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HieTOBIC.AL 



The study of the oxidation of gaseous hydrocarbons of the simple 

homologous alpha.tic series has been conducted from the several points 

of v:iew; but regardless of this fa.ct the information is none the less 

important, for the field is latge and its importance great. 

Lob1 found, while studying the action of a silent electrical 

discharge upon moist methane, that tne follO\ving products and types 

of products were produced: carbon (lioxid.e, carbon monoxide, hydrogen, 

CnH:z_n and CnHA,n~i. The hydrogen produced occupied about 35-45 per 

cent of the gaseous volume • .-, colorless insoluble solid compound 

having the emperical formula of O,H.,5 0, was deposited on the sides 

of tne apparatus. The formation of this solid compound was very s10\v. 

Tois compound was not affected by boiling with alkalies or dilute 

acids, but concentrated sulfuric acid ,lecomposed it. In a similar 

,vork, Hiedman2 found a br OIN'll deposit on the walls of a highly poly-

merized nature. 

'f'ne scrub water through which tile exnaus t gas was bubbled was 

found to contain traces of esters of alpha tic acids such as butyric, 

capric and heptylic acids, rll. Leob.:i noticed from his own exneri-

:rental data and. also from experirrental data of other research men, 

that in all systems sab,jected to the silent electrical Jischa.rge 

in vihich the possibility of acetic acid formation exists, the pro-

,luction oi' bu.tyric acid has also been observed. rie also found that 

1. Lob: 3er. 41, 37_;c: (1908) 

3. Leob: 3erlin .Bioc1'1em ~. 20, 126-~-~ 
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as acetaldehyde is converted into methane and carbon monoxid.e, it is 

very d.iff'icu.l t to clecide whether in the d.ecompos it ion of tbe aldehyde, 

acetic acid. is the primary product or methane and. carbon monoxide are 

immediately responsible for the butyric acid formation. Since OH"' 

is transfonmd to H~ and. C:AH:l, which on ad.di ti on of water changes to 

acetic acid, there is the possibility that C:4:H,_ and 1¼.0 may likewise 

be responsible for butyric acid fonnation. 

Briner and Durand1 , while studying the che:nical action of an 

electric discharge --~t low temperatures, found that the action of the 

2,:9ark upon a mixture of nitrogen and hydrocarbons results in the 

formation of carbon, hydrogen, hydrogen cyanide, anmonia and higher 

hydrocarbons. The fol.'mation of a:rmonia being predominant if the 

l1ydrocarbons are saturated, and the reverse if the hydrocarbon is 

unsaturated.. 'l'he action of a wave discharge upon a mixture of ni tro-

1en and hydrocarbons results in the exclu.si ve nroduc ti on of higher 

hydrocarbon compounds. 

Other experirnentors 2 have found tnat methane, when treated both 

in fue pure state and diluted with hydrogen, gave higher unsaturated 

hydrocarbons such as acetylene a11.d ethylene. The hydrocarbons above 

·netnane in the series gave the corres:pond.ing unsaturated compounds. 

Pryanishnikov0 , while stud;ting the effects of an electric discharge 

1. Briner and. ·)urand: :r. Chil!l. Phys. 7, 1-30 (1909) 

2. Fujio: Bull. Oiiem. Soc. J:.ipan 5, 249-60 (1930) 

Fischer and Deters: Z Physik. Chem • .dbt •. A 141, 180-94 {1929) 

Fischer and Peters: Brenstoff Chem. 10, 108-13 (1929) 

3. Pry::mishnikov: Ber. 61 B, 1358-63 ( 1928) 
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llpon the s:ases of fae ethylene series, found that ti1e electrical 

.uscharge tends to produce polymerization of the unsatu.rated hyd-

rocarbons. This tends to explain the presence of a residue in the 

electrical discharge apparat,.is. 

Lind and Glockler1 hs.ve done some very interesting work upon 

the condensation of ethane into a liquid. They found that the silent, 

ti::ie corona and t:'ne hi'.;il frequency d.ischarges, all cause the con-

densation of ethane to a liquid, with the liberation of other gasee. 

:r,...e average molecular weight of too liqu.id product nas been 

regulated between 105 and 467, by controlling the time that the 

first products, ei tiler gas or liquid, are allONed to remain in tr1e 

clischa.rge tube. 'I1he more secondary action takes :place, the higher 

trle molecular weighit will be because of furtner condensation. 

Gontinuing their work on tile chemical effect of an electrical 

iischarge on meti1ane, et:i1ane, propane and butane, Lind and caockler2 

have sho1J1in that there is a parallelism between the reaction products 

of 3n electrical discilarge on tr1e hydrocarbons and condensation of 

the sa".!le hydrocarbons caused by rays from radon. The empirical 

composition of the liqu.id pro,iuct obtained by the aid of an elec-

trical r.i.iscnarge is CnHJ..an, from the gaseous phase and also from the 

combustion of the liquid. 

~xneriments have si1mvn that by the .oe ray condensation of ,rietilane, 

ethane, propane and butane, a liquid. compound is obtained, the em-

1prical composition of vvhicn is GnHt,fl?l. 

1.1;.ind anc1 nockle r: J. ..tt11 .. (\ 
v • s . 50, 1767-72 { 1928) 

2.Liwl and Glockle r: Trans. ..:lrn. 3lectrochem. ;::OC. 52, (;7-47 ( 1929) 

Lind and :.:1ockle r: J. }.:o. " \,,. 
r, ;::, . 51, 2811-22 (1929) 
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When air or oxygen is subjected to an electrical discharge, 

ozone1 is produced in varying amounts, depending upon the existing 

conditions. Briner2 and his co-workers have shown that below 100•0 

the oxidation of butane and propane by oxygen is negligible, but 

ozone produces an appreciable amount of aldehydes and acids. At a 

higher tem~rature, the ozone appears to :t'Unction as a catalyst 

because the combined oxygen is that attributed to oxygen alone plus 

the effect calculated for ozone, on the assumption that the action 

of ozone increases with the temperature at a constant rate. 

Lind3 has proposed three theories to account for the chemical 

action of electrical discharge upon gaseous ~ydrocarbons. They are: 

1. The :photochemical theory, whereby it is assumed that the rad-

iations produced during the discharge are responsible for the 

chemical action produced. 

2. The static ion theory, wherein it is assumed that the ions 

serve as clustering centers and that chemical effects are 

produced. on neutralization of the clusters, using part or 

all of tile energy of ionization as activating energy. 

3. The kinetic ion theory, where it is assumed that the ions 

impart kinetically a critical activating energy to the 

molecules which react. 

1 .. Fischer: z. Physik Jhem. 104, 74-89 (1923) 

Kruger: Ne rns t £<'es ts chri ft 240-256 

Briner and Ju.rand: Compt. i;end 145, 1272-4 ( 1909) 

2. 1:lriner -and Carceller: iiel v. Chim. Acta 18, 973-81 ( 1937) 

Briner, Carceller and Jldler: Swiss 182, 957. June 2, 19ZJ6 

;~. Lind: 2cience 67, 565-9 ( 19 28) 



Lind claims to have reasons to support both static ion 

and t1:e clustering theory. 

Peters and '..'agnerl studied the ,nechanism of the action of the 

electrical dis charge on methane with the aid of a spectroscope. T'ne 

spectrum analysis of the arc in the discharge, before the color 

change was observed. upon increasing theeh)ctrical charge, shows tb.e 

band of the CH, N and CN groups. This is taken to show the progression 

in radicals from OH3 --+ CH~ --+CH. Polymerized saturated hydrocarbons 

are thus formed at lo,, pressure and low charge, while OJH.,-and C.,_H,_ 

are formed at igh pressure. Solid hydrocarbons result from the 

reaction of .J=C-= groups vri th reactive hydrogen. The lll9chanism 

is as indicated: 

"'• de Hemptinne 2 has shown ti1at Faraday's law holds with fair 

ar-;proximation for chemical effect• produced by an electric discharge 

in gases at low pressure. 

