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INTRODUCTION

During the course of a series of earlier Mcgter'
Thesis experiments, (1) designed primarily to determine the
effect of variations in the acidity of fhe medium upon the
oxidation of methyl alcohol by-hydrogen oeroxide,'it'Was
noted that the yield of oxidation products obtained ﬁas
invariably greater than the theoretical yleld which should
have been produced’ by the following resctions from the given ”
amounts of hydrogen peroxide. | ’

CHaOH + Hp0p —»  HCHO + 2Hg0
- CHzOH + 2Hg02 —»  HCOOH + 3Hg0
CHzOH + 3Hg0p ., HpCOz + 4H20
‘ 2Hg0p —» 2Hp0 + Op
 That 1is, the yield of reaction products was found to be
uniformly 107-109% of the calculated values in terms of the
a'amounts of hydrogen pe;oxide,nsed.

Since the experimeniﬁl'procedure'was so conducted
that the amount of hydrogen peroxide actually used in the -
reactions was definitely known, the only explanation possible,'
was that simultaneously with the oxidation.reactions

‘jinvolving the hydrogen peroxide, there were other reactions

' 1nvolving the formation of reducing'subatances whose presencef '

had escaped notice. This conclusion found 1ts verification
~1n the discovery that hydrogen was. produced as one of the
" reaction products and could actually be determined quanti-

tatively 1f the reaction were.. conducted in a olosed system.'



Since this unsuspected and unexplained liberation of
hydrogen hadvnot\been recorded in the iiterature, a quanti-
tative study of the reaction with a view to suggesting a
possible;reaction mechanism was 1n1£1ated.

o Since it is lmown that hydrogen is liberated by
the action of hydrogen peroxide upon fermaldehyde in both
acidic and basic solutions, it seemed logicalbto aseume
that the hydrogen produced in the case of methyl aleohol
fesulfed in a reactioﬁ from the intermediate production of
fermaldehyde.as,the first oxidation product. The literature
regarding the quantitetiVe nature.of'this‘reaetion with
»formaldehyde, however, was foﬁnd to be quite eontradictory,
‘making interpretation of the reection with methyl alcohol on
this basis quite impossible. Moreover there might be a
possibiiity df the liberation of hydrogen by the action of
thydrogen peroxide upon formic acid a reaction which has
been little studied. With these facts in mind a thorough

quantitative study of the reactions between hydrogen peroxide
and:- both formic acid and. formaldehyde was deemed essential to
- the- 1nterpretation of the reaction with methyl alcohol.

' These studies led to an extensive consideration of
fhe mechanism of the reaction between hydrogen peroxide and
organic compounds ofesimple"strﬁotﬁre starting with the
simplest coﬁpoﬁnds formic acid, .fofmaldehyde, and methyl
alcohol and then extending to the next members of the homolo-

gous series, namely, acetic acid, acetaldehyde and ethyl



alecohol. The reactions of all of these compounds with .
hydrogen peroxide, with the exception of eth&l alcohol, have .
been apecificélly studied in this reaearéh, and a general
reaction mechanism to explain these reactions has.beén
developed. Owing to a lack of time ethyl alcohol was not
studied. Since, however, the mechanism developed depends
upon the formation of the aldehyde by direct_oiidﬁtion as
the first step in the reaction, this ‘omissic’n is not
paramount . | | A _
In the following dissertation, first there will be
- glven a historical outline of -previous work recorded in the
literature on each of the compounds studied. The compounds
will be discussed in the order in which their reactions were
investigated in the experimental work. The historical 6ut-“
line will be followed by the experimental procedure and the
proposed reaction mechanism as developed from the results

obtained.



HISTORICAL

A., TFormic Acid

Although the literature quite consistently states
_that formic acid is oxidized directly to carbonic acid in
most instances, the conditions under which complete oxi-
dation takes place remain quite vague. Also in no cases
were the reactions conducted in an apparatus designed to
collect the gaseoes products of'the reaction so that hydrogen
could be detected and quanﬁitatively estimated 1f it were
one of the products. | | A

‘KEastle and Loevenhart (2) state that formic acid
is not attacked by pydrogen peroxide at 60° and 80°C.
Sinceea very dilute solution of hydrogen peroxide was used,
any oxidation which did take blece probably remained un-
netieed._ Four years later the same authors (3) state that
formic acid 1s ‘oxidized quite}reedily by hydrogen peroxide
et»100°c., the reaction being catalyzed by the presence of
'platinum. The authors were interested chiefly in measuring
therspeed ef the reaction 1n'¢omparison with the speed of
the oxidation of formaldehyde by the same reagent.

