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h - Flow sseter on oxygon lino,
B - Flow vm%or on nitrogen line. 

C I ,  I) Drying tos?or8*

E * Vaporising unit.

F - Fursmee.

0- * ?h«r»oooupl« well *
ft - lee cool lay bath.
I - OOp-alnohol cooling bath.

J -  V a r ia b le  re s is ta n c e .

I' - Gas enelysls outfit.
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A -  N itro g e n  I n l e t .

B -  C onstan t te m p e ra tu re . 

C -  R ea c tion  tu b e ,

D -  Oxygen i n l e t .
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XAMT I I

The Vapor .rhaae Oxidation of Hydrocarbon© • 
a * x i r r E O W C f io s  

fh© atmospheric oxidation of hydrocarbons 1 m ex
tremely important from the viewpoint of'the petroleum
industry. within the loot decade there has been Intensive 
chemical investigation on the oxidation mechanismf methods 
for its inhibition in some prooevees sad aeoderation in 
others.

The importance and scope of petroleum hydrocarbon
oxidation is pointed out hr tolichevesfcy tod st&gnerf

Cnemioal Me fining of Petroleum: hy tollefeevetoy tod Stainer * 
Chemical Catalog Uo. t Inc., 3 3 0 Aest 4 &it& it* t tow fork,
Chapter 9 , Page £#9 *

‘*A1 though there is hut little application of oxi
dation methods in the refining of petroleum, the subject of 
oxidation is, nevertheless, Involved in practically all re
fining operations, the subject of complete and
partial oxidation, of the'' petraleum hydrocarbons is broad,
■and investigations are 'becoming more and more extensive, in" 
pure science and in industrial applications* It include© the 
control of complete oxidation under high pressure la engines 
■to derive more of the potential energy of the fuel now only 
partly available because of detonation and other factors.
It includes the partial oxidation.and resulting deterioration 
of all petroleum products in use and in storage. It is 
involved in the manufacture of



asphalt muX to a one ©xtent in other oxidation products, 
such as Tatty adds, aldehydest alcohols, ©te* *1

y©r tii© past several years, this laboratory has been 
primarily interested in. oxidation studies and inhibitor® to 
provent asphaXtett© formation in lubricating oil©* lost 
petroleum produets or© used under relatively high tempera** 
tures in the presence of atmospheric oxygen a M  deterior
ation takes place under these eondi tionia*.

T\m add. It ion of substances to inhibit this oxidation 
has been studied for a number q £ years with no satisfactory 
inhibitor being found, nor has the timohmiimm by which an 
Inhibitor acts been determined conclusively. Before these 
lues t locus can be explained it 1® necessary to determine on 

what component or components of an oil the inhibitor acts, 
and thus the oxidation moch&niflei and products farmed.

2h« course of hydrocarbon oxidation has been studied 
for the lower members of the paraffin series. rxperimentai 
data and discussion of the oxidation speohanism of higher 
hydrocarbons is presented in this paper; the results 
contribute to the interpretation of the behavior on 
oxidation of hydrocarbons of higher order*



w

b *

nfh Q  V'&por Phase oxidation of Hydroearboas%  
^peeifieaXlf' hydrocarbons mhioh would represent co&po&enta 
of the lower kerosene or higher £uaollne fraction of 
£*trol#u*it to be paeweft in the vapor phase through & 
heated tube with a xULtJ&g*a~o*yjgwa. mixture of - a composition 
approximately as tn the atmosphere* h*o eatslyetg are to be 
present* or the tube peeked in any way*



0* IHBlCAfI0IS
Kerosene* n-tridecane , and £ # E, 4*trim©thy1; pentarp under 

i^erlmwf4^.e^diflene* in ' ahpe jao©' of $xygpn , do
not thermally desoftpeae to yield gaseous produets,

{

Kerosene^ n-trideeane, , and &# g*4-tr ii&e thyl pen tane 
oxidle© under the experimental conditions to yield 00 
and CQ^ as gaseous pro&uotB*