It has been found that the silent discharge in dry air' forms 

11J,._ 0 and 1:.0.,- a.s well as ~. Secondary action of on Na Os produces 

a small amount of a highly colored gas, giving a characteristic 

absorntion spectra. 

1. Peters and Wagner: Brennstoff Ghem, 12, 67-8 ( 1931) 

2. Hemptinne: Bull. Acad. Roy. Pelg. 5, 521-7 (1919) 

3. Anon: z. Ange:c't. Ghem. 25, 1324-6 (1912) 
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Briner and :Ourandl found that the silent discharge acting on 

air does not produce tb.e oxides of nitrogen at a low tem:p3rature, 

ozone being the only product for:JBd. The arc and the spark discharge 

produce, under tl-ie sa.m3 conditions, the oxides of nitrogen and only 

a small quantity of ozone. ~ccording to Kruger2, it seems probable 

that the rr~chanism of ozone for~iation by the silent electric dis-

c11arge cons is ts of splitting off a secondary electron from the 

oxygen molecule, and the consequent separation of the molecule into 

ti'\TO atoms. 3:ach atom then unites with an o~gen molecule to form 

a molecule of ozone. 

Fischer3 has shown that the ozone concentration increases 

almost nroportionally to the energy of the current, and 

raJ;idly diminishes as the distance between the electrodes is in-

creased. The ozone concentration also increases as the flow of gas 

through the tube becomes smaller, cind vice versa. Glass and alu-

minum ozonizers of the same dimensions yield approximately t.he same 

' concentration of oz one under the same ex:re rimental conditions; 

but the ozonizers with a brass elect1·oda produce very s:,:all qu.an-

ti ties of the anhydride of nitric acid (mJO_,), and no anhydride 

of nitrous acid (mm.a) was formed. 

'.'.:ne ox.idation of hydrocarbons may be aided by the use of the 

1. Briner and Du.rand: C ompt. Bend. 145, 127 2-4 

2. Lruger: 1:·ernst l?estscilrift, 240-256 

3. Fischer: z. Physik Chem. 104, 74-89 (1923) 



Juilard2 found, contr;.:;ry to statements in the. older lit-

erature, that hydrogen (H~) and silicon fluoride (SiF,) dec-

rease the formation of ozone from oxygen in ozonizers of the 

ordinary type. 

T'ne mechanism of tt..e oxidation of the hydrocarbons has not 

1)een definitely agreed upon; but mt1ch work has been done on this 

subject, and. several theoxies have been proposed. The slow ox-

idation of hexane3 at 210•0 by an anonymous e1q:.ieI'imentor gives 

a possible mechanism of the oxidation. During the reaction, mol-

Jxides ( unsaturated intermediate oxidation products) and per-
J 

oxides are probably formed first. '..:hey then undergo secondary 

:r3actions resulting in the formation of water, unsaturated com-

y1ounds, fatty acids, carbon monoxides and other gases. ,~uan-

ti tati ve investigation of tr.ie reaction products show t::nat in the 

addition to fr.e formation of the moloxides and peroxides, t11e 

::,o.Jrner of oxidation of the hydrogen atom is important. T'ne un-

sa t.uated inter:rredia te product thus f'orn'f3(i will take up oxygen, 

forming new secondary products. Tx1e decomposition of both the 

ririmary and seconciary peroxides results in a series of fu.rthe r 

chan1:;es which 1nay lead. to the formation of alclehydes, ::::;eracid.S. 

:,nd other co:npou.nds. 

Pope, Dykstra and ~dgar4 interpreted the results of t(J.eir 

':/Ork on the vanor pi1ase oxidation of octanes on the theor.1 that 

1. rie Balaa.fsche: Fr. 784, 016 

.:.. ,Juilard: .Bull • .::ci. Acad. Ro;y. Belg (5) 12, 914-20 (19:26) 

Act~.11, 881-97 (1928) 
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ttle initial oxidation product of normal octane is octaldehyde, 

which in turn is ±urtr1er oxidized to aldehydes of successively 

srnaller number of carbon atoms, carbon monoxide and some carbon 

o.ioxide being sj_multi:neously forn-:ed. 

Pease and :}unrol, in t.ileir study of "foe Slow Oxidation of 

Propane", found that both the peroxides { other than peracid) and 

aldehydes ,nay be important products of propane oxidation. Their 

results sr10w; 

1. Peroxides can not be essential to t:i.1e c1ui.in propagation of 

reactions, since a very simple treatment of the reaction 

bulb (coated witi1 potassium chlorides) almost entirely elim-

inates these peroxides, but only moderately decreases tile 

tot~l amount of reaction. 

2. Organic peroxides, aldehydes {mainly f'or:ua.ldehyde) and al-

conols ( ·::ainly methanol), which have been estimated quan-

titatively, are second.ar.1 products. 

3. Acids, esters, acetals, acetone propionaldehyde and ethylene 

oxide are unimportant. 

4. ·rrhe early aupearance of propylene in quantity v:ithout the 

equivalent of hydrogen, indicates. its importance in the 

prin,ary oxidation process. 

5. :rn1e main reaction of hyd.rocaroons v.rith oxygen has yet to 

be discovered. 

Pease2, in his study of 11The I,'.ecna11iS:T, of t.r.i.e Slow Oxidation 

of Propane", fou.nd that metha,101, for::,ialdellyde, carbon monoxide and 

water are t;:e !"Jrimary products of the slow oxidation of propane. 

1. ?ease and l.·unr o: .,. _lm. ,-, "· 56, 2034 ( 1934) t_:. ,.., . c. 

~. l?ease: ;J. -.m. ,-·t ._,. 3. 57 , 2296 (19j5) 
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Eis .re 0 ul ts are int<?.rpreted in terms of Bices1 radical-chain theory, 

on t11e assumption tr1.at methox;y1 {CH,3O) and. propyl (~Hv) groups are 

tn.e chain carriers._ Pease points out that similar mechanisms in-

volving hydroxyl in place of tDe methoxyl groups, and producing 

water in place of tr1e methanol, may apply to the oxidation of meth-

ara and ethane. 

Since the oxidation of the saturated o:p3n chain hydrocarbons 

yields aldehyd.es as one of the oxidation products, attention has 

been drawn to the aldehyde oxidation reactions in hopes that the 

latter may throw some lignt upon the r:nechanism of hydrocarbon 

oxidation. 

1'he re exists some disagreement as to the nature of the re-

action between acetaldehyd.e vapor and oxygm. _i\.cc ording to Boden-

stein2 the reaction is homogeneous, and yields mainly pre-acetic 

acid. Hatcher, 2teacie and Ilowland.3 , on tle other, hand, find that 

the rate is increased by a glass packing ( indicating wall reactions) 

and a complex mixture of products is obtained. Both Bodenstein and. 

~iatche:; with his colleagues, are inclined to regard the reaction 

as of the chain tJ-pe; but for different reasons. 

Under foese conditions, Pease4 unciertook a re-investigation 

of the acetalrlehyde oxygen reaction. He found that: 

1. E'eracetic acid is t.i1e preponderant :proJ.uct except wnere the 

reaction vessel is coated with potassiwn chloride. 

1. r. O. S: ?~. K. 3ice: The .clli·phatc1 Free '?adicals. Johns 
;{opkins Press., 3al ti more, :'(i. 1935 

2. Bor:lenstein: Sitzher 0reu.ss Altaa.. Phys. ~al III 1 ( 1931) 

;_,,. ~atcher, 5teacie an:1 -I:wland: Can. J. :Eesearc}1 7, 149 (1932) 

(1933) 



-10-

2. The reaction is accelerated by broken glass packing, and 

also by coating the reaction vessel with potassium chloride. 

3. The reaction is inhibited by ethyl alcohol vapor, but not 

b;sr water vapor. l:i~rogen, hydrogen and ethane do not affect 

the rate. 

4. 1he initial rate is proportional to tbe square of the acet-

aldehyde concentration, and independent of the oxygen con-

centration. T'ne reaction is auto-accelerated. 