Battelli (4) found that in the presence of liver
and muscle extracts, formic acid was oxidized directly to
:carbonic acid. He assumed that the enzymes in these ex-
tracts catalytically aided in the oxidation.

Dak.tn,(5) while studying the catalytic effect of

'ammonia upon hydrogen. peroxide oxidations in general, found



that the ammonium salt of formic acid was readily oxidized
to carbonate by 3% hydrogen peroxide at room temperature.

More recently, Holden and Hatcher (6) studied
the action of hydrogen peroxide upon formic acld with a view
to determining the reaction rete. Their findings indicaée
the oxidation of formic acid to carbonic acid by a mono-
molecular reaction in which some performic acid 1s produeed.'

All of these references point to the»fact that the
oxidation in acid solution results in the production'of
carbonic acid‘alone, altﬁough the quantitative nature of the
completed reaction was not definitely established. In no
instance was an attempt made to correlate the amount of
hydrogen peroxide used with the yleld of carbonic acid pro-}
duced, through which procedure alone could the reaction be
quantitatively affirmed. In this.connection the results of
Wislicenus (7) are extremély interesting. This 1nvestigatof B
stated that hydrogen peroxide in dilute solution acted as a ’
reducing agent to bring about the production of formic acid
from carbonic acid, a react;on which 1s quite_the reverse /
of the expscted oxidation.. The equation fer this reaction
is as follois: | |

HpOp + HpG03 —»  HCOOH + Og + HgO
Wislicenus explains the reaction as involving the mutual
disoxidatioﬁ of two peroxides (carbOnic acid being the only
carboxyllic acid besides par-acids in which the anions are

of a peroxide nature) and hence no expenditure of energy




should take place. Thus hydrogen peroxide might in the
same reaction mixture function both afr an oxidizing agent
and as a‘reducing agent, a fact which has'oeen definitely
;established in other cases.

. The results of Wislicenus have been verified
recently by Rupp and Schlee (8) who found that in the
presence of iron salts, sodium bicarbonate reacts with
hydrogen peroxide producing formic acid, formaldehyde,
carbon dioxide, and oxygen. These investigators postulate
the following reactions to account for these products:

HpCO3 + Hg0p —» - HCOOH + Op + HpO

2HCOoH —> HCHO + HpCOgz

The concentrations of hydrogen peroxide used both
bvaislicenus, and Rupp and Schlee, were very low, this
‘probably*ecconnting for the fact that the formic acid and
formaldehyde'qere not oxidized back to carbonic acid. It
will be ,no'ﬁed.j:‘hat‘ subsequent results obtained in this
Stndy confirm the fact that hydrogen peroxide in dilute
soiutions functions as & reducing agent.

The literature thus indicates that formic acid
'is oxidized directly to carbonic acid by hydrogen peroxide
but that under eome conditions & reverse reaction may take
:place resulting in the production of formic acid by the

reducing action of hydrogen peroxide upon carbonic acid.



B. Formaldeﬁyde

Although in basic solution the reaction,

2HCHO +'H202 —» 2HCOgH + H2
has been definitely established by numerous 1nvest1gators
and is used as a quantitative method for the determination
of formaldehyde, the reaction occuring in acid media is the
subject of much discussion in the literature.

Kastle and Loevenhart (2) studied the reaction
from the point of view of reaction rate and record that
formaldehyde 1s_ox1d1zed quité readily to formic acid at
100°C., the reaction being accelerated by inorganic acids.

No mention is made of the liberation of hydrogen so 1t 1s
evident that these authors did not realize the true character
of the reaction. Later the same authors (3) studied the
relation between the raté of decomposition and the oxidative
power of hydrogen peroxide upon formaldehyde, but again no |
mention is made of the liberation of hydrogen.

Gedlsow, (9) 1n airect contradiction to the above
report of Kastle and Loevenhart, was unable to isolate any
formic acid resulting from the oxlidation of formaldehyde by
hjdrogen peroxide in elther acid or neutral solution, and
even at low temperatures( ﬁence he assumed that the formal-
dehyde was oxidized directly to carbonic acid with the “
liberation of hydrogen according to the following equatiod:

HCHO + HgO0g — HpoCO3 + Hg
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With concentrations of hydrogen peroxide of 3% and 30% the
same results were obtained.