Kerosene* n~ir idee&ne and Bt£#4~trimethyl pen tame yield 
unidentified aotds -OMd aldehydes* .£© eridem©© of per
oxide formation*

Oxidation of n~trideean© appeal's to take place hy the 
earn© .mechanism regardless of the hydroearhon^oxygen 
ratio, hut the extend of oxidation is -greater*. the 
larger the ratio*

■ the experimentadrresuita indicate that the mechanism 
of oxidation lnwive*u primarily* the ’formation. of 
aldehydest and further that decomposition and oxidation 
of these intermediates yields 00, CO^ and HgO*
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d. m v i m s m  m b  m v c m m B *

(a) Materials used* The tt*tri&*e*n* mad g9&9d«»trl*
methyl rrrrattE were thorn whose preparation is described 
in Pari I .of this thesis* the hydrocarbon mixture was 
obtained %  fraetion&tion of a kerosene from sodium f 
oolXoetlog the fraetion of ballin^ ran^e* $8d«»£6&*H;* at 
768 an* pressure* this fraction-was washed thoroughly 
with Soaoeatrated BgS0£» -40JM8*al?0£» ■ sad.-water« the mix-* 
ture was dried seer anhydrous KgOOg, refluxsA over sodium 
for three hours, and; frwttraatell fror* ..sodium* again 
oelleotlBf ilse fraction* boiling m & m  ®60«4b&^6* fh# ..,. 
properties of the final fraction were m® fellowst

qf° ■ 0.8112

a§° « 1.4212
which indicate that it oomtaias naph thanes ms well as 
paraffins*

the nitrogen and oxygen were Southern Oxygen pro- 
duets* their analysis iiidioatod that they were of high 
purity and were eons Id# red as 1O0̂ » and W & p  Og 
respectively*

(b) Oxidation Apparatus and Method* fhe complete 
oxidation- apparatus is shorn la the photograph* Figure I* 
Bltregen fro m the tank was passed at a eons'taut, measured 
rate* as determined by the flowmeter (B), through a dry
ing tower of CaClv; (C) a m  then to the vaporising unit (£)*



a* it m o  nccoasary to preheat the hydrocarbon. tor v&per- 
ia&tlon, it Has considered advisable to avoid exposure to 
oxjrren until the desired experimental temperature was 
reached. Isi order to accomplish this, the hy&rooarbon 
m s  vaporized into the nitrogen stream and than mixed with 
the oxygen when the furnace tsaptrahr^ had been reached*

The valorising uni b la ghomi in. the photo*;ru oh,
Figure 11* It 1 m t rosed of & 100 oe distilli ̂  Alack 
wiiu Indentations directly over the bulb which support I1* 
of pyrex hell.ee© serving to remove any nist from the vapor 
stream. The nitrogen inlet tube {a) pussea through the 
helices, and ex tends to the bottom of the flask, whore it 
is d r a m  to a capillary opening* The flask in i *©ed in 
an electrically heated cans taut tempera fcure bath i.Sj* The 
nitrogen passes into the flask, bubbling through approxi* 
mutely a 2 cm. depth of hydro oar bon, and the fixture then 
passes out through the insulated side arm into the reaction 
tube, where it is mixed with the oxygen*

The sixlug dev toe is shown in the sketch, figure 111* 
The nitrogen-hydrocer bon is fed into the outer annular tube 
and the dried oxygen fed into the Inner aidiular tube. 
l:lxing taken plae© wh#a the gages are diverted trrni their 
course imA forced around the pyrex spiral at the end of the 
annular tubes*