5. The reaction appeared to be the cnain type, with chains 

starting on the walls and ending in the gas phase; bllt 

th.is is not <iefi ni tely ~:Jrov,3d. 

Guyot1 , in 11is _:::races;.:; for the prodLwtion of acetic acid from 

acetalde yde took precau. tions agaL ... t foe fc1·,:1ati on of i::•9racetic 

::idJ.. ·rte vs9ors cf acetaldehyde are oxidized by a gas rich in oxy0;en, 

in tha absence of a catalz;zer, .cmd at once are brouc;11t to a ter:1-

l. ,11.rn ac;e taldehy.le is shaken v,i th oxygen at oriinz.ry tem-

in ultra violet li."'::t is t:1211; ir, is approxi::Jately pro-

192:J 
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rrr:-rortional to t:1::, alde.h;i,-:le concentration -lu1 inJ.!3J'end.ent c,f the 

oxy·:;en e oncent ration • 

.:5. ) long chain accan1s 0r; of r9action is indicated. 

' ... 'he tlt:istion of oeracicis and peroxides resulting from ti1e 

r:;x:idation of h~r:lro1?.arbons has attracted :'.1uch attcmtion. Bone1 has 

insisted on the view that all hydrocarbon oxidation proceeds via 

hydroxalation, tiJe hydroxyl compound losing ,:;,ater to fonn aldeh;/de: 

Ft:irther oxidation tllen yields the lower al:lenydes and. carbon 

:-~,onoxide: 

011 acid: 

2 IlCHJ 1' Op, __ _, 2 RGJOH 

Pope, '.Y-Jkstra snd ~dgar2 adopt essentially the sa.r.:1e view,, 

7·i thou t s,'.lec ifying be inter:::cJ.ia te hyd.roxyl · compound. Bone has 

minimized the hcportance of peroxides as initial products, pointing 

out tna t aldehyde s formed in tre pr Lary reaction could c onse q-

.:..et1tly react 'dth oxygen and '-2;ive ,1eracid as a secondary product. 

~, •" -,.- .. 3 rone cind -'"·111 show th.at in the oxidation of et11ane, the p"'"roxirie 

(as cietermined 1.dth titaniu..'Tl su.lfate) tends to follo,;v aldehyde 

nro;Luction and amounts to only a.bout one-tenth of t11e latter. In 

a iiscussion of the subject of ki.e oxidation of organic compoJ.nds 

v;ith oxygen, including some literature data, ,Hfred ::ieche4 sum-

l.,Bone ani :;.'ownend: 11 Flarre and Combustion in _;ases", ::ac 
mill i an and O omnany, 19 27. 

2. :::>ope, Dykstra and ~dgar: J • .Am. C. 3., 51, 1875 (1929) 
2 .. :Sone and Hill: Proc. :Soy. 2oc. (London) .,1129, 4,34 (1930} 
,J.. ~~iecl1e: _•ln;-;,1n. Chern. 50, 520-4 ( 1937) 
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n:arizes the oxidation precesses as follows: 

1. In many cases, oxygen dee s not react vii th the <louble -bond 

(in contrast with ozone) but enters between a C-H bond. T'nis 

reaction seems to be the one which takes place most frequ.ently. 

2. '.Phe reactions between oxygen and organic compounds ,r,ay be 

pictured as follows: 

( l ) R-B + o,_ ---~ BOOB 

(2) RCH:CHB..-0,t---+ B·C·H·9·H B 
0-0 

( 3 ) B · H 1- OA. ---t R O O H 

( 3a) R C H O + o,. ---~ :R C ( : 0) OOH 

(Zb) P. 0 HA.C( :0) Rt- o,. R C H (OOH) 0( :0) B 

( "' ) ,, ::r OH O ,.., ,.., u ("OTT) O •• .:.>C 1:1 "' ·'A. -Ir ---+ ~-- v ... " .ti .ct 

(3d) BC }~0 B+ O,a ---+RC H (OOH) 0 B 

Steacie and Plemes1 have drawn fou.r conclusions from many in-

vestigations of the kinetics of the oxidation of gaseous of hydro-

carbons. 'J!.hey are as foll ov!S: 

1. All oxidation reactions of gaseous hydrocarbons proceed by 

a chain :necha.nism. 

2. 7he rate of roaction depends on some fairly high power of 

concentration of the original substance. 

3. :racking the reaction vessel with material of which it is made, 

usually retards the oxidation markedly. 

4; In all of t:r-::ese reactions the re is a more or less pronounced 

ind.llcti on 

The oxidation of unsaturated gaseous :.,yirocarbons can be satis-

factorily explained in 3. general way on the Bodenstein T:echanism. '','hile 

J.. Eteacie and ?le::1es: ';an. Qhem. :'et. 18, 216-17 (1934) 
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in the saturated hydrocarbon, the oxidation proceeds throug.il a 

primary dehydrogenation, follo.ved by a c11ain oxidation of the olefin. 

'.Vhile some workers favor the hydroxylation theory of oxidation, 

.others leave no doubt as to the formation of the true peroxides, 

other than peracids. Thus 1e:nher1 reported tne for!T..ation of dioxy-

rnethyl peroxide (HOCHi COCii,t OH) from ethylene, and :,:ordain-::ornal 

and Quanquin2 partially identified compounds of the type BOOH, 

ROOR'OrI, and IIOROOR'OH, in the oxidation of paraffms from :pentane 

to octane. =~ardles3 , by his study of the pero.xiaation of hydrocar-

bons du.ring combustion in air, has been able to explain the presence 

of 1;:ethanol in tile combustion products of methane by the peroxidation 

theory (:,!ourea) as satisfactorily as by tbe hydroxylation theory of 

Bone. 

Since peroxides and peroxide compomds are so frequently found 

among the oxidation products of hydrocarbons and hydrocarbon com-

JJOunds, studies have been m.ade of the peroxides. Fujimoto4 has pre-

pared di f'or:,.al peroxide h_ydra te (HOCHt. 0OCHa 05:) by the action of a 

1500-vol t silent electrical di sc.i:rnrge upon a mixtu.re of 64 percent 

::r:e tnane and 35 rercent oxygen. 7'edv9dev and ..1lekseena5 , after much 

'NOrk and study of varioL1s reaction;;;, ["1.Cceeded in preparing iso-

1. Lermer: J. ,;m. c. 2. 53, 3737, 3752 (1931) 
2. :.:ordain-::ornal and Jlanqnin: .dn.1.. Ghim. 15,309 {1931) 
3. -ardles: l,o.ture 128, 116-7 (1931) 
4-. Fuji1rloto: Jar)ar1 llOy 728. :., .. ay 13, 1935 
o •. edvJaev and Alek:se,:ina: Ber. 65B, 133-? (19;::,2) 
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nropyl and propyl hydro:rnroxid.e. lsoy;ropyl hydroperoxide is a 

iT.obile u-,uid with an irritating odor. It boils at 107-109°0, 

and explodes on heating to a high tem!)erature. It is missible in 

all proportions of water, alcohol ancl ether. It is relatively 

stable in qcu..rtz vessels .-nd in neutral or acid aqueous solutions, 

but decomposes quickly in alkali solutions with the for,nation of 

acetone. T.i:1e propyl hydroperoxide was not obtained in the pure for.:n, 

but the bari u•11 salt was isolated. 