Again it is surprising to find that the work of
Geisow is strongly refuted by Lyford (10) who states that
formic aocid 1is aiwaye produced as an intermediate product,
along with hydrogen, in the oxidation of formaldehyde by
nydrogen peroxide. Some of the formic acid may then be
fﬁrther Oxidized,to carbonic acid but except for prolonged
action the reaction 3698 no farther than the intermediate
stage. The principle resction, according to Lyford, is

~ 2HCHO + HpOp —p 2HCOgH + Hp,

ﬁhich is followed by the further oxidation of formic acid
to carbonic acid:

2HCOZH + 2H202-—+ 2H2003‘+ 2H50
Since the yield of hydrogen did not correspond to the
theorétical amount from the Geisow equation, Lyford‘postulates
_that some of the hydrogen must be oxidized to water by the
oxygen which is constantly evolﬁed from the decomposition of
hydrogen peroxide. In addition, he states that there seems
to be a direct oxidation reaction,

HCHO + Hp0g —+  HCOgH + H20
The'first two above equatith‘are then combined by Lyford
into an empiricalrone demanding at least twice as much carbon

dioxide as hydrogen. i

| SHCH) + 3Hg0p —» 2002 + Hz+ 4H20

The reéults‘he obtained, however, do not verify this equation.



-11-

Cervello and Pitini,(1l) working chiefly from
the biological standpoint, verify the results obtained by
Geisow. They state that, in the presence of animal ex-
tracts, formaldehyde is oxidized directly td carbonic acid
with no intermediate.production of formic acid.

More recently Bach and Generosov (12) studied
the reaction at 70°C. and fecprd that the reaction is incom-
plete at this temperature in the absence of alkali when the :
molecular ratio of formaldehyde to hydrogéh peroxide 1312:l{.v
The reason given for the incompleteness is that the free
formic acid producad retards the reaction. VVhen an excess
of hydrogen peroxide was used it was found that the ratio
of formic acid to hydrogen produced was not 2:1 as required
by the foilowing equation,

2HCHO + HoOp — 2HCOoH + Hg,
but was about 2.59:1. The authors postulate, therefore,
that the reaction where an excess of hydrogen peroxide is
present proceeds partly according to the above equation and |
partly by the following:

HCHO + Hg02 —» H2C(OH)O. OH-—A-HCOQH + H20.
No mention is made of further ‘oxidation - to carbonic acid.

Wieland and w1ngler (13) investigatedVOnly a
complex formed between fbrmaldehyde and hydrogen peroxide
in dilute solutions. .

Hatcher and Holden (14) found that the reaction

between hydrogen peroxide and formaldehyde at 25°C. and in
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dilute solutions corresponded to the following equation,

2HCHO + H202 — 2HC02H + Ho

Fifty-five percent conversion of formaldehyde to formic
acld was obtained and the authors state that under the con-
ditions of the exéeriments, no oxidation of formic acid to
carbonic would occurs

It is at once evident from the above survey of
the literature that no.definite conclusions can be drawn
as to the éxact quantitétive nature of the reaction between
formaldehyde and hydrqgén peroxide in acid solutions. The
following reactions in summary -have been postulated but the
extent of each has not yet been definitely deterﬁined:

HCHO + HgOp —4 HpCOz + Hp
2HCHO + Hg02 —» 2HCOgH + Ho
HCHO + Hp02 —» HCOgH + H20

This situation calls for further quantitative

‘investigation.
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C. Methyl Alcohol.

The action of hydrogen'peroxide npon nethyll
alcohol has been the subject of very'little.stndy‘end no
attempts have been made to explain the mechanism of the
reaction.

Renard (15) in 1879, while studying the electro-
1ytic oxidation of alcohols, attempted the oxidation of
methyl alcohol with hydrogen percxide, in an effort to de-
termine whether the electrolytic oxidetions‘were comparable
with, and due to, the intermediate formation of hydrogen
peroxide at the anode. Using*varioue concentratione of
hydrogen peroxide up to 10.3 volume in dilute sulphuric acid
solutions he found that in no case was the methyl alcohol
"attacked, even after long standing. Renard thus concluded
that hydrogen peroxide was without action on methyl alcohol.

Blank and Finkenbeiner (16) conducted oxidatione
of formaldehyde by hydrogen peroxide in methyl ‘alcohol
solutions, stating thet the methyl alcohol is not attacked
by hydrogen peroxide at low temperatures. |

An apparently contradictory conclueion as to the'
action of hydrogen peroxide on methyl alcohol 1is found in
the work of Frankforter .and West (17) who state that
methyl alcohol is slowly oxidized to formic acid by _
hydrogen peroxide without the 1iberation of hydrogen, but
give no data concerning this fact." The concentration of

the hydrogen peroxide, and the temperature under which the
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reactions were conducted are also not stated.