The reaction tube la a 15 ac 1*8 cm* pyrex tube of 
approximately 140 oc volume* it is‘placed in the 1‘unmsi 
(F), Figure I, the temperature of which is controlled by



zx

a thermocouple (0) which ® i k M s  to wlthlm
JB* of the mixing dories*

Tlm  emerging vapors pass through a spiral U t  ran- 
teaser <H) * a B3 m  distillist# flask lmmerast In a COg- 
alcohol bath (I) and thouse through three other tubes 
cooled bj COg-aleehol* Simple a of the gases passing, 
threwgh the condensing system were collected over Bg 
directly rad sjmiyMd in the &&& analysis outfit ...(K) f m  
car ran dioxide, $&®®m absorbed in timing, sulfuri# asldt 
oxygen, rad carbon monoxide# Oeraa Irani analyses mere 
made for tgrtregem mad methane*

Ho determlmattone mere made on the liquid products 
except the preseme of aldehyde® was shown when a red color 
was produced 'with fuchsia on addition to the aqueous pro-*

r*'

.duet*' ^eids are sis# formed as the solution turns 11 terns 
red* i^sroxides mgr be present for Xg is 11 berm tod from 
J£X# bat this may be dm# to peroxides f raised .iMfing the 
reaction or later oxidation of aldehydes to -prstitur* 
peroxides* \
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4* LMXfUTOaK
tl%% vapor pbao# oxidation of nothan# t M  othaii# 

has hmwn studied fey Boa# eat e # » w k i n *  Him
ttorlc tm ', - , ’■

Chemiatry of'ItatfcolWB £*rlvativo# by rilli#, Oh#©leal Catalog Co«t hew Tort*- Vol*. I p» 846.

nk otu&jr of tii# oxidation of at# than#
mad# by Boa# and wheeler snowed that, in the presence of 
aa #xo##o of no than#*., too reaction bet###®. methane and 
oxygen toot: plaee at tenperatur** below tHo igaltloa point* 
txi mo ease out there a preferential oxidation of ei t her 
el meat of the hydreearten nolooulot Inasnueh a# neither 
free oar bon m &  t r m  hydrogen w&a observed at any- m im ^ o  

of the oxidation* In «low~oxl&atien #xp»rlM&t# .tjhejr 
isolated fom&ldeliyd# as «m Intermediate eadd&tiea pfo- 
duet* tki# evidence nerved a# a tael# for the hydroxy-* 
latioa 'theory of oxidation* Briefly p this theory -».tete# that 
oxidation preened# t!uwvtgh-tbo imfiMlft ooavaroioa of the 

atone jUftaohed to eeerben atom) to hydroaiyl 
group#* Oadl Cat ion "in to# preee&ee of & eatalyet waa .hold ■
'to talc® place in enetly the eane uayf t e w « r f with this 
difference; hydroxyl# tlen pregreeeed with amah oolooltp 
that intermediate oxidation pje&uet* oould not be dot## tod# 
Oaly end^prodt*#!# duett an the oxides of narboa aad.uator 
war# obtained* la tor nor# by. Bon# and Irugnaa with ex~
pleelve Mixture# of hydrocarbon $*««« itt&ieated that tfci#
u n e  explanation, with m m m slight modification, e&# 
alao applicable*’*



ftm  oxidation of ethane oould be represented as 
follows:

flMi mono and di-hydroxy derivatives of the hydro- 
carbons essential to the theory have not boon found* Bone 
eons!dero that they oxidise or decompose so rapidly that 
their presence would not be expeete&g but this is in contra
il lotion with result® , obtained by other workers who find 
that both the hydrocarbon and corresponding aldehyde oxi
dise more readily then the alcohol under similar conditions* 
Also there is no evidence for the formation of glycols from 
alcohol oxidation*

Marek and Mato in discussing the oxidation of hydro* 
carbons, have the following to say concerning the peroxidation 
theory:

Catalytic Oxidation of Organic/Compounds in the Vapor Phase 
by"March and/Mato, Chemical Catalog Co*, Mem York* p* 80$•

f* Although considerable controversy has existed and 
still exists regarding the exact manner in which a hydro
carbon oxidisco, one fact stands out from the great mass of 
data that have. aecwtol%tcd and that 1® that aldehyde® appear 
early and are prominent in the oxidation products* It ha® 

been recognised* however, that aldehyde® are not the primary

— >  CJBgOE
0

% 0  *  COg M g * 00 H00'-- » 00g * % 0



24
products of the encounter between oxygen and hydrocarbon mole
cules, and it has been proposed that the most probably 
initial product is peroxidic in type.

