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I. INTRODUCTION.

The partial oxidation of 0rgania compounds nsin% air as the 

oxidizing agent, and in the presence of a catalyst, has been the 

foundation of several Buocescful ccmniercial reactiona.

Oxygen may be substituted for hydrogen in a hydrocarbon for 

example, by a process involving several steps and utilizing; rale- 

tively costly oxidizing agents. It is apparently difficult to 

rsa^o the substitution directly. 7-Jx^ples of such a reaction are 

the well kno\m partial oxidation of n^hth&lene to phthallic en- 

hydride, and the partial oxidation ofanthracene to 'mthraquin- 

one . In these cases ^^oially prepared catr&lysta are used, and 

the reactions are carried out in the v^or phase.

Since all oxidations exothermic, it is necessary to raain- 

tain very precise temperature control. Otherwise the oxidation 

would continue and only the end products of the reactions be ob­

tained, namely carbon dioxide and water. Experience has shown 

that temperature control is an exceedingly important factor in 

this type of reaction.

If such a reaction is carried out in the vapor phase and a 

solid catalyst is used, the heat is "presumably liberated at the 

surface of the catalyst, because this is where the reaction is 

supposed to take place. The heat is transmitted to the walls of 

the reaction tube by means of the gases, the solid catalyst, or 

both. Rince the heat capacity of the reacting gases is small, 

usually an inert, diluting gas is added to make up for this 

deficiency. Steam is often used because of its relatively high
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specific Mat. The solid catalyst, though it may have a fairly 

hi^i boat capacity, is often a poor conductor of heat, and as it 

is usually stationary, ie of little value. Onoe the heat reaches 

the walls of the reaction tube, it is a relatively simple matter 

to conduct it way and maintain any desired temperature gradient 

by means of boiling or molten baths.
On the other hand, if the reaction could be run in the liquid 

phase, the relatively high heat capacity and bettor heat conduc­

tivity mi^t make the matter of temperature control more simple. 

However, it is difficult to obtain good contact batmen a :^aa 

and a liquid, especially when that is usually not very sol­

uble in the reacting liquid, as in the case of air and organic 

liquids.
There are many processes involving the oxidation ox an organic 

liquid by means of air, some of which are commercial, and others 

%hiob mi^t well become oomrmercial processes if the general pro­

blem of bringing the two phases into contact efficiently were 

solved. The oxidation of acetaldehyde to acetic acid is an ex­

ample of such a reaction which is already carried out on a com­

mercial scale. The importwee and u^e of acetic acid io ever in- 

creasin^ with the growth of industrial organic chemistry. Acetic 

acid is used in the manufacture of lacquers, cellulose acetate, 

and various solvents. Another example is the preparation of 
acetophenone by the Friedel-Craft's reaction which ie quite ex­

pensive. Its use in the preparation of resins and as a reagent 

in the preparation of various organic compounds is increasing.

In order to make comparative tests on the efficiency of the
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stirring apparatus, the reaction of ethylbenzene with oxygen,

without a catalyst, was studied #aa further believed that
certain substa ni^it be found which would accelerate the re

It also '. ;%u%ht that the type of stirring apparatus
used would be effective in carrying out the oxidation of acetal­

dehyde to acetic acid, %nce acetic acid is of such great Indus-

trial iz^ortance, this reaction vaa studied in the presence of

various catalysts, making uco of t!ie stirring apparatus

alcohol a# a possible source of acetic acid waa tried 

oontinuous process for the oxidation of alcohol by mean

The use

of air
d in two site#
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II. HISTORICAL

There has been a sze&t deal of investigation on oxidation in 

the liquid phase by means of air^ but not nearly so much as on 

V:^.OT pnaee oxidation. In the case of the reaction, ethylbenzene 

pluj oxygen to %ive acetophenone, Stephens , by bubbling oxygen 

through different liquid aromatic hydrocarbona, at an elevated 

te^erature for as long as 54 days at 100* 0,, obtained 9.5 

2,23,% acatopnenone from 5c ^ran:e of ethylbenzene without a 

cat:&lyot. In the presence of acetic anhydride , 35 ^raiAa of 

ethylbenzene yielded 9.c r^ra^^ of acetophenone in eleven day a. 

The efficiency of the acetic anhydride in promoting the reaction 

seamed to be due to tho property ;;hich the acetic anhydride has 

in coJbinin^ with the wato^ which is a product of the reaction 

and -which has an inhibitory effect,

A large number of investigators have studied the oxidation of 

L. oohol to acetic acid by means of air, and a great number of 

methods for carrying out the reaction have been suggested, as well 

as many catalysts for hastening the reaction. Although some in» 

veatigators have obtained acetic acid in the direct oxidation of 

alcohol by means of air in the presence of various catalysts in 
4 

one step , nevertheless it seems to be generally granted that the 

direct oxidation of alcohol to acetic acid is not practicable. 

Judging from the patent literature, the immediate source of syn­

thetic acetic acid is acet aldehyde, using oxygen or air as the 
of 5 6,7 8

oxidising agents, and various salta/cerium , manganese , iron , 
9 ■

vanadium , and others aa catalysts. Glacial acet io acid alone, 

also catalyzes the oxidation of acetaldehyde.
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There are various sources of acetaldehyde, one bain# the hy- 
11 ' 

drat ion of acetylene in the presence of a mercury salt. The 

technical application of this method involves the following dif­

ficulties: (1) A diminution in yield due to the polymerising ac­

tion of the hot acid on the acetaldehyde. (2) The deterioration 

of the mercury catalyst which ie gradually converted into an in­

active slime containing organic mercury compounds. (3) The selec­

tion of suitable materials for the apparatus to be employed. 