Heimrod and Levene (18) studied the action of
hydrogen peroxide on methyl alcochol in basic solution and
‘report that the methyl alcohol is slightly oxidized to
formic acid at room temperatures.by 30% peroxide solution.
The'reaction,‘accordiné to Heimrod and Levene, apparently
oversteps the intermediate formaldehyde state, as in no
case could the presence of forméldehyde be detected. They
further state that in no case was hydrogen giveh off, which
1s 1n agreement with the findings of Frankforter and Vest.
Here aga1n no Qﬁantitative data concerning the nature of
the bxidation is given. ‘

Schmiedel (19) recommends the oxidation of
methyl alecohol to formic acid by hydrogen peroxide as a
quantitative method for the determination of methyl alcohol
in small quantities. In the procedure he dools the alkaline
methyl alcohol solution.to 50°C. "so that no oxidation to
carbon'dio#ide’wili take piace." Successive portions of
dilute hydrogen peroxide solution are added and the yield
of formic acid brodﬁced is determined by the reduction of
mercuric chloride. The data obtained indicate a quantitative
' relationship between the initial amounts of methyl alcohol
used and the yields‘of formic acid obtained,.but only when
very small‘amounts of methyl alcohol are present.

: .Doroshevskii and Bardt (20) found that methyl

alcohol is oxidized to a mixture of formaldehyde and formic



acid by the action of hydrogen peroxide in the presence of
manganous or ferrous salts. Again no data were obtainable
concerning the percent oxidation taking place, or,concerninéA
the conditions imposed, other than the presence of a |
catalyst. |

| It 4is apparent from this péview of . the 11teraturé
pertaining to methyl alcohol that very little work of a
quantitative nature has been done on the problem of its
action with hydrogen peroxide, aﬁa'that no definite con=
clusions can be drawn as to whether any reaction takes place,
- what :_products are formed, or uﬁder what condit.’;dns, if t.he

two compounds react.
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D. Acetic Acid

Passing from compounds contéining one carbon atom
to corresponding compounds containing two carbon atoms,
most of the investigations concerning the action of hydrogen
peroxide ﬁpon acetic acid are related to the intermedlate
formation of acetic acid in the oxidation of some higher
organic compound by hydrogen peroxide. This fact makes a
search of the literéture on the subject not only difficult
but subject to possible unavoidable error. The following
references undoubtedly cover the principle literature
~ relating to the reaction, as obtainable from not only a
perusal of thq literature peftaining directly to acetic acid,
but also to higher compoﬁnds, such as ethyl alecohol,
acetaldehyde, butyric acid and the like, which are likely
to yield acetic acid upon oxidation. Those references
indicating that acetic acild is not attacked by hydrogen
peréxide'are om1tted’Ow1ng to their vagueness and apparent
lack of importance. .

Dakin (21) records that acetic acid, formed
intermediately in the oxidation of butyric acid by hydrogen
peroxide, 15 fﬁrther'oxidized to formic acid, carbon
‘dioxide, and water. The work is chiefly qualitative but
1ndicates the following reaction at 37°C.

CH3COOE + 3Hp02 —» HCOOH + COg + 4HpO

Heimrod and Levine (18) state that acetic acid,

‘formed intermediately in the oxidation of acetaldehyde by
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hydrogen peroxide in alkaline aolutiohs at 0°C. is oxidized
further to formic acid, carbon dioxide, and water, |
apparently by the reaction given in the preceding references.

Knoop and Gehrke, (22) in considering biological
oxidations, found that acetic acid subject to the action of
dilute hydrogen peroxide solutions for’several weeks,
apparently at body temperature, suffered only 2% to 4%
oxidation. The products of oxidation are not given.

Walton and Christiansen (23) obtained acetic acid
upon oxidizing ethyl alcohol with hydrogen peroxide in the
presence of iron salts. The acetic acid is then further
oxidized to carbon dioxide and water. No mention is made
of the presence of formic acld. o |

Perhaps the best work on the réaction~between
acetic acid and hydrogen peroxide has been done by Hatcher -
and Holden (14), They treated acetic acid with 16%' H
hydrogen peroxide at 100°C. and found 5.5%-oxidation took
place in one hour, with production of formic acid as an |
intermediate product. The following reactions giving the
intermediate formation of glycolic, glyoxylice, and formic
acids, together with peracetic, perglycolic, and performic
acid are postulated as. possible mechanisms.

AcOH + HpO2 —» Ac OgH + H20 '
Ac02E — CH2(OH)COgH

CH2(OH)COgH + Hzoz—-'ccng(on)cosn + H20
CH2(OH)COzH —” CHO.COgH + Hg0 |
CHO.COgH + Hglg —> