iz an attempt to solve sore of the uestlons
regarding knoeking phenomnera. 1% hag been assumed ti.at the
evidence obtained in this manner would be directly appli-
catle to the high temperature vapor phase oxidation, [t
hae thus been assurmed that the riechanisu: followed by the
oxidation at relatively low temporaturssand at atnmospherie
or low pressure is the same as, or sufficiently similar %o
that at the high temperstures and higher pressures exist-
ing in an engine eyli:der to maxe the resnlis userul in
interpreting engine. operation.”

o number of workers have reported the presence of
peroxides in hydrocarbon oxidation, but it should be pointed
out that aldehydes on exposure to air form some type of
setive oxyeen compound which would replace iodine from
potassium iodide.

rease has studied the oxidation of propane and the

two butanes., iHis results ray be summarized as follows:

rense, R.f., Jes.Ceoe Bl, 1839 (1929).
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*he three mmin types of renctions appeur L0 be:
{1) Unsaturstes Uy dlssocistion:
34&’110 ——— ﬁ@il@; 4+ Hp
(£) Tnueturates by oxidation:
G*ﬁl@-¢>{ﬁéﬁg + Hg)——0Cglig 4 iiz0
(&) ~ldehyte reactione:
Cylipp— CphipChl « U0 ¢ 2Hg0
CplipChHO — CHalHO ¢ CO + Hyo

Cisscelations (1) and (8} necd not ive [p us the
saturaled produet; nethans or & higsher hydroonrbon ny
secuwr iaosiesd, the oxidation produst is then an sldebyde.

ihe resction is strongly ishibited 11 the resetion
tube its paeked with broken pyrer glesu, puscibly ﬁ@&@%iv&%~
ingy exeited moulseules., If clusds 1y coeted wiith JMCL, the
rovetlon iv Duwrther surpressed, bul hes 1itlle effeect in
an empity tube, whieh is infependent of the naiurc of the
tuve walle, voatiog in the pscked tube provably luahibits
6 wall catealysis wiloh hus becone important, or coating
sy inoreuse efviclenoy iv prodacliag deactivalions.

In n proked tuio the renctisn does not besin wnitil
the temperaiure of thersal desomposition of the hydrucarbon
ig resched, The total amount of hylrocarbon re.ciion is 2
or & ti~es greater when Up is used then when Iig is used,
even resotion {1} {(mot involving oxidation] takes place
more during oxidation thuan durin. thermal decovposition,
whiech wmay be dut Lo a temperature rise fron the hent of
oxidation butl partly dlrectly ludueed by exelied moleoules

protueed by the other reuctions,



&xi&a#ian of Cglig in a pucked tube begun at about

5758%C., in the empty tube &t avout I0C°C. {malnly type 3).
Packed tube greatly inhidts (3). The results follow no
simple neaﬁme; %1th'?§%ryrapanﬁ the rezotion begius
abruptly betweon 300°-3525°C, and runs directly to com=-
pletion. At lower temperatures the sliehyde reactiion is
gemtnﬁgt, sus at 600%C (1) beeomes more and more important
until it finally sceounts for 2/3 of the Cglig remeting,
probably larvely due to the presenee of exclited molesules,
/ Ihe inhibiting effect (negutive temperature coeffe
iciont) of the dilutent gauses inorezses in order CHg, Np,
C0p, Hgs roemotion entirely stopped at 426° C, with Eg;
but slightly retarded at 375°C,

#egults indionte the rlidehyde reastions iavolve a
ehain, and that eroited rmoletules lnvolved are capsble of
indueing resctions (1) =ma (2], /

similar pesults were ebruimed with Ogiiyg, but the
resgtion @seﬁrnvaumaﬁhas nore raaﬁily, &Gb@ rbr normal and
450° for isgbutene., The altehyde reanction oecurs %o &
greater extent than iith'yﬁupaﬁa%

in investigation of the non-catalytic oxidation of
pstanes &ﬁﬁr&aptnldah#@é hes becn made by Pope, Dykstra,
and HEdgars

Pope, Dyketra and Bdesr, JaaeCeS. BL, 1876,2208 (1929)

From amalysls of gaseous producte they sonclude that
the meehanism involves first the formation of aldshyde:
CHy(CHg ) gCHg ¢ Oz —-CHp(CHg)eCHO 4 Hgo
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TABLS I

Oxidation of Kerosens
Temperature of sonstent temperature bath 160°
Fitrogen “ate w 4,54 1./hr. |
Dxygen Zate 8 1.2l l./ne,

W)?ﬂmyg '%nz;xmm a:‘ﬁ:\gie; ﬁ@%&ﬁ% o
200 20,7 0.0 0.0
262 £046 0.0 0.0
304 20.8 0.0 040
249 29,9 0.2 0.0
400 2040 0,8 0e2
40 18,5 02 0.2
486 1840 (78] X.2
814 14,9 2.0 2.8
542 18,4 R 8.0

580 1.0 1046 Out



FTodlis IX

Jxidstion of n~fridecane

sEh wemperature ® L.0%C.
Litrosen dAute é.&il.fﬂrg

viveon aate 1,21 l./up

Furw:ce Tempe Analyalia of exit

¥

Dy N s 3
1} @ v Gy

45H L0eD Dl
£930 80 ot Cel
L0Y wlatl Ged
HB S 2041 Gets
590 a0 Cell
645 Ve Cate

Jases

¥

i {; ‘:.3

75
% @k



PaBLs T1T

. oxidation ef nefridecans.