Another source of acetaldehyde la ethyl alcohol which can be oxl- 

diaed in the vapor phase by means of air with various catalysts, 
^1# 

including copter and silver \au%o, with varying yields, 63^ and 
' "13 

as hiijb as 78^ conversion bein^ mentioned in the literature, 

well below 10^> of the alcohol is lost as carbon dioxide mid other 

unrecoverable products, while the remaining unconverted alcohol 
J. 4 

can be recovered. Recently another possible commercial source 

of acetaldehyde has been discovered in the partial, oxidation pro­

ducts of natural and petroleum gases.

In view of the great industrial significance of acetic acid, 

and since the supply as furnished by the distillation of wood is 

inadequate, attention has been turned vory extensively to synthet­

ic methods. The sources of acetaldehyde, which is necessarily 

an inter me di at e product in the industrial synthesis of acetic 

acid, are becoming more numerous. There are two general methods 

available for oxidising acetaldehyde to acetic add by means of 

air or oxygen in the presence of a catalyst. Either the acet­

aldehyde vapor mixed with air or oxygen can be passed over the 

catalyst or the reaction can be effected at a relatively low



temperature by air or oxygen into a «solution containing

the acetaldehyde and a catalyst. The high temperature method is 

liable to losses due to over-oxidation» while the low temperature 

method favors the production of peracetic acid, a oo^-ound which 

dGOGMpoaen with explosive violence. Judging fro^: the patent lit­

erature the low temperature, liquid phase method aesma to be pre- 
15 16

ferred . Manganese seems to be the most popular catalyst» par­

ticularly the acetate.
17

Oxygen under pressure or air under higher pressure has been 

used for the oxidation of acetaldehyde, but the difficulties in­

volved are ^eat. The reaction is strongly exotharkio, so a very 

efficient cooling system ha# to be employed, and at the same time 

a sufficient depth of liquid is necessary for sufficient aera­

tion. Also all metals sufficiently strong to stand the pressure 

employed are attacked by the combined influence of oxygen and ace­

tic acid, thuo entailing a heavy repair bill. Besides, of courue, 

there is the danger of explosion due to the formation of per­

acetic acid. In the presence of -manganeee acetate, an excess of 

acetaldehyde decomposes the peracetic acid, but on the other hand, 

over-aeration in a deficiency of acetaldehyde causes the forma­

tion of peracetic acid.
The wore recent pat ents deucrioe processes in which the air 

and aldehyde are paeeed through packed towers with facial ace- 

tio acid» with or without catalysts present in the acetic acid .
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III. TT^OR^TIOAL.

A» General Theory of Oxidation.

In general, oxidations can he divided into three groups:

(1) Oxidation» which take place spontaneously ao soon w) the oxi­

dizable material is brought into contact with oxygen or air under 

the proper conditions of te^crature and pressure.

(3) Oxidations which are brought about by the simultaneous oxidar 

tion of certain substances called anto-oxidizerg.

(3) Oxidations effected by eubetanoee which are apparently un- 

cban^d, called oxidsd;ion catalysts.

Various theories have been pronged to explain oxidations of
19

types (%) and (3). Sohonbein , a proponent of the dualistic 

theory, believed cases of auto-oxidation could best be explained 
' 20

by Brodie's hypothesis in which he contends that oxygen is split 
21

by the process of auto-oxidation. Van't Foff * as a result of 

his experiment on phosphorus , said that atmospheric oxygen is 

already normally dissociâtes.

The intermediate compound theory has been developed by %.
22 25 24

Traubs * H. Bach , 0, Sn^le and V. Wild and others. Bod-
25

1 Ander and Basye r and Villi ger » in researches on oxidation by 

air, the actor, of benzaldehyde the inductor, with indigo as an 

acceptor, gave additional curort to Bach's theory by the isola­

tion of an intermediate compound, benzoyl hydrogen peroxide.

C^F^CHO plus = CH CO;O(OH)
Q D o W o

which peroxide could then rsuct in & distinct &ays î

(a) with another molecule of benzaldehyde,
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CH CHO plus O.H .00:0(09) ■ 20," COCH
<3 0 a à ü b

(b) With the aooeptor indigo»

0 J? 00:0(0H) Indi % = Cjr_CHO rlw isatin, o b " " a a
The hy^cthe^ii the fvr::atior of an unutablo peroxide of rhe 

incitât or haa been further ;:)tren\ithened by the isolation of ^uoh 
' ^7

salts ae in the o^se of oerluBi oxide by Job * and in .the case of 
à 0 & V

ferric and ferrous Balta by Pinchot Gcard and Ri deal , and 
3C 

Fchnsor and Robertson .

In the ease of ccritrn studied by job, he found that a cerium 

3&lt dissolved in the presence of SC CO^is a colorless auto-oxidiger.

:;e

Ce(OH), plus Cp plus Ge(OH), = Ce(OH), -O-Q-Ce(OH), 

lYatei- reactg with this compound,

Ce (OF), -O-O-Ce(OE), plus K,0 = %(0H) 4 plue Ce(OH), 0:0H

Thin blood rod peroxide Oe(OH)^ 0:0H when brought into contact 

^ith ar. oxidi gable sutetanoe such as rot^^iwû arsenite, oxi­

di gee it, returning to the yollow oeric hydrate. There has been 

no catalyBiB* But, if glucose is added the eerie hydrate oxi­

dises the gluoose, being itself reduced to the cerouc hydrate 

„hlch recommence the cycle of reactions.



B. Theory of Oxidation .^lied to Acetaldehyde and ethylbenzene 
h 7

job has studied the effects of cerium and cobalt in alka­

line solution for the oxidation of fucose with air. He found that 

each of these salts acts both as a catalyst and as an auto-oxidi—
31 M

aer. Bertrand found that manganese aleo acted ae a catalyst zor 

the oxidation of pyrogallol and hydroquinone. He found that oon- 

trary to ex ,cotation nickel promoted tne oxidation. Ferric and
%8, bC ' . .. . ,

ferrous salts haxa boon reported as being active pro*^oteie 

of certain oxidation reaction^.
There is acme evidence that acetaldehyde itself may form a 

peroxide at very low temperatures . But toe temperatures htain- 

tainod in this investigation exclude that possibility. Jieland* 

^rk indicates that the oxidation of acetaldehyde may be a de­

hydro fsenat ion process, especially in the presence of water,

ZCHgCHCOH)^ plus 0g = BCH^COgH Plue 8^0.