In follo,ving up some '0revious work, Bieche and Hitz1 undertook 

to pre1xire and purify s m1e free methyl hydroperoxide ( C~ OOH). 1f'ne 

dilute solution was obtained, but it was with much work that tney 

fj_nally succ0 .1o.l in obtaining the pure methyl hydroperoxide. T'ne 

compound is very soluble in water, ancl. it boils between 38 and 40°0, 

wi t,h. slight decomposition. It has an extraordinary oenetrating odor, 

a ttacJ;;:s the resrirating organs, and :produces deep burns on the Skin 

wn.ich heal with difficulty. '~ven in vapor form, it destroys or,:;'anie 

comrounds and attaci:s ~nercury. On heating, it explodes very violently, 

and. is also very sensitive to shock at high temperatu.re. :,tethyl 

ethyl Eieroxide (Cii_,OOCH,_CH.3) 3.nd i:1y:.lroxydirnethyl peroxide(CH3 00CB:,..OH) 

were also grepared. Tne .i1.y-iroxydir,tethyl peroxide is an oil of wne-

t::-ating odor v1hich explodes violently on heating', does not solidify 

in an ice-salt :riixt-1re and shows typical peroxide reactions to,.vard 

redG.c in.e; agents • 

. , . '· ::_, 0ontinuing hi:: V/Orlr on alkyl peroxides, Alfred :R1ec11e~ studied 

the nydroxsaHcyl hy1roperoxides. Ee frn1nJ. that in a rdxture of alde-

1. r')• "' ;,,1ec11e anu. Iii tz: Ber. 6;::B, 218-25 ( 1929 ) 
Eiect,.e and ='.~itz: Ber. 2E, .2458-74 ( 1929 ) 



-15-

hyde and hydrog3n pe,roxide, there exists t.i:.1.e equilibrium: 

{hydroxyalkyl peroxide) 

BCl:-I(OH)OUI:l.i-fo.;iiO ~=-=~ IiGH(OH)OO Cii(Oii)R (bis hydroxyalkyl) 
( peroxide ) 

so that one :nolecule of aldehyde and h;ydrogen peroxide do not always 

si ve the hydroxyalkyl hydrop3 roxide. The bis :peroxide is the more 

stable product "'nd tends to be formed in general, eSJ:iecially in water,. 

In etriyl ether, the state of aff'airs is much more favorable to the 

fo r:r.a ti on of the h;:,rdro:xyal kyl hydro-peroxide, which under tbe proper 

conditions can be isolated in pure form. The rJreDara.tion of the de-

rivitives of th,3 lower aldehydes offers s:r:ecial difficulties, and the 

lo'.'!est '11ember of the series, :::OCH.;z..OOH, has not been isolated. 'Fne .it:: 

hy'.lr mqe thyl hydroneroxide has been prepared, but with much difficulty. 

'P:i:le hii=:;.her hydrox;yethyl 11ydroperoxides are readily obtained in 

le[.flet crystals with th,e following n::elting points: 

SydrOX"JOCtyl hyd.roperox1de c,,H,sCH( OH)OOH 

5:ydroxydecyl h;yd.ro;;eroxide Cf H ,,c:a( OH) OOH 

I{y:iroundodecyl hyd.roperoxide C,0 H~, CH( OH) OOH 

::Iydrodo•iecyl hyJ.:rope 1' oxide 

46 • 

50-54° 

61 " 

62 • 

65-67 • 

:l\1ey are not explosive and n:-:erely u.ecom1)ose vigorously ·when super 

l1eated; they are insoluble in ,.,,ater, k1t ar-3 slowly decomposed by 

it in the cold. 

Continuing ti1e study of alkyl neroxides, Rieche, in co-ope-

ration ;_,·ith B. ),.iester1 , .has stu.died 3:lhylidene p3roxides. Tne ner-

1. 3ieche and Liestar: Bsr. 64B, 2335-40 (1931) 
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oxides in which two peroxide groupings are joined through a carbon 

atom, are best designated as alkylidene peroxides. Of those derived 

1 O ( p •,' •Tro ) 1 t' ., o t' to 1 ""' from a denydes "-• t,, .t1-J - x on y nree were n1 ner Knv,vn, 

compound (Cn1 C'HOO-)x had been previously obtained by Wieland and 

·.~·inglerl from {Or!,iJH(OH)· O)" as a viscous, exceedingly explosive 

resin. 3ieche and :,Iiester have observed. its formation in several other 

ways, and have stL1died its properties. 

The ethylidene peroxide, when freshly prepared, is a very vis-

cous oil of only a faint odor and not particularly sensitive, so that 

it can be handled with comparative safety. After standing for several 

days in a closed vessel, or for on9 hour in the air, it becomes more 

viscous and sticky, and finally becomes v9ry sensitive and dangerous, 

far ::nore so than c:a1 oocH_,.. Further i1itherto unknown alkylideneper-

oxides nave been obtained by Rieche an::i iester2 , by tl1e elir.;ination 

of water from bis {:iydroxyethyl) ")'.;eroxide. By further reactions of 

bis r:,eroxide, they isolated and identified a peroxide compound which 

they call re rparaldehyde. r.rhi s r,e rpara.l dehyde is paraLlahyde in which 

ons of ring ox~rgens is replaced by the -0!0.t groups. It has only a 

fain'. --xlor, is insolu.ble in water and easily soluble in almost all 

organic solvents. It is hydrolyzed by hot dilute sulfuric acid to 

three -molecules of acetaldehyde and one molecule of nyu.rogen :i;eroxide. 

1 •• ,;nn; 431, 301-22 ( 19 23) 

2. Rieche and ·~eister: Ber. 65B, 1274-9 (19v2) 
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T:wo sets of workers 1 were stuciying the reactions of d.iacyl 

peroxides about the saroo time, and. tnei r papers were published the 

s,.:1ae year. Their results agree very well. they have shown that diacyl 

peroxides decompose when heated to give a hydrocarbon and carbon 

dioxides: 

'1:ne reaction may take place by the intermediate formation of 

carbon dioxide and t11e free radicals R, which polymerize to form R R. 

:'ore than one type of reactions may take place at ti1e same time when 

foe cl.iacyl wnoxide is decomposed by heat. 

On continuing ti1eir studies of alkyl peroxid.es, Eieche and 

'."eister2 found t11at tne power of formaldehyde (HJ:ao), to add to 

rogen pe:roxid.e, is not lh,.i ted to t.r1e addition of two molecules 

of for'!:aldehyde. By veq ca.reful Y('Ork tney were .:J.ble to pret,are tinee 

conrlicated ,:-eroxide c,rnrnou.wis. The first conpo,::.nd, bis (nydroxycetnyl) 

·rJ.::1 roxicle bis .r1a.s t11e for:nula 

It is ;.:,n oil i t:n t;:,_e cons is t8ncy Gf liqc...id par&f:fin, easily sol-

~1.11,3 in -.-_-ater, d.H_i not :narticularly, explosive. ::1ne ~econd. compound 

soluble in 1-·:ater hn,l ui.te explosive, ietonating ,_,;ith a lou<i report 

-.--llsn s :n:ert,eateJ in a test tube, and f•'!rminr: a white su.blin:.ate of 

v:as £inalized :a.'1.I assigne:i ti."3 str.tet:ue of tetraoxyn,eti1ylene d.i-

'L'i1:is c:orrrpmm,i is ex'Oloded. \•,cith tre-·nen-

dous vi0J.ence by friction, s.hocl{ or neat. 

l. Fichtn :::,nl '~rL3n--reyer: 7Ielnetica Chim •. \eta 9, 144-52 ( 1926) 
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continuing their study of alk-Jl pH-

oxi,ies, turned t.heir attention to the simpler members of the groups. 

to this ti'H3 numerous hydroxyalkyl 11yd.roperoxides had been pre-

·oared by the addition of iii o1 to aldehydes, but it had been found 

impossible to obtain the simplest r::,emoer of this group of compou.nds; 

namely, hydrox;;rrnethyl hydroperoxid.e {l=IOCH,100H). ·:men ether and sol-

ution of for aldehyde ani hydrogen peroxide were brought together, 

and t.ne ethex evaporated, there re:nained unstable oils of varying 

composition. 

It has been found that the trouble lay in th·3 fact th&.t the 

solutions of formaldehyde contained the hydrate of foe.aldehyde. 

'7i th a solu.tion of syecially prepared a.nhydrou.s for:raldehyde, hyd-

rogen 1')eroxide gives hydroxyme thyl hyd.ro])Sr oxide as a relatively 

stable oil of medium consistency, not sensitive to friction but 

exploding vii th extreme violence when heated in a flame. 

3ieche 2 studied the autoxid.a.tion of etri.er in order to de-

termine the explosive character of ether, since numerous instances 

11ad been cited where violent explosions of ether resiiues 11ad been 

caused by .neat on friction •. Ie fou.nrl that the for:nation of peroxides 

is ?:reatly accelerated by lig11t (ultra violet rays), and by the 

nresence of aceteldehyde. ]formaldehyde has a similar effect, but 

to a lesser degree. l'h:1s he clah:s ths.t t1e nigh deg·ree of explo-

siv.3ness noted in ether residues can ·be due only to alkyli,lene 

~,eroxides. ~'uch corn-pounds rnay r9sult !.iirectly from t.i1e oxidation 

of ti,e efaer molecule, or from dio:xyal~yl peroxides with the sepa-

1. --:':iecbe and. ei2ter: Ber. 68B, 1465-73 ( 1935) 
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ration of acetaldeh;yde cc:nd water, or from oxyalkyl hyd.ro:peroxides 

with the separation of water • 

.According to Schwaz and 3einrich1 , tr:ere are two types of per-

oxides, the false and. the tl'u.e. 'I1he tru3 peroxides have the-0-0· 

bridge within the molecule, while the false peroxides have the H,a0:11 

attached to the molecu.le. 

=~oessler2 has found that r,eroxide solutions may be ,nad.e more 

stable by the adiition of tin compounds, such as Na,.Sn01 after the 

p.q of the ·0eroxid.e solution has been pro:perly adjusted. 

1. Schwaz ayi..d .:feinrich: z • .• norg •• lllgem. '.:faem. 223, 087-92 (1935) 

2. ?oessler: Ger. 610, 185 =·arch 7, 1905. 
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of czid8tion of propane and butane in ti1e vn_por 

sence of 3.11 electrical dis-

::.\nd. ,eroxid.es ,;-·rere found. in ti1e same solution. Acet-

'?;,3 satc1ratea. ali11·,atic hydrocarbons t.re rat11er stable com-

y do not read.ily react w.i th ox,yg,an of tne air or pure 

oxzc~·en, ,It nor·Di:,l concli t.ions of temparature and. ·nressc1.re, without 

the aid of an outside force. 

Lobl, •;o•hile s n::; the action of a silent electrical dis-

c;,;t:r0·e ,1pon rr:cist rnethane, fcuud tnat the follov,ing com1)0,1nds were 

nrou.ucea: carbon J.icxide, carbon r::onoxid.e, h~1:.irogen, hi r satur-

:rocarbons, anC. traces of esters of i:1i;:;.i1er 

c;,l tic aciJ.s, suc~--i as bu.t;/ric, capric and. hept;1U.c. It woulJ. seem 

t~1at ttie lonser Cilain h;yd.roca:r-bon was bu.il t up from n:e ti1.ane and 

various steps, finally to give the 

2 cz 4 5 a.:;id. Leob , 3riner, )c1rand'-', Fujio , .B'isc1ier anJ. :Peters obtained. 

results to agree vii t.h t11ose of Lob. 

1. Lob: Ser. thl, 7-:10 (1908) 
2 ... L,?Ob: Eerlin 3iocil(3!~. z. 2D, 126-05 
,.:.. • Briner and. Du r::lnd.; J. Chi,r•. }:1hys. 7 , 
4-. ?-Ajio: Bul. •Jhen1. ::·oc. Jar:a...YJ. 5,249-60 

1-30 
(1930) 
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1'he gas use<i in tnese exrerirrents was the commercial pyre-

fax gJ.s which is a mixture of abou.t 3 per cent butane and 97 per 

cant r.iropane. 'rhe liquid product which for:ned in the reaction 

chamber was collected in a cup at tne bottom of the chamber. 'I"nis 

lio_aid was a mixture of compounds. It contained formaldehyde and 

.higher aldehydes, acus, a •:e roxide and polymerized compound •• .!ls 

Leobl found from his own experimental work, these acids which are 

found in the liquid ,::.ay contain acetic acid, butyric and possibly 

higher aliphatic acids. 1'.he peroxide is very unstable, and will 

decompose if left standing at room temperature. Instead of decom-

posing into smaller components, it may react with something else 

in the mixture, possibly an aldehyde, to gi va one or more molec-

ules of an acid. I?ieche and Hi tz2 have found that the peroxides 

in a solution react with other compounds in the sa111e solution. and 

thus lose their original idem ti ty as peroxides. If kept on ice, 

the peroxide :nay re:rain for at least twenty four hours. The brown 

:ool~,rm8rized product in the liquid has si,nilar characteristics to 

those of a brown polymerized produ'ct which forms on tm walls of 

the reaction chamber of ths elctrical discharge apparatus. Hied-
7 

man"' rey,orts on a similar brc,,vn deposit which fo:nned on the walls 

of his electrical discharge reaction tubes. He regorted the deposit 

to ·De of a hignl;y poly:nerized nature. Hi trogen from air does not 

1. Leob: Bsrlin Bi oche,n. z. 20, 126-35 

2. :'.ieche and :Iitz; Ber.62.B, 2458-'?4, (1929) 

~. Hiedman: _:,.nn :?hysil( (5) 2, 221-23 (1929) 



cause this brown deposit, because wlien pure oxygen is mixed with 

n.e hydrocarbon gas and this mixture run t:rirough the elctrical dis-

charge a:_)paratus for t:he saine period of tin:e and under the same 

conditions of temperature a.ni pressure, the sarn3 type of br~vn de-

posit is formed on the ·walls of trie reaction chamber. If the liquid, 

which drips from the walls of tl19 reaction chamber into the col-

lection cup, is allowed to evaporate in the air, tbe brown deposit 

is left. ·7hen, at the end of a run, the reaction chamber is not 

cleaned out, but is allowed to stand with sorr:e of the com9ound.s 

in it until the next run, the brown deposit is much more readily 

formed. Thus it appears th.at once tlie polymer iza ti on of the 

certain compounds in the liquid has started, tbs reaction increases. 

'.:.'his brov,n deposit rray be explained as the polyn:erization of 

the unsaturated nydrocarbon compounds, for it has been found that 

the action of an electrical discharge1 upon hydrocarbon gases tends 

to pr~luce unsaturated hydrocarbon compounds of t:te ethylene and 

acetylene ty:p3; and Pryanishnikov2 has sh~vn that t:te silent elec-

trical discharge produces polymerization upon unsaturated hydro-

carbons. 

l.Lob: Ber. 41, 97-90 (1908) 
Leob: Berlin Biochem. z. 20, 126-35 
FLAjio: Bul. Chem. Soc. Japan 5, 249-60 {1930) 
Fischer and. Peters: z. Physik Chem. Abt A, 141, 
Fischer and Peters: Brennstoff' Chem. 10, 108-13 

2.Pryanishnikov: Ber. 61B, 1358-63 (1929) 