:fh© peroxide theory has developed largely from work 
in the liquid phase or at low temperatures conducted 
primarily in an attempt to solve some of the questions 
regarding knocking phenomena. It has been assumed that the 
evidence obtained in this manner would be directly appli
cable to the high temperature vapor phase oxidation. It 
has thus been assumed that the mechanism followed by the 
oxidation at relatively low temperaturesaaab at atmospheric 
or low pressure is the same as, or sufficiently similar to 
that at the high temperatures and higher pressures exist
ing in an engine cylinder to make the results useful in 
interpreting engine, operation.n

a 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 
active oxygen compound which would replace iodine from 
potassium iodide.

lease has studied the oxidation of propane and the 
two butanes. His results may be summarized as follows:



m

fhe three m i n  types of reactions appear to be;
CD bnsaturate# by cltssoeiatioii;

^4^10 — $4^% 4* Hg
(1) thisatiirates by oxidation:

04E10 -^tC^Ha 4 Hg)— —  C4H8 ♦  UgQ
t£>) aldehyde reactions:

C4EX0 — »- CgP&CKO t 00 ♦ BEgO 
C ^ C K O — *-CH8dlO ♦ CO t EgO 

Haaociations C D  and (12} need not ;five Il& as the 
saturated produet; methane or a higher hydroearbon m y  
ooeur instead, the oxidation product is then an aldehyde* 

1'he reaction is strongly inhibited If the reaction 
tub# is packed with broken pyrex £l&aat possibly deactivate 
in*?; exeited. taoleeules* if &loas la coated with. KOI, the 
reaction is further eurpressed* but hoc little effect in 
an empty tube, which is ind©pendent of the nature of the 
tube walls* aoatlog in the packed tube probably inhibits 
m i-DLX catalysis which has bseom* important, or coatinr 
may increase efficiency in productay Reactivations*

In a packed, tub# the reaction does not begin until 
the temperature of thermal decomposition of the hydrooarbon. 
is reached* fh© total amount of hydroearhon reaction I a E 
or & ti-ues greater when 0& is used titan when lg is used, 
even remotion CD (not involving oxidation) takes place 
more during oxidation than during thermal decomposition* 
which may be due to a temperature rise from the heat of 
oxidation but partly directly induced by excited molecules 
produced by the other resetlone*



m

Oxidation ©£ OgHg is a packed tub© be^&a at about 
&7&°C», la th© empty tub© at about 3$Q°C« {mainly type a)* 
P®ete©& tub© ip?es tly inhibts {$)♦ the result© fallow' a© 
stop!© sohsme* With 7d$> propm m  the reaction begins 
abruptly between 30Go**S£b°U# and rums directly to cost* 
plation* At lower temperaturea the aldehyde reactleu 1© 
demto&ntg m t  at b0 O°is (1 ) becomeo more and sere toper taut 
until It finally aeoouata for £/$ of the re-met ins*
probably largely 4m© t© the presence of ©melted molecules* 

fhe Inhibiting effect {negative temperature ©e©££»/

iciest) ©f the dilutant gases increases In order CHg# Ig# 
C0Ef I%f react lam entirely stepped at &E5# C* with Hg# 
but olightly retarded at OTS°C#

ttesmlte indicate the aldehyde reaetlon© involve a 
efcaln* and that excited m&leeulea torsited are capable of 
laduetos reactlone tl) ant (r)•