He showed that if moi st aldehyde is shaken with palladium 

black, hydrogen combined with the palladium is obtained. If air 

is admitted* the hydrogen is used up and tne dehydrogenation pro­

ceeds further. It io well known that the velocity of oxidation 

of acetaldehyde is -decreased in the presence of water. This may 

be due to the fact that of the anhydrous and hydrated forms in 

equilibrium, only the anhydrous aldehyde undergoes rapid oxi da- 

Uon, while the dehydrogenation of the hydrated aldehyde is slower

It was the belief at the beginning of thia investigation that 

the activity of an accelerator in a given oxidation reaction de­

pended upon at least two factors, mot, » would %» "^^ry 
that the oxidising agent or catalyst be capable of oxidising the
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organic In so the oxidising a^ant would change

from a hi^jher state of oxidation to a lower state of oxidation. 

Second, it would depend upon whether atmospheric oxygen would con­

tinuously cause the oxidation of the oxidising substance or cat- 

slynt. The rate of oxidation then would be determined by the 

slov/or of these two processes. 
%

Cruighton and Fink list the normal oxidation potential of sev- 

oral metallic ions in acid solution. One would predict that if 

gaseous oxygen would cause the reformation of the ion in the high­

er state of oxidation and acetaldehyde in acetic acid solution 

would reduce that ion to the lower state of oxidation, then from 

tils table, cobalt should be the most active accelerator, and 

manganese, cerium, iron and chromium would follow in the order men­

tioned. With this in mind the above mentioned catalysts and 

others were tried as accelerators in the oxidation of acetaldehyde 

to acetic acid by me ana of air.
«3

Ethylbenzene has been found to be oxidised by air or oxygen 

very slowly to acetophenone without the presence of a catalyst. 

In the presence of a substance such as acetic anhydride, the rate 

of oxidation was increased. It was believed that the slowness of 

the rate of oxidation was partially due to lack oi intimacy of 

contact between the liquid and oxygen. Hence, it was relieved 

that efficient stirring would accelerate the reaction some, and 

the presence of a catalyst should accelerate the reaction ^re.
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iv.

A, Preparation of Catalysts. 
34

1. Acetate of Cobalt

The acetate of cobalt was prepared by precipitating the car­

bonate from aoolution of the nitrate, filtering, wa^hin^ well, 

and then dloaolvin.;; the Ccirbonate in 80% acetic acid. The 80% 

acetic acid solution wac evaporated down and glacial acetic acid 

addled to the solution the proper acetic acid concentration 

for the teot to be made.
36 

8. Acetate of nickel

The acetate of nickel was prepared by diseolvin^ the pure car^ 

bon ate obtain ed from stock, in 80% acetic acid. The 80'p acetic 

acid solution was evaporated down and glacial acetic acid added 

to h\a!;e the solution the proper acetic acid concentration for the 

test to be %ade.
37 

3. The Acetate of Usn^anese
The acetate of ^ancuneac was prepared by precipitating the 

carbonate from a solution of the nitrate, filtering rapidly, wash­

ing well, and dissolving the carbonate in 80% acet io acid. The 

solution was then made to the proper acetic acid concentration for 

each test.

4. The Acetate of Vanadium
The acetate of vanadium was prepared by precipitating the hy­

droxide from a solution of vanadium trichloride with aoioniu^n by— 

droxide, and dissolving the hydroxide in glacial acetic acid. A
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^reun obtuinod wa^ filtered quickly «aud used

immediately, either by adding acetaldehyde first axid oxidizing, 

in fVlich case, the solation stayed preen; or if the green solu­

tion '.vac treated with oxygen in the stirring ap?aratue before tke 

acetaldehyde was added it turned brown and showed a greater odi- 

dizing activity.

5. Acetate of Oarium.

Cerous ox&lato of better than purity was dissolved in 

boiling nitric acid and the solution of the nitrate was treated 

61th aodiwa carbonate, filtered, washed well, and the carbonate 

dissolved in 80^ acetic acid. The acetic acid solution was then 

%We up to the required acetic acid concontration for each test. 

6. Acetates of Chromium; aL.d iron.

The acotatOLs of chromium and iron were prei)%rod by precipitate 

ing the hydroxido, filtering, washing well and dissolving the 

precipitate in glacial acet10 acid.
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B, Development of Apparatus» 

38 
The original form of the apparatus used in an effort to ob­

tain ^où contact between a reacting gas and liquid was a nickel 

tube with a slit half jay across the center. This tube was used 

for hydro donating acetone in the presence of finely divided nickel 

by me ano of hydrogen gas. Although the employment of such a slit 

seated to help obtain more intimate and greater rabidity of con­

tact than the usual methods, its use was difficult arid discon­

tinuous. Beat, a slit was used which was thread by two circular 

plates about an inch in diameter. One waa stationary, the other 

rotated. The re act in \ gas and liquid were forced, in the for>n of 

a spray, through «an opexrin^ at the center of the stationary plate. 

This type of slit was found to bo quite effective, and the effi­

ciency wan found to be improved in attaining a large surface in 

the slit by making it cone shaped. This greater surface allowed 

better twaperature control of the slit by permitting it to be 

surrounded by a cooling bath.

The mechanical difficulties involved in the use of the large 

cone shaped slit are very great. Firat, a high speed oi tho ro- 

tat in g element 13 necessary, ana since the two y ar ta o* sjlit 

mu8t be within 0.005 of an inch apart, the greatest precision is 

necessary in the supi ort unu bearing the shuit carrying the 
rotating element. This precision can ce obtained ay skilled 

mechanics in the working of iron or steel for such an apparatus, 

but where corrosive liquids are used, non-corroding metals must 

be employed, the working of which involves even greater expense 

and akill. Therefore, since a very corrosive mixture was used
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in making the greater number of towti in this investigation, a 
3^ '

ülo^3 container i,ith an Illium rotating stirrer was used*

The Illium stirrer obtained froiu the Burgess-Parr Company. 

It uas found to bo entirely unattacked by any concentration of 

acetic acid in the presence of oxygen#

This Illium stirrer consista of a shaft about 8 inches long, 

tapering fror a dl.^etsr of 5/8 inch at one end to a diameter of 

3/8 inch at the other end# The larpp end of the shaft la ecrowed 

into t;ie air turbine, while the cmailer end of the solid shaft 

is enlarged fro»: a diameter of 3/8 inch to for# a solid flat 

circular plate of % 1/4 inches in diameter. In tee center of this 

flat surface is a threaded opening by means of which the lower 

plate ic fastened to the upper plate. The lower plate contain an 

opeviiu^ from the bottom leading into the space between the plates# 

Through this opening the ^ac and liquid are drawn between the 

Platos from the bottom by centrifu^l force and expelled through 

the peripheral opening. In this rotating stirrer the entire slit 

turns, and circulation through the alit takes place by centrifugal 

force.
The oxidation of ethylbenzene ?fas carried out in an apparatus 

of the f orm shown of Pibate ho. 1, exo opt, t nat no wash oottles 

were attached to the condenser. The container used was a 250 c.c. 

pyrex beaker just lar^e enou^i for the stirrer and the tube in* 

treducing the oxygen. This beaker was supported as shown, inside 

a SCO c.c. beaker upon so;ne flat pieces oi rubber stopper. An air 

turbine rotated the stirrer at a rate ox 5,uOO revolutions per 

minute. The inner beaker was fitted with a stopper ox rubber,
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oovoTGd j it % latex, «ith a aontrrü xox' the stirrer* A

barrir./:, \fitb am^stoB cord paokin^ ülctsei the op%-.lp%;

about the stirrer %^ractic^lly /as-»% 1^2 under the p-reeaure 

talnel in the The stopper w&y alw fitted with open­

in vj for a fiiiins funnel, a r of lux oondaneer, the oxygon tube, 

a oL.nouin^. tube and & ther&ioceter which ;/a^ bent to fit under 

the turbine, and then calibrated. The oxy;j@n ca*ae from a cylinder 

equipped with a Hoke reducing valve, and was measured by an ac­

curate fla.;%9ter.

The test;: on various cetalyct^ in the oxidation of acet alde­

hyde to acetic acid in wator-aaetic acid solution was cai'riaâ out 

in an % ar at us of the fcr^ shown in Plate No. li The solution 

o07:tained in a liter 'weaker o?? the tall It wuo ? 1/3

inches tall end 4 inches in diameter. Thio beaker was cupported 

inside a 1.5 liter beaker by ^eons of flat pieces of rubber etop­

par. Tue 1.5 liter outside Lerner, wao fitted with an inlet for 

üteau and another for cold water and an overflow. The inner 

beaker was fitted witli a lar#) rubber stopper thresh which open­

ings were out for the bearing; which closed around the stirrer, 

the filling funnel, the oxygen tube, the ther.ciometer, bent as 

deworibed aoove, and the siphon for e?^ tying;. There was also an 

opening; for the condenser wldch was connected to wash bottle».

The apparatus for the oont inuous oxidation ox al co nd to 

acetic acid is shown in Plato No. . Thia ap^arauus used to

effect the oxidation in two steps, so the oa^e apparatus was u^ed 

for t?%e acetaldehyde to acetic acid step, as is shown in Pla^e 

No. 1. In addition, there was a "unit attached for the oxidation
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uf to IcG cwidiotacl of a floret er to

^assure tie <àr# coniïeota:& to a tubo loaxlinc; into the alcohol 

fl ask of 350 0,0, oapaoity. The aloohol fl%ak wae heated by & 

hot ploto tc control the ratio of air to alcohol vapor, Conneot- 

eâ to tho fla^k a as th- oat^ly^t tübe^ 10 %, m, inulda diameter 

and 10 Oin. lo% filled ./it?i copper gauaa catalyst. The catalyet 

tube Seated by Means of &>n electric furnace in nerice, with 

a bank of 10 laiapc v;lt> an arraai-ve^ent whereby any number of the 

lan^c could bo connected in parallel* or two bunks of five each in 

parallel connected in aeries. This ullc-wed tet^e rature control 

accurate to within 13 degrees centigrade. The temperaturo in the 

roaction tube was meacurod by Meana of a chr omel-clua#! therr^o^ 

electric pyrometer.
A ;,lai%; tube of 5 ;z,ki, ineide iliaoeter» led froci the catalyst 

tube to a flan::, above which was connected a water-cooled bead aon- 

denser equi#pod with c, thorKOneter at the top and connected by a 

ion-, plas.3 tube to the oxygen tube leading into the aldohyae-aoe- 

tic ücid or.paratue« The cotton o- tnie ilaex wu^ oa^nccuod to 

the bo ttQK of another suial 1er x lask ty a c v». me, Inui de di aR*ev 

pyrex tube fitted with a stopcock. This smaller flc^k ww 

on a lower level than the larger flack, and it was fitted with a 

brain cook. To the top of this a dialler xluux was connected sei 

air-cooled bead oclwm equipped with a thenAOAieteT and *eaulng 

throup:h n. total water condenser into the rilling runnel vhe 

acetic acid apparatus.
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C. l-rgcoluro

1. Tl# oxidation of

T » *0 3t'iylbon^eno uaad '.vag; propared by ethylation of ben&eao 

witb et hyl eno in the uToeonoo of aliminwi onio ri da aa doGori?j@d 
4i) 

by hilllj^i iiiXl Fold # The uthylben^ono fraction waa alloyed to 

nt and ovor olilozide for several ive^ko anü then fraction-

üts.l s^ain. Tro fraction» boilin^; b@t%voon loG do.^raa^ and 137 

:1. To on C. (corrected) » wa,3 t:Ccen. Ono hundred of ethyl- 

bon^ozio was placed in th?; re action beaker with the catalyst, if 

:^.y _.u: wood, atid the wae turned on. The oxygon %;as passed 

in at s rats calculuted to oxidize all the othylben.^eno in twonty- 

f our hours. The stirrer uaa run at a rate of about 5,' GG revelu- 

tioug per ;dimto t*nd t:.% reaction allowed to ,;p continuously 

for twenty-four hours. At the end of thia tin# the pro duct a were 

rSùiovod s^d 10 o.o. tested for acetophenone alth phenylhydrazine 

üOüieurbüzine. The ao rile orb azone ui acetophenone was -weighed 

to déterminé tno cu^unt of acetophenone present.