180-94 
(1929) 
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The sec end liquid. prcxluct obtained from the oxidation process 

is that which is condensed from the gases that come from the re-

action chamber. This liquid contains water along with the volatile 

liquids whose vapors w~re caused. to condense ·by tbe freezing mix-

ture of the cooling bath. Fu.jimoto1 , using a glass ozonizer and 

15,000-volts, has :prepared a liquid product from a mixture of a 

64 percent methane and 35 percent ox~en. Ynis liquid product was 

composed of about 50 :i;:ercent diformal peroxi~e hydrate 

(HOCH..i. OH), 10 percent forrriic acid, small amounts of methyl 

alcohol, fonnaldehyde, methyl fonnate and water. Thus when propane 

and butane are used, silliilar reactions are expected and correspond-

ing compounds should be formed. Yne secondary reactions and the 

chain reactions are to be considered, for th-1y further complicate 

the composition of the liquid. irolo.xides2 , which is the narre given 

for unsaturated intermediate oxidation products, and peroxides are 

probably formed first, in the oxidation of hexane at 210•0, then 

thgy undergo secondary reactions resulting in the formation of 

water, carbon monoxide, fatty acids, unsatll.rated compound.s and 

gases. Briner and Carceller3 ,have sho.vn t::nat below 150• C the 

oxidation of propane and butane by oxygen is negligible, but 

ozone produces an appreciable amount of aldehydes and acids. Row 

in a sys tern where the propane and butane are subjected to the 

action of an electrical discl11:i.rge, at the sa"T.e tinB being mixed 

1. Tu.jimotc: Japan 110, 728 (May 13, 1935) 

2. Techn l-Iochsc:i1ule Zurich. I:e lv, Ob.em .. .tiCta 11 ,esl-97 ( 1928) 

3. Briner am Garceller: Helv. Chim. Acta 18, 937-81 ( 1937) 



-24-

Id th ox;ygen and ozone 9 the reaction is ex_pected to be modified; 

but, at the sa,ne time, it should be more vigorous. Chain react-

ions should furt.iler complicate tfle exrected reactions. Steacie 

l and Plemes J:H).ve reached tne conclusion that all oxidation re-

actions of gaseous hydrocarbons _proceed by a chain mechanism. 

The scr;ib water trirougn which t.he exhaust gas was bubbled, 

,,:as found to contain acids and ald.ehydes. Lob2 , while worting 

with metr1ane in a similar ay;oaratus, found ti1e scrub water to 

contain esters of aliphatic aci.ds, Su.ch as butyric, capric -"nd 

hypletic. Leob3 noticed from his own exTerirr,enta.l d.ata,and also 

fro:n that of other research :nan, that in an systems subjected 

to the silent electrical discharge in which the possibility of 

acetic acid fo r,·nation exists, the :oroduction of bu. t;yric aicd 

:nas also been observed .. It does not seem that the va·oors of the 

comnounds dissolve in the water and thus remain~ but rather 

t11at son,e reactions take place withjn the water solution. 

J,ldehydes and f'9 roxides were found among tne oxidation 

oroducts of rro]~;ane and butane and, sinc:::e they react togetrier 

to forn other corr::no.mds, tne qusstion of t11eir relation to the 

'nec,:sn.ism of tr1e hydrocarbon oxidation see:ied to be in order. 

the study of oxidation and 

neroxid.e formation of alde11yries. In the oxidation of acetal-



-25-

iehyde for the production of acetic acid, the problen, of per 

compounds, especially the peracetic acid formation, has given 

mu.ch trouble. For wnen a large a:nount of paracetic acid collects, 

a violent explosion occurs. 

Gu.yot1 has :patented a process w}-,ereby acetaldehyde vapor 

is oxidized without ti.i.e aid of a catalyzer, and at once brought 

to a temperatiue of 100" 0 to destroy any r..eracetic acid present. 

Thus v,e sb.ould expect peroxide compoumls to be more stable at low 

temperatures. 

1l~ne fact that acetaldehyde is easily oxidized even in air, 

has be<:m definitely verified by many investigators, but the mech-

anism of the r9action is still subject to mucl1 discussion. Eoden-
.., 

stein,:;, claims that v:hen acetaldehyde vapor is oxid.ized by oxygen 

in a suitable apparatus, tne reaction is homogeneous and. yields 

mainly :reracetic acid. Hatcher, Steacie and Howland3 • on the other 

hE;.nd, find that the rate of reaction is increased by a glass pack-

in;~ (iwiicating wall reaction) and a complicated prorluct is ob-

tained. Bot.h seem to regard the reaction as belonging to the 

chain t;1pe, but for diffei·ent reasons. Pease4 , in a reinvestigation 

of the acetaldehyde oxidation reaction, found that the reaction 

is accelerated by broken glass packine and also by coating the walls 

of t?10 react:i.on chamber v.1ith potassim:1 chloride. "7hen potassium 

1. Guyot1 Can. 214, 163 November 8, 1921 
2. Boi~nstein: 2itzr:er -.1reuss. J.k.cid. Phys- :;ath III 1,(1929) 
3. :-Iatcher, 2toacie and ~Io-v.,land: Can J. :Research 7, lL'.1;9 (1932) 
,1. Pease: J • ., .. :n. G. Soc. 55, 2753-61 (1933) 
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chloride was used to accelerate kte reaction9 no :peracetic acid 

was found in tbt, prcduct. '..Che writer found tr.lat by packin<s the 

reaction cha:nber wi tl1 pieces of glass, tbe reacti.on was increased. 

Thus checking the work of Pease, Hatcmer, 2teacie and i1owland. 

Bone 1 has insisted on the hydroxyl tr,e Ol'"'J of oxidation for 

,_,.ldeb.ydes, while Pope, DykS tra and. 3dgar2 take essentially the 

same stand; but they do not specify any special intermediate 

products. Bone, b supporting the hydroxyl theory of oxidation, 

states that aldehydes are formed by the primary oxidation re-

action, and the peroxides and peracids are formed by oxygen and 

aldehydes as secondary reactions. 

Bone ar:d Iiill 3, from the i1· study of the oxidation of ethane, 

show that the peroxide formation tends to follow the ald.ehyd.e 

production and amounts to only about one-tenth of the latter. But 

if this were a secondary reaction, why should only a fractional 

!)art of the al,iehyda be oxidized to tbe per oxide ? Other inv,st-

h~ators support the peroxide theory. :,~ardles4 explains foe pre-

sence of methanal in foe combustion of me thane by tbe pe roxidation 

theory as satisfactorily as by the hydror;lation theory of Bone. 
i::; 

Len..11.er 0 re·oorted the formation of clioxymethyl peroxide 

(I-J:OCH~ OOC:a:, Oii) from eth;ylene, and ?,:ordain-:.:ornal and ;~uanquin6 

1. Bone and Townend: "Flame an,i Combustion in Gases"~ :acac-
rnillian and rJo,cpany ( 1927) 

2. ?ope, Dykstra and 'Jldgar I J ••• m. o .. Soc. 51, 187 5 ( 1929 l 
;:,, • ·3one and Hill: Proc. Boy. Soc. (london) A 129, 434 ( 1930) 
4. ·ard.les: Nature 128, 116-17 ( 1931) 
5. Lenher: J •.• rn. G. Soc. 53, 3737, 3752 (1931) 
6. :'5ordain-11 '.ornal and ,~uanquin: Jnn. Chim. 15, 309 {1931) 
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partially identified compo11nds of the ty1es: BOOH, BOOB' OH, 

HOBOOR' OH in the oxidation of :paraffins from J18ntane and decane. 

7ne information gathered from the study of the oxidation 

products of aldehydes, especially the peroxides, should be of m12ch 

value in a study of the products fo:mad when hydrocarbons are oxi-

dized. Acetaldehyd.e is easily oxidized, but correspondingly the 

-oerozide and per compounds are unstable. ~1.lvm a higher aldehyde 

is used instead of acetaldehyde, it should be harder to oxidize; 

but the peroxide or per compound should be more stable. Butyr-

aldehyde should give peroxides or per compounds which are more 

stable than those of acetaldehyde. Likewise, heptaldehyde per-

oxides or per compounds should be more stable than those of 

butyraldehyde. 
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The folJ. ONing tus was used to :iddize nropane and 

of an electrical lischarge: 



'l1ne awaratus shotm in the preceding picture consists of: 

.;. Gas indicator bubblin: bottles, to indicate the flO'!N 
of hz;drocaroon gas and o:ey-~{en or uir in the apparatus. 

:a. :'."ixinf;' c:i1a:rber fo1· gases before :;oins to the reaction 
cha,:1ber. 

C. L~e;~iction cba~}1ber. Tl1e \vate.r electroles, bet,Neen v1l1ich 
t:t:3 elec~rical s:i;:ark jur:rps, serve as temperature sta-
bilizers :for the :reaction ci1ar,:ber. 