£ toller results were ©btdih#d with O^Hxp*. but the 
reaction occurs somewiiat mare readily* 400° for normal and 
4 H0.0 for too butane# fh©, aldehyde m m  tiea ©eemrs to a 
greater extent than with propane'*

iss investigation of the non«oa talytio oxidation of 
oatones and heptaldehyde ha© been mads by i*ope» byfcstra, 
and tdgars

fope, Byfcstra wad Mgar, 6£# 1896,&JE0* (19&9)

Fro® analysis-ef gaseous produets they eonelmde that 
the aeehaaiea involves first the formation of aldehydes

c & » ( < ^ ) # c h *  *  ♦  % o
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Oxidation of Mmmmmm

of ommtmm.% taitlfc 'l$0:O
in to  m 4*34 I * / h r *

O sy&m  &at# m 1*31 X*/te*

Fw tm m m 9 2m m % A n a lys is
.jkOfc

o f E x it
JS '0 %

Oases 
jt  CO

30© B©*? 0*0 0*0

z m 80*4 , 0 *0 0*0

304 8©*8 0*0 0*0

349 l t * f 0*8 0*0

400 30*0 0 *3 0*3
440 2.8*3 0*3 0*3

400 10*0 • 0*9 1*3
314 14*9 E«0 3*8
M E 13.4 E*T 3*0

380 1.0 10*0 0*4



SivBlfci IX

Oj i tion of n~£rldec&jQ0

mth Xwaperature * 1 0d°C*
OitifogeB i-cate 4*51 X./m*.
U3̂ *gm itato 1*21 X./iEir

*mes X#iap* Analysis of oxit /aoe-ES(%*} P :'h i >  00

198 20*7 0*0 0.0

£72 50*7 0*0 0.0

320 20*6 0 * O 0*0

408 20*6 0*1 Q*C
4 3 5 & 0 * 3 0*1 0.0

490 20*4 0*1 O.O
509 £0*2 0.1 0 *1
558 20*1 8 *2 O'. 1
593 20.0 0*2

845 19.7 0.4 f ‘ *> w . fv



t j u i h s  i n

. OxiAation afn-lfcrtAawm®.

Furnace temperature * 600° C*
nitrogen Bate A 4#&4 l«/hr
®1SQF0m tat# * 1,21 l./h * .

Jematant leap* 
Bail* (#€U)

lualjraia mf isxit iMmmm
jS.O* $3% £ 00

104 aoa o.s 0.2

130 10*3 0.2 0.2

125 ,»#T 0,4 0.4

1&0 13*3 0*6 0.0

140 13-* 4 0,8 0.6

170 14*7 1.0 1.0

ISO 0,9 10.7 2.6



fABLE IY

Oxidation of n-lrideoane

Bath temperatare « 180°C. 
nitrogen Rate 4*54 l./hr.
Oxygen Rate 1.21 l./hr.

Fmrnaee fesip. 
<°C.)

Analysis
P Og

of Exit
% G0g

Gases 
p  CO

300 20*4 0.0 0.0
348 20.2 0.1 0.0
401 19.8 0.2 0.0
450 18.7 0.5 0.2
480 18.2 0.5 0.4
504 16.7 0.7 0.5
522 14.7 0.6 0.5
540 14.3 1.0 1.5
554 12.6 1.2 1.8
570 2.2 9.5 1.4
576 1.0 10.7 0.6
592 0.7 12.6 0.2
608 1.1 12.9 0.1
625 0.9 13.4 0.1



taltatioA of S t £ i*«&tea»

B&fcii « ; : ?^0*
intm*** Bote a 4.54 X*/far*
0xy$*n Rote l.Bl X«/kr»

FurxuMMi te a p * 
<«C.)