L. The icato on cotai ymte for oxidation of acetaldehyde

Before each series of runs on a <4 ven catalyst enough catalyst 

wao Lpifc for the series. The !:;oot concentrated ocatic acid 

solution was used first» with a concentration of catalyst pre­

ecut of from lp to in all cases. Four hundred a.c. of thia 

solution were put into the reaction vessel and the surrounding 

water bath boated to 70 degrees D. with steam. The acetaldehyde 

to bo oxidized was obtained by the hydrolysis of paraldehyde 

with dilute sulphuric acid. The acet .aldehyde was distilled over 

a Ion/ bead column and the temperature ot tne vapor coming o^f



IB 

was 0, undsic ioe. There waa

a 0^.111 amount urî ^ator in the acet:'.Jdebyde» but the metaldehyde 

content dot^rinad by titration, ->ith eodiw bisulphite* 

A-.out 3C' of metaldehyde \;&R aildad and the stirrer started 

L",t rate of about 5^000 revolutions p-^r minute. The oxygen %vae 

turned on by ce one of th;? 1-oke reducing valve so that aa the ab- 

sor?tioz^ enmity of the solution increased core oxygen vfould be 

related. By rrmtice, it wac posaiblo to set the valve so that 

thOk-e ^oulr be %:o ^renGuro in the wash bottles at all and the 

..us still rouln be fed in as fast as the solution .vou).d absorb it. 

the oxidation proceeded the mid concert rat lo%: m:.d acetalde­

hyde wncontrution dctornlnei at intervals b?/" -,?ithdra%flnr a 

portion by n.canu cf trs siphon. The acetic add concentration was 

kept ocn^t&iu to within if- snd the acetaldehyde concentration was 

kept between 1.5 to 1.Y5 %elal.

T?ie test was rw. for at le^t an hour after the oxy-an ab­

sorption bcoauo constant. Tho pressure inside the system was 

watched by w.oms of the level of the water inside the ;jim5 tube 

in the first wash bottle. Under ordinary olrowistances this stay­

ed level with the water in the flask. On. rare occasions, the 

% Io valve would étiez, when there wa3 a change in the rate of 

utaoration of the oxy^n and some axoess gae would bubble thru, 

or care often when there was a sudden increase in absorption, 

water would be sucked u in the tube. It was necessary to keep 

the temperature constant to within one degree. Otherwise there 

would be an expansion of the ^as in the system causing the hoze 

valve to close, or a contraction causing more to flow than
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was really bein.p; in either oauein^ the readies on the 

f lo.^eter to fluctuate. Thi:3 close tec^rature control was rather 

difficult 'without a tnerm^t^t) but since the re actio?: 19ay exo— 

thermic and the rate v;af3 roaoonal)ly oar 3 tant the temperature 

could be controlled to plun or minuo one degree by controlling 

tho 21o% of ooollns water. The te^orature control was faolll- 

tatod by the ntlrrlny since e. slight oh an 3e in te^erature of the 

L.^tb wan almost instantly recorded by the thermometer in the re­

jotion ve^eol. The problem of comparing rates of oxidation is
41 

discussed by Job .

After the absorption had ro/eained reasonably const-int for at 

least an hour* the stirrer was stopped* and the ayateæ swept out 

with oxygon through the waeh bottles. The increase in acid #a@ 

dotorr.ilned* and the remaining acetaldehyde was determined both 

in the solution and that absorbed in the absorption flasks. The 

carbon dioxide absorbed in the sodium hydroxide wash bottles was 

determined» by acidifying th^ alicuot part and he at in <. and mear 

aurin/: the volume in an Of sat ag)paratus. After all the data had 

been obtained on the preceding test the solution was diluted 

to a lower acid concentration and another similar test made. This 

was repeated until the acid concentration was so low that the ab­

sorption was saareely detectable. This data was then checked 

at another time and the curvo plotted.

3. Tests on tne continuous oxidation of alcohol to acetic acid.

Only two tests were made on the continuous oxidation of 

alcohol to acetic acid in two steps. The procedure was identi­

cal in both tests except that manganese acetate was used as the
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catalyst in to acetic ^acticii of the prc-

in one oob^lt -lo^tato itsid izi tho other test,
tc, ?l.^jj T;o. ths %i% \.^-^r, t?J thron..;h the flow-

-.aetoe a cc -f litorj %,er hour. Tho t-a^por^tare

c^? tho S9/ zlLocrhol in the lücchoi fl%;n: v;a3 kept at a to'&g^r^turo 

ü:? 0 : tc ss ;L;: Teoci by aïe^g of tne hot pl&te in ordor to main­

tain a ratio of about 5 of air to one mol. of 20% alcohol. 

The alo^ol-ai? ^iRture then into the 03trJy;t tuLo filled

.nlt; hip'iy :otivatof aoppe".- :au.;o ohich kept at a te^ora- 

ture of 31C do /.re en 0. y-luc or :r.in\m ic^ 0. 7orty to fifty par- 
4/Jc - ,

want aonveroion of to ucetM tooü y lac a in ûho

cot al vet tube a-; ua: found by /.-rsll'n.in^y ta :to on tbie part of 

t/.i': prcoesc. The react io?'- products then passe- into a larpa 

floe/ .Pun? % : .ont of the ulochol and wat;.r condensed .Pdlo the un- 

uued air n: : r-^orc ; ,ièneé. tr through the be%d oolu^n cooled alth 

.,^t..r ut w.-out 1$' C. In th id coli™ the yçre^tor xwt of the re- 

<mJ,nin " aloabol ^d :vater Cs^ûdcrceù out vlt-i 90:50 o/ tne aortal— 

dohyda. So:ro acct ^Idohydo ^.d tM unused air c?'; into the

r.-ü,g tube leading into tne ..^etaldehyde-ticatio acid solution Jhere 

^-out tjiao the calculated ^nouot of oxygen ;;a-3 addad fro.s the 

oxy .cn cylindor* tho rats bein,, indicated by tne iloa^eter. i be 

ocudsnuat e in the first flass #ao tr^ncier re-.i to tae oeco^-j 

f t nrou\h th;: tube connect in;: the A by oreninp the otopcoos. 

The metaldehyde \vas distilled over by meana of ths hot fis#® 

below the second flask and was condensed into tne liilii^. j-onnel 

of aoeta^hyde-acetic acid eyetem. The purity of the met- 

oldehydo distilled over was controlled by ^atoning tne temperar
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Sure o- the v&po? oo-nln;; over the air-cooled, b&àd ooluym.

The conooAtz&tlo:; of thio aoatio aoi:l aclution used In trie 

æataldshy^ oxi-l^tion r;ao :it ;ibQut Zcÿ %octio sold.

This v;^.4 naoo%:;oary to kce-. the rate of oxidation fa.it onour-j to 

, revaut -m ^aou^iilation of &36 tal'lor'ryde in the otlrrinj ^paratuo, 

-'han i%:an..^ie3o ^oatato nigd tbs catalyst. In the ca-io of 

thi) test in wAiilo?: cobalt acotate ^a;.3 U:%od aoid oono ent rut i on

rej;aiuo\i nearly constrmt without th^ -aaditi^n of e^tra a.cl.1. A 

run tf six hours .&as %wio at trie end of ;hioh the aîAOimt of alco­

hol u.s a i n as detor^inod. Tho a.ci-1 formal was determined by ;üea- 

Murin-, t:m volu;r.c of the aewtio aeid solution hoi'ore 'md after 

euob test iC'.l titratin- oaob ti:.u .-/ith atümdfird. eodiur, hydroxide 

solution. The su^tlty of acctalùehydo unconverted was detai'^ined 

by ail'llnths quantity found absorued in tho .,aec bottles* the 

a%unt loft i%ï the acetic acid solution and the ^ount loft in the 

dilute aloohcl-wat'3% soluticr. T:;e dilute ulcoh.ol-watev solution 

lo^t -vas fractionally dl stilled to ol'taln 23?. alcohol» the j@i;;ht 

of which recovered suk;tracted from the initial weight ueed.



v. oifcir-siiT or

A. The cxidation of athylbacdeno

Tko oRiii&vicn c» ^ith oxygen h,^j beaix oar*-

Ly ü: tka stirrlnj ICC' ta 104^ 0.

v;ithLUt u. sn;i ala% cho affect % of f.:any ew

oJ:->J.y-:;t<i h.^ bean tried. T^ur run A of ^4 !'Duri3 ester. ^er@ ^de. 

The ' oat -ji jnif leant =<ata »ro xiven belo%.

TAZL2 I.

which is an inhibitor. %.vever» the difference in yield per day

CL.t.J.y^t C-ra^:i3 of Graâio aoeto- &r&%s ethyl"
uoed ethylbenzene phenone yielded. benzene evap 

orated.
r OLO 150 3.5 37
10?
acotic anhydrlde ICO 18.0 30

5 /'^3JdG 
K-an^aneae .Leetale 1ÜC 31.0 35

b ^razn3 
ccriu^i oxide 150 o.C 33

Conjarln^ the %results of stephena with those of Table 1, it

eew;a the stirrer did not increase the efficiency of the oxida-

tian without the pire^enoo of a a atalyst very much. Stephens ob*

tainod %.5 ;:r^^ of acetophenone from 50 grama of ethylbenzene

in :hl days. Refer rinjs to Table I, the oxidation 1 n one day with-

out a catalyst was about 1.%^. Stephens obtained a yield of

19^ in %4 days or a yield of les % than 1^; per day. It mi^it ap-

near that the result without a catalyst in Table I waa better

than that of Stephens, but it is reasonable to believe that the

oxidation is ^ore rapid at first due to the absence of water,
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la lare* to assume that the atirrer helped to accelerate

the rate of reaction slightly at least. Co^arieon of the results 

shown in Table I and those of Stephens, in which acet io anhydride 

wae present ^ives a better indication of the efficiency of the 

stirrer. Referring to Table 1, the yield, using acetic anhydride, 

was 18 per day* while Stephens* yield was 36 ÿ for 11 days or 

about 3. 3 ÿ per day. This indicates clearly that the absorption 

of oxygen was facilitated by the stirrer. It appears too, that 

the more reactive the substance is toward oxygen, the more the 
stirrer facilitates the absorption of the oxygen.

Several substances were tried as catalysts for the reaction. 

Manganese acetate was found to act ae an accelerator, giving a 

yield of acetophenone of 20.6 % in 34 hours. This is better than 

in the case of acetic anhydride. Since only about 2 manganese 

acetate was used, it seeae that the effect of the manganese ace­

tate was :;ore that of a true catalyst than that of revving the 

inhibitor, water. Various oxides wore tried as accelerators. 