Furnace temperature = 600° U,

Kitrogsn Rate
Oxyeen ﬁatﬁ

Conatent Temp. Analyeis of

104

120
128
150
160

170

180

20,1
19,8
1547
18,8
1844
1647

0.9

‘& 1.81 1./nr.

%xit Gases

Cul
Ued
O.4
0.6
TeB
leb
10,7

% CO

O
D2
Vel

0.5
0.6

1.0
L6



TABLE IV

Oxidation of n-Tridecanse

Bath Temperature e 1809C.
Nitrogen Rate 4,54 1./nr,

Oxygen Rate 1.21 1./hr,

Furnace Temp. Analysis of Exit Gases
(9c.) 7 Og % COg % GO
300 20.4 0.0 0.C
248 20.2 0.1 0.0
401 19.8 Oe.2 0.0
450 18.7 0.0 0.9
480 1842 0.0 Oe4
504 16.7 0.7 C.d
522 14,7 0.6 0.5
540 14,3 1.0 1.6
564 1Z2.6 1.2 1.8
570 2o DD 1.4
576 1.0 10.7 0.6
592 0.7 12.6 Cei
608 1.1 12,9 0.1
625 0.9 1.4 0.1



TABLE V-

' oxidatiom of 2,2,4«~Trimethyl Pentane

Bath Temperature = S Y90,
Hitrogen Rate ® 4,84 1./br.

ﬁxy@tn Rate gvlnﬁlvlafhft
Furnace Temp. Ainalysis of ixit Cases
{eC.) » Og » COg % CO
548 20,7 0.0 0.0
04 20.6 0.0 0.0
450 2043 0.8 0.0
509 1944 048 0.1
549 15,7 Ueb 1.0
578 6.4 1.0 Bol

609 0ub Ted C.2
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the gombined 1iqguid profiuets from o eomplele run werse
teeated with litows and in sll oases there was an indicailion
of scld formsilon. Gimilarly, s test with fuchsin produced a
red ocolor indicating that sldenydes were formed. YThe audition
of potassium iodide solution snd then sturch gave a blue color,
but as previocusly p»ointed out thils nay be due o al&éhy&@ﬁ
oxidizing to peroxldes, and not to peroxidés formed zs inter-
metlates,.
when the varﬁiua nydroecarbons were passed throush e
renxotion tube in the absence of oxygen, there was no evidencve of
theprmal decomposition. & slow combuston suslysis for hydrogen
and paraffin cas was nade at d00%C on esmch sample, snd the ree
ulte indieste that if these unre formed during the oxidation,
they are fapther oxidized before leaving the reaction tube,.
ﬁk& gaseous oxidation products of the hydrocarbons
are esrbon monoxide, ocarbon dioxide, and a amall znmownt of sume
gas abasorbed by funing sulfurie seld, the nobure of whioh was
not determined. Its amount were very small wnd possibly is
conposed of wicondensed orgunie conpownds, such o8 an aldehyde
vapor
Pable IV amnd the graphicul representation in ﬁi@urﬁ ¥I
indicute That Lhe Rrfrydeenne oxiGizes 1n = munner siriler o
ne-octane =p phown by kdgar., That is, the oppeurunce of woter
and &l&éhgéea, and the sinilarity of this curve with that formed

for ne-heptaldehyde snd n-butyraldehyde stror 1y susypest thet the
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primery oxidation product ia the sldehyde. The aldehyde then
further oxidizes to form nldehydes of lower moleoulur weight,
o8 given previously.

Tae srall asounts of oxidstion products shwwn in Table
IX indicate that the hydroesrbon-oxygcen ratio was below that
necessary to utilice the oxyren eompletsly. In order Vo demone
strate that the igerossee in the ratic would ineresse proportionw
It is obeerved that ap the oxypen decreasges, the curbon nponoxide
wid dioxide ineresse i{n the same order of magnitude,.

Lable V and flgure VYII are given tu illustrute the faet
that the results for Z2,2,4~trimethyl pentane aoree wiih thore
Lound by dewr. The ourves agree s to generel) type with the

additionnl date presented for higsher tempepratures,

in order %o observe whether a hyl@rocarbon nirzxture would e

oxidize in ithe sane nanner, & kerosene fraction whg oxidized,
and the resulis presented in table I and figure 1V, indiesting
that the gernersl nsture of hydroourbon osxidetion st lenst ine
volves the forpatieon of aldenyles at some ilntermedicte stage

and then the Zurther oxidation of these nldehriesn tuokeg ploce.
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Zerosune, hetrideeans, sbd 2,Z,4-trimethyl pentane
under the experimental conditions, iu abuence of oxygen,
T de ;hat- mﬁmgm ﬁmww %;ﬂ yiald mmana produote.

Zerosena, nwwmm » m a.n,a«wmamyz pentans
‘,emmm m&w the .warimtﬁ smﬂﬂim 0 ;yiam CO and
mg T gg,&uuna_ wg&u@tm

Kerosene, metridecans and 2,Z,4=trimethyl pentans
yield unidentified seids and aldehydss. Is evidemce of
peroxide i’amtlmm

&:xmatxon ezt muwmm @wm %o tm yiﬁm by
the sane @Mm Mwﬁuu of the hyaramben-mm
ratio, %u% the extent of aximtma_ is gmattr.‘ the lsrger
the ratio,

The ﬁxmmm results msmm that the meebanism
ar axidation mw&vm, primerily, the formation of aldehydss,
_am& further that &swnpeaiuan and oxfdution of these
Antermediates ylelds GO, COp snd HgO.
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