D. JonJ_ensation chamber. This contains a small cup to 
c,•.,.tch t:::::; d.rip liquid fl'Om tLe reacticn CDB-~;iber :::i.nd 
tJ·ie co~~J~ensution _r:ror,er, vd1icl1 is coolr1J .. by ~.11 ice-
1:;ri :ne ::iixt;i re. 

-~. :;~xr)a11sion :::11a-i:::l;er. 7J'.1e IYJ.r;}ose of tl·1is :.:han:ber is jo 
:.'r,1v:;:1nt t:1e v:ater cf ti1e scrubbing towe,r fron~ being 
s . .1c.>,:ed bac1r into t 1··1e conie·~r:t:!:.:r1 :,.;.-,.:.l~/r.er. 

F. Jc::cu1/cir1g t0:,/13r, ~:.-t.1.ich 1.s used to re:11ove soluble r)ro-
:luots frorr: t·l1::1 e.:-.ha:i;:s t gas .. 

G. ,/~1tex re,,ervoir. '2his is to SUf!:_::ly circulution of 
,,,ater for tho i1mer elect . .:oJ.e of tti.e electrical 
,liscuargs reaction cr1a::,oer. 

Slbu rce of high voltage ct:trre1:. t, s. 110- 15 ,000-vol t 
t rs.n;; fer er. 

~~iefly lescribel 2s follcas: 

1. ~lL· is tL..rned on, ~,nd. t.i:ie ui,,:parstis is corr:pletely s·.ve:pt 
o,1t. :'.:u:n t:·,e dir is a,lj:1sted. "'t tile desired bubtle rate. 

~- tl1.i1e c·,;~l.'l.\Jn t is tLirr1ed 011 t:~w trar1sf'or..:1-3r by a conven-
Ln1tly ar1<ir1ges.l control swi tc?1. 

~• ~ie 3~s is turned on and adjusted proJerly; is~ally 
.. bo:.1t cne-fift]:1 t::e rate of U1,:;1 air, or t1:..e same rate 
of oxygen 1.•.ihen it is ..i.se1 instea,1 of air. 

fc.,re tne anpa.ruLs i2. st.:,,rtecl, the ice-brine b:::1th s:aould 



o :c f ou :r c1 our~,. r:,;, ,.,a ter in ti1 e i ,1,1e r elect l'Ode circulates , by the 

foree of t;.i7, to ancl fro,r. t:.,s ros?rvoir tank; thus keepirc the 

ecol. If the reaction c11~Ec1ber is 

allo"ved to bec0'.'18 hot, frequent explosions ta1Ie place wi tr1in the 

ayJ"ara tus, and brown deposits are fOr"::ed faster on the walls of the 

reaction chamber. 1'he reaction c.namber should be thoroughly cleaned 

after each run. 

Propane and butane were used as a mixture of the two hydro-

carbons. l'his was drrme because of the convenient and abundant su.p-

:9ly of the gas- :tXlrofax, tbe gas in tho laboratory gas line. Pyro-

fax is the trade nana of a f'u.el gas put on the :narket by Carbide 

and. Garbon Chemicals Corporation. It is supposed to c onta:'i..n about 

97 percent normal propane, 3 percent -b11tar:e and a trace of ethyl 

'YJercaptan to give the gas an odor. 

OXYGEK USED 

'.:!'ne oxygen used was from a regalar pressure tank of ogygen 

o-btained from Air :Reduction S:.1.les Company. 

ill 
The air ,1sed carra from ti'1e compressed air line in the 

laboratorz;. 
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T'ne foll owing apparatus was u.sed to ox:idize acetaldehyde 

and bu tyri:ildei;yd.o, in tlJ e vapor phase, wi t :1 ox::gen and air. 



S:he apparatus, as shown in tre preceding picture, con-

sists of: 

:~. O~rt~:en tank for oxygen supply. -;:11ien air was used instead 
of oxygen, the compressed air line was the source of air. 

B,. Indicator bubbling bottle, through which o~gen or air 
(when the latter was used) was bubbled to indicate the 
rate of flow. 

C .. Filter for removing large particles of-moisture. 

D. Aldehyde container, from which the aldehyde vapors were 
constantly carried off' by oxygen or air. 

E. Reaction chamber. This chamber was k.ept at a temperature 
of 75-85• c by a gravity circulating system of hot water. 

F. Condensation chamber, cooled by an ice-brine bath. 

G. Scrubbing tower to remove soluble components of the dis-
charge gas. 

H- The water heating unit, which furnishes the hot water for 
the gravity circulating system. The hottest water goes up 
the tube and into the top of the water jacket, aorund the 
reaction chamber; while the cooler water comes from tJ1e 
bottom of the water jacket and is taken to the bottom of 
boiler flask. A third tube leading straight up from the 
boiler flask to a trap bulb, takes care of the expansion 
of ti:le water .. 

I. Control board, consisting of switch, rheostat and pilot 
light, to control t:rie amount of current going to the hot 
plate unier me boil0r flasl~ 

J. T:i1errr,ome ter, with which to read the temperature of the 
water coming from the water jac~t of the reaction 
chamber 

OP]EAI'I mJ OF .E::18 APPARATUS 

The a:;paratus ,nentioned above is operated as follows: 

1. '.i.-,,ne current is tur.ned on the not plate. After ti1e system 
has lBcome hot, the rheostat is adjusted so that the 
\vater in th9 boiler flask just does not -boil. 

2. The ice-brine mixt:ire is put in the condenser system 



3. Aldehyde is put in the aldehyde container. T'ne gas 
tu be is adj~s te d so t£1a t the incoming air or ox;ygen 
is about one-half inch above the surface of the liquid. 

4. T'ne tubing is attached 3nd the air or the oxygen is 
tcnned on. 11:'le valve is so adjusted that the bubble 
rate is about 140 bub.bles per ,dnute from a 0.4-m.m. 
glass tube 

The apparatt1s may run for several hours or even longer if 

necessary. Usu.ally t:i:":u3 ar'.'.:ount of aldehyde which is put in will last 

for about thre,2 hours 

The reaction c,1amber is washed and dried after it J:1as been 

used each day. It may be easily washed with hot water wh.ile it is 

:;till hot, and dried by putting air through t11e cha::1ber with a 

suction pump. 

'.l:ne chemical used was acetaldehyde from '.'!ill Corporation; 

:{-bu tyra ldehyde (practical) , fr om Blas tman Kodak Company. 

OXYG SN U$EJD 

'l:11e oxygen used vras the same as that previously mentioned. 

::ii r used came fror.1 tr.e laboratory compressed air line. 



'l.,.,ri -9 follosing al'maratus was L1.sed to oxidize :i:1eptald.ehyde 

in th(~ vapor phase, with oxygen and air : 

Due to the nature of h e,::italdehyde (b.p. 155 G}, this app:J.-

ratus was fonnd to be mo re satis factory for conducting the vapor 

ox:Jdation, tiH,.n was the apparatus used for acetaldehyde 



'::.1.ne ai_:,paratus, as shown on foe preceding page, consists 

of tr,e foll owing narts: 

"'"·• ln,licator babbling bottle. 

B. Filter. 

c. Aliei1yd.e container flask, .heated by a beaJ:r.er of boiling 
v;a ter. 

D. Reaction tube. The oxidation reaction continues ,:t}l3 
tlle c11emieal is in the tu be. 

L Condensation chamber, cooled by ice water. 

7he following steps describe in brief the onsration of the 

fore·::en tioned. apparatus: 

1. -:tater in the beaker (D) is heated to boiling, and the ice 
and water are out in the container (:S). 

2. Tube joints are cJ1ecked, bott'1 t.he in·ta~•;,_e and discl1a:rge tubes. 

3. 1Ur, or ox;ygen, is turned. on, and the valve is adjusted 
to the bubble rate of about 140 oubbles per minute from a 
0. 4-:n. rn. glass tu be. 

IThe cDemical used in this operation was heptald.ehyd.e (tech-

nical), procured from Sas tman Kodak Com;oany. 