Ceric oxide showed the beat activity which was little better than 

no catalyst at all. Other acetates than that of manganese were 

tried but with little auooess.
It was found that the results of the oxidation using freshly 

prepared ethylbenzene were not nearly so good as the results ob­

tained by using ethylbenzene which had been allowed to stand for 

several weeks over calcium chloride. The best results were ob­

tained with ethylbenzene that had stood over calcium chloride all 

summer. This indicates quite clearly the inhibitory effect of the 

presence of even small amounts of water*



Com^aTlson of testa mads by treating ethylbenzene with oxygen 

in an ordinary bubbling tube» and iwin^ a centrifugal atirrer under 

cenditiona ^hich were otherwise the ssü%e» shows that the etirrer 

is effective in brin;;in^ the and liquid into ^ood contact more 

rapidly. However» the comparative efficiency of the stirrer la 

y-rcnortionol to the speed of the reaction. Where the rate of re­

action of gaa and liquid is slow» the comparative efficiency of 

the mtirrer is low.



B. The Oxidation of Acetaldehyde using Various Oatalyate.

The tests on the various (substances used as catalysts for the

oxidation of acetaldehyde to acetic acid were run under as nearly 

identical conditions ag possible. There were some losses due to 

leakage of the a^aratua at the bearing* around the stirrer* 

everj thie loss was between 1 and 3 and was quite constant. The 

tests made on the catalysts were mainly of com arative value. The 

results of the tests are given below in Table II, The substances

used as catalyate in the various tests are as follows: 

Test Mo.1, the acetate of cobalt. 

Tent No. 2, the acetate of nickel. 

Test No.3, the acetate of manganese.

Test No.4, the brown acetate of vanadium.

Test No. 5* the acetate of cerium.

Test No. 6, the ^een acetate of vanadium.

Test No.7, the acetates of iron and chromium,.

Test No.8, glacial acetic acid.

by weight 
acetic acid
m,^4» 3

TABLE II.
yield 

0%
% lostoxygen absorption yield 

acetic acidliters per hour

1 V t O;>

93 35 98.0 lo ^.0
15 97.5 L3 1.2

81 8 97.0 1.8 1.2
77 4 97.0 1.8 1.2
70 3 97.0 1.9 1.1
SO 0.5
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TABIE II. ( cant.)

/ by weight oxygen absorption f, yield ÿ yield lost
acetic acid liter e per hour acetic acid 00s
Teat No. 6

S3. 4. G 98.0 3.5 1.5
90 98.0 3 ♦ 0 2.0

' 83 l.G 95.0 3.4 1.6
75 0.4

Test Bo.7

So 3.0 95.0 3.0 2.0

SO 1. 3 95.0 3.5 2,5

85 1.0 24.0 3.8 3.2
cr; 0 5

Tost #0.8

S3 3.0 95.0 3.0 2.0

91 1.0 95. 5 3.0 1.5

84 G.%

The rate of oxidation was found to decrease with the concen­

tration of acetic acid in the solution in every series of tests. 

In the presence of certain catalysts, the decrease in rate of oxi­

dation was not as great for a given decrease in acetic acid concen­

tration, as in the presence of others. The decrease in rate of 

oxidation with the decrease in acetic acid concentration in the 

presence of cobalt, manganese and nickel was very great. On the 

other hand, the decrease in rate of oxidation with decrease in 

acetic acid concentration in the presence of cerium and vanadium 

was not nearly so great. This general decrease in rate of oxi­

dation with decrease in acetic acid concentration seems to agree
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with #ieland*s results.

Ooba].t wag to be the c^oatG.-it ^ooelerator of the oxi- 

(Wion. of aoetaldehyde to acetic aolcL with nickel aeoond. and 

third. The activity of cobalt demonstrated by the 

fact that if all the oxygen was passed into the cobalt acetate 

Molu.û.4.cn tnat coule oo absorbed^ the solution become d^rk brown, 

end the oxygen absorption was a maxi&iu%. But if only a defic­

iency of oxygen was added# for instance, by decreasing the flow 

of oxygen into the stirring e&rzratua, the solution became lighter 

ragidly an.d finally was a light pink, the color of the cobaltous 

ion. This would eee% to indicate that the oxidation is catalysed 

by the presence of the cobalt ion, as shown by a fair amount of 

absorption in the presence of the pink color, and by both the 

cobalt ion and an intermediate oxide us shown by the presence of 

the dark brown color and higher rate of absorption.

The absorption in the presence of aangnneae was not as rapid 

as the absorption in the presence of cobalt, but the game color 

changes were evident, which se$%0 to indicate that manganese acts 

in the same way that cobalt does in the acceleration of the re­

action. The clops of the curve of nickel differs from all the 

other curves, which is no more surprising than, to find that nickel 

works at all as a catalyst for oxidation. No color changea were 

evident in the nickel solution under varying conditions of oxi­

dation.

The activity of cerium and vanadium did not decrease as za» 

pidly with decreasing acid concentrations as the activities of the 

other catalysts. No color changes were evident in the cerium 

solutions. A brown acetate of vanadium was obtained if the solu-

Molu.%25c3%25bb.4.cn
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tion WH# treated with oxygen befcre acotaldehyde added. The 

sol tit ion then brov/n throu^ut iho test. If acetaldehyde

ww* cwkled iL^odi^toly* the solution would stiay ;;rean if an exo@86 

of 'acetaldehyde remained [-resent anü the rate oxidation ./os 

consistently leca thwi the rate of oxidation vf t: e brown solution.

Iron and chromium showed oll^tly better ac%:^itles than ^Laoi%l 

acetic iwid alone. V^louc combinations of ca.tr r- % ) wore tried 

but in no case did any combination show on uctivit- -raster* than 

the meat active one of the ^our. Other substcnees, --wc^ a^ tur- 

)-.entine, xylene, oxides of nitrogen, Fehling solution, and var­

ious insoluble oxides were tried, but either they had little effect, 

or else the effect was too email gown or ad to the complications in­

volved in their use, co that they were not practical as acculera- 

tors for the reaction.