ia&aiyste or sxit 
*  t*  £/<»%

Goa**
Jb CO

S4S St*? 0*0 0*0

#4 30.6 0*0 0 .0

400 ao.t t*a 0*0

509 19*4 ■o*s. 0*1

141 It*? 0*6 1 .0

MS 6*4 1*0 s#s

609 0*6 t #S o.a
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c *  o f

fit® combined liquid proditiete from a complete run wore 
treated with 1.items m A  in all eases there was am indication 
of acid formation* Similarly, a test with fuehain produced a 
red color indicating that aldehydes war® formed* fhe addition 
of potassium Iodide aoluti o n  and then star oh gave a blue color t 
but as previously pointed out this may be due to aldehydes 
oxidising to peroxides, and not to peroxi&ds formed as inter* 
Mediates*

$hen the varidus hydrocarbons were passed through the 
reaction tube in tee absence of oxygen, there was mo evidence of 
thermal decomposition* a slow eombustl on analysis for hydrogen 
and paraffin gas was made at h 0 0 %  cm each sample, and the r@* 
suits indicate teat if these are formed during the oxidation, 
they fire further oxidised 'before leaving the reaction tube* 

fhe gaseous oxidation products of t m  hydrocarbons 
are carbon monoxide, carbon dioxide, and a ssa&ll anouat of some 
gas absorbed by fuming sulfurio sold, tee nature of which was 
not determined* Its amount were very small and possibly is 
composed of woondensed. organic compounds, such &m am aldehyde 
vapor

©abl® XV and the graphical representation in figure VI 
indicate that -she ̂ rfesid^eaa® oxidises in a manner similar to 
n»oetane a© shown by Mgai*, that is, the appearance of water 
and aldehydes, and the similarity of this curve with that formed 
for »~heptaldefcyde end n*butyraldehyde stror -;:ly surest that the



£9

p r i m a r y  oxidation product ia the aldehyde# The aldehyde then 
further oxidise© to fora aldehydes of lower molecular weight,
am given previously*

The snail a^oimta of oxidation products ahem, is Table 
11 indicate that the hydrocarbon-oxygen ratio was below that 
necessary to utilise the oxygen completely# la order to demon* 
strate that %lm increase In the ratio would Increase proportion
ally the products formed9 table 111 and figure ¥ are included#
It is observed that a® the oxygen decreases9 the carbon monoxide 
and dioxide increase in. the sane order of magnitude*

Table ¥ and figure VII are given to illustrate the fact 
that the results for 2,3,4-trimethyl pen tone agree with those 
found by hdgar* the curves agree as to general type with the 
additional data p m  seated for higher temperatures *

In order to observe whether a hydrocarbon m i x t u r e  would eat 
oxidise in the Brno® manner, a kerosene fraction was oxidised* 
and the re suite pro scnted in table I and figure I¥, indicating 
that the general nature of hydrocarbon oxidation at least in
volve© the foruation of aldehydes at some intermediate stage 
and then the further oxidation of these aldehydes takes place*



t M .  &»£t4 *to la *1 tity l p m k tm m .  

uM ®r tm  axp erlm a  t a l  o c m titto m * to  afeaaoM &t exy&aa,

t f  &#% :, t o t » a l %  t ^ 0 il#C N i«r, t o  g i e M  0 £ M W M  V h t t M t f t *

gsro##!!#* #134 # * ^ 4 -  to tMtl^rX fjrtnlMJMr
axitls# under tine •’x$arliMataX eontltiejoa to .jr lu M  00 a n t 

COg mm 0 im m m m  pretueiii*

K m r o m n ® , ant E#E t4~toto«toyl pa&taaa
' y i e l d  u n i d e n t i f i e d  m i M ®  a n t  a l t « l i y & # & *  l a  s a ld a n a #  o f  

$mtmm lt« form at Ion#

O xidation o f a^trldao& n* appears to  to ia  plane tjr  

toe nanni neebaKtaai reg ard less  a t  toe

ratio* tut toe extent of oxidation la greater* toe larger 
the m t io *

fite  experim ental re s u lt#  to tle a te  to s t iJhe mmm&mmln®
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