Both the oxygen and air use cl in this or,era tion were obtained. 

in the same <,vay as that for the preceding experiment. 



I'EJ: OilDATION OF 
Jl; l) BO'T.Aff!ll 

The l:iouicl collr3cted in the cup just below tne reaction 

cba:c',ber, 'Ne shall call '*,t11 , is composed of t:ue liquid compounds 

v1llich form in the chamber an,l drip in to this cup. 11 .C:." has a 

very sharp odor, a stravv color, and somev.rhat l'esembles a very 

lii:;:1:it machine oil .. It is soluble in water, acetone, sodium 

carbonate 30lution ::-,nl dilute acid solution. It is soluble in 

concentrated sulf,:n•ic acid, ani after a moment a reaction takes 

ace, giving a br0e~1n color to the solution. Upon standing, 11 .,;. 11 

slowly gives off a gas and. tl'.ie straw color gradually deepens. 

'7hen a porti·on of it is evaporated to dryness, a brown resinous 

substance is left. This substance is soluble in water and acetone, 

but insoluble in ocher.. "A 11 does not adJ brpmine in a carbon tetra-

chlori,le solution, is oxidized. by alkali potassium permanganate 

solution, gives a ])OSitive iod.oform test, d.oes not give a visible 

::md cxi.aracte:ristic :reaction wi.th a saturated :::olution of sodium 

rJisulfite, 0.nl gives a strong riositive test with the F'uchsin-al-

dehy,ie :reagent and foe fehling solution reagent. It does not give 

a r;reci ni ta te , . .,itn a clear sat;,i.rated. sol::1 ti on of lirre water. It 

liberates iocline from an aei.l l'Jotassiurn ioclide oolQtion im1ied-

iately. "-•'' contains an aci,i or a :11ixttll'e of acids and a sample, 

vJ1en titrated v,rith 0.1 nor,·.a.l so:iitim iiy(lro:.dde solution, using 

;::1henolphthalin as an inlicator, is founJ. to contain 16.3 percent 

acid ·;,frdeh rer.;orteJ. ::-ts acetic aci,l. ''~"'" contains peroxides, since 



it ,;;ives a stronO' -oositive test for -c,eroxides when a freshly 
'>- 0 ,,.. . 

}'lrepared solution is tested v:ith titanium Si~lfate • . i. solcrtion 

of 11 .A 11 , after standing for a while, does not give the peroxide 

test with titanium Slllfate. 

T'ne li(1uid collected in the condensation chamber, we shall 

call "B11 , is composed of the liquids condensed from the gas which 

comes from tie reaction chamber. It is a clear, colorless watery 

liquid with a sharp aldehyde odor. '11l:1e solubility of 11 B11 is about 

the sarr.e as that of 11A11 , with the exception that the reaction ,vith 

concentrated sulfuric: acid after solution is not as great. "B" 

does not leave a brown residue upon evaporation to dryness as does 

tl,~ 11 • This liquid "B" reacts with: bromine in tetrachloride, 

alkali potassium permanganate, sodium bisulfite, fuchsin aldehyde 

reagent, fehling solution, saturated solution of lin:e-water, and 

potassium iodide solution about the sane as does the 11 .1" liquid. 

ttB" contains an acid as does 11.ln, but when a sample of "B" was 

titrated against 0 .. 1 normal solution hydroxide, using phenol-

phthalin as an indicator, it was found to contain only 4.3 per 

cent acid reported as acetic acid. 11B11 contains reroxides, as 

indicated by the titanium sulfate test; but not as :r:uch as does ".4.''• 

Upon standing, tne r;eroxicles in "Bn d.ecompose; thus a solution 

of "B 11 1.'"hich has be?-n stand.ing for awhile, does not give the 

titanium sulfate peroxide test. ';;'hen determined by distillation, 

the boiling points of tr1e components of' HB" range from approx-

i:,;a tely 45• C u:r, to and above 100• G. 



The Use of Oxy.:;,-en and .Air: There was no marked difference 

upon the products ".A" and 1tB 11 when oxygen was used in place of air 

in the oxidation process. The air-pyrofax gas ratio was 5 to 1, 

while the oxygen-pyrofax gas ratio was 1 to 1. 

The discharge gas scrub water gives a positive test with 

fuchsin aldehyde reagent, indicating the presence of aldehydes. 

The sodium hydroxide test for acetaldehyde indicates the presence 

of traces of acetaldehyde, by titrating for acid, as was done for 

"A" a.nd 11 Btt, a sample of the scrub water was found to contain 0.1 

percent acid. 

Pa.RTI.AL AK.ALYSIS OF ms FROWCTS OBT.AllBD 
FROJ1: '.f1B VAPOB PH.ASE OXIDATIOX OF 

.. WETALDifil-IYDE, J3UTYBA.LDiJ;HYD8 .AND H:i:PTALDEB.YDE.l 

"°'• ';V'nen acetaldei1yde was oxidized., a.s previously described, 

both with air ::.nd wi.t.o. oxygen, the foll owing results were obtained.: 

J:ne nroduct was a clear, colorle3s solution, witn. a s11arp aldehyde 

~cid odor, very soluble in water and giving an acid reaction with 

litrr.us. It i:1:t:,ediately liberates iocline from an acid notassium io-

diie solution, ::.'mrl it gives a positive :9eroxide test with titanium 

sulfate solu.tion. If the product is allmved to stand for several 

hmus at rcom te:nper.'.iltu.re l-3fore testing~ t:ie rrHoxide test is 



scl::_tior; cond0nss1 Tiroluct. It will 

-sicul cL0.Ni.eteristics. It is aci<i 

to 1it,:us :..n:l lHsrstes ioJine from r,ot::.ssiuiu iodide solution, 

sulf;;.ts,. '.l.'.ii.e 1•3silu.e a.llleh;yd.e is acii to litmus, liber;;.tes ioline 

f1•oiL a _:::ot::1ssiu:1, iod.id.e solution; nut loes not give:;,;. positive test 

,., _,. ':hen haptald.eh;;,-J.e was oxidized., as pr,sviously Jescribe-1., 

ezcel,tion of a stronger an~ sharp:ir odor. It is acid to litmus, 

liberat3s i.od.ine from potassit1m iodide solution, gives the positive 

test for,reroxides 1Nit:i1 titanium sulfate solution. T'ne residue al-

,fohyde contains a small arnocmt of white precipitate, is acid to 

li t;,us, liberates iodine from a potassilim iodide solution, and 

::jves :.1 strong ·c;ositive test for f9roxides witr, titanium s,1lfate 

solution. This ,·,eroxid.e is r,~asonabl;y stable ani re:nains in t?1e 

recid.u.e al,lehycle soln.tion fer S'JVeral days. 



GOlJCLUSIOKe. 



'"Then propc1ne and batilne (pyrofax} are oxidized in tI1e vapor 

phase 'Ni th oxygen an.i air in the presence of an electrical J.is-

charge, aciu.s, c'.ldehydes, peroxiu.es, ,1.nd a highly polymerized 

substance are found. among the products. T'ne peroxide is unstable 

at roo~ tenr,erature, but is reasonably stable at 0°0. Either 

ox;ygen or air m.ay be used. in the oxidation process with apparently 

the same results, so long as the actual ox;y-gen-hydrocarbon ratio 

isl to 1. 

The next step is to isolate and to identify the peroxide 

and tiien to determine ·,vhether the peroxide is a primary or a 

secondary product. 



-41-

Upon oxidation with air or oxygen, acetaldehyde, bytyr-

:,.ldehyde and heptaldeh;yde give a peroxide as one of the oxidation 

products. '.:.'i1ese peroxides are unstable at room temperature; but 

are rather stable when kept in an ice-brine bath. ·me peroxide of' 

heptaldeh~v'de is th.e most s t"'ble of the group. 

The next step is to isolate anJ to identify the peroxides, 

and to determine the :cechanism by which they are formed. 

****** 
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