Various nubetancec aero found to have an inhibitive effect. It 

was found that iron decreased the effect of man^urese and cerium. 

Substances dissolved by acetic acid apluBtin# up on the rubber 

stop., er had a poisoning effect upon the catalyet. This woe ro- 

r^edied by covering the atapi er with a layer of latex, letting it 

dry, and then treating with acetic acid. Also care was takes to 

keep the solution from splashing up to the stopper.

Tests on the oxidation of acetaldehyde to acetic acid in the 

presence of the various catalysts were made using air. The gen­

eral shape of the curves were the game. However, the yields of 

acetic acid were slightly lower, and the yield of carbon dioxide 
higher due to acetaldehyde being carried over by the excess air 

and vapor phase oxidation of the aldehyde taking place/ Tests 

made using manganese acetate, and cobalt acetate are typical.
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hour runs

IÎI

Cnt.'^lyst by aei^ht yield of 3' yield acetali
acetic acid acetic add of 00% carried

mundane so Ü3 34.0 5.0 ^1
^,'^3 b v.^ 

i? 11 ^0 93.S 5.0 ^0

W 11 80 93.0 5.5 IB

cobalt 93 9b,0 4,5
« S8 34.5 5.0 IB
« 81 94.0 5.0 IS

The percentage of the acetaldehyde carried

y de

ever decrea&sd

lightly with the decrease in acetic acid concentration, being;

held in solution by the hiffh percentage of water



C. The Bffeat# of Varying Conditions.

The effect of temperature on the rate of reaction wag studied. 

It .vaa found that the optia&ua te^erature under the best condi­

tion* otherwise was about 70^ C. The effect of raising the tear- 

perature on the reaction, increased ths rate of reaction, other 

variables being kept constant, but it also decreased the solubil­

ity of the acetaldehyde in the solution. It increased the amount 

of acetic acid dietilled over, and the percentage of carbon diox­

ide was also inoreeu^ed. "enos the optiaur^ temperature wai deter­

mined by balancing those off ecto.

The best concentration of acetaldehyde was found to be between 

1.5 and 1.75 mold. The rate of reaction was lower for lower con­

centration of acetaldehyde, but higher concentrations of acetalde­

hyde did not increase the rate of reaction, and it use impossible 

to maintain a higher concentration of acetaldehyde under the con­

ditions of temperature and preacure used.

The beet rate of oxygen applied to the solution, was found, to 

be the maximum rate at which the oxygen was totally absorbed. If 

an excess was passed through the solution, acetaldehyde was car­

ried over, and the amount of carbon dioxide increased vary %moh 

by the reaction of the excess oxygen with the ao et aldehyde in the 

vapor phase.

Under the condition used, the maximum rate of stirring pos­

sible was about 5,000 revolutions per minute. It was found that 

when the rate of reaction was slow, the rate of stirring could 

vary from 2,000 to 5,000 revolutions per minute without a notice­

able change in rate of absorption. But when the rate of reaction
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3.^ in tbo o&io of by cobalt, the

rate of ctirrin^ affoct^d ilio r^te cf ^^cT?tici: very ^rreciabl) 

#ben t?io rc,to ox stirria?' v;^; :-#CCr r^Gluticiis per ac la

<r - oase, the rate of <ibgGrptior. inoroased to %5 liters per

^our. In all teats of thts the ^waxi^uc rate of

5*000 revolutions por Minute u#od.
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D& The Continuous Oxidation of Alcohol tc Acetic Acid

Teatu were using cobalt acetate as the catalyst for the 

^col^uanyd.o to acetic acid step one tiæ, and u%ln^ .aan^anese 

acetate ao the catiHyat the second time. The teat was faade for 

Mix The mut successful recuits jeta as follows:

TABbS IV.
1. Teat u#in^ cobalt acetate in SOÿ acetic acid solution.

mla. alcohol % converted ^00% ÿ recovered % alcohol ÿ yiel
need per hour to acid aa (aldehyde unacc. for

0.72 82.1 7.8 27.8 2.3 89.9

2. Toot using man^&::e;40 acetate in 90-^ acetic acid solution.
0.57 5C.0 8.2 38.2 3.4 88.4

The percent yield in calculated on the basis of recovered products, 

These results sho % that, it is possible to oxidize alcohol 

continuously to acetic acid in two steps with a yield of 9C^k 

With the present stage of development of non-corroding metals: the 

necessary equipment for such a process on an industrial scale 

possible.
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vi.

acetate of cobalt to be the i%^t active a3cel-

.rat or for the oxidation of &oot aldehyde to ^oetio add in acetic 

35id solution. It iv^o fouzid tn at aj the content was in- 

craa^aJ, the rate of reaction dooreated until at a ooncentration 

of acetic acid of 60^# the rate of oxidation of acetaldehyde was 

very small.

The acetate of nickel^ contrary to expectation, was an acoel- 

crakor of the oxidatica of acetaldehyde to acetic acid. The ace­

tate of Kian^Gmese resembled cobalt in its effect as a catalyst. 

However, the rate of oxidation was not as hi^h in the presence of 

laan^anese. Two aoctatee of vanadium were used which were of dif­

ferent activity. The acetate of cerium was also found to accel­

erate trie reaction. Two acetates of iron and ohroBdu/a had a very 

sli^îü catalytic activity. The rate of oxidation in ^Laoial ace­

tic acid is lose then the rate of oxidation in the presence of any 

of the catalysts mentioned. Ho combinât ion @ were found which 

better results than single catalysts.

The continuous oxidation of alcohol to acetic acid in two 

steps was found to yield 9G^ of the theoretical amount of acetic 

acid.

Uann;anese acetate and acetic anhydride were found to acceler­

ate the rate of oxidation of ehtylbenaene in the liquid state. 

Hi^i speed stirring in the presence of these oatalyste was found 

to accelerate the rate of oxidation still more. Manganese acetate 

was found to accelerate the rate of oxidation of ethylbenzene 

more than acetic anhydride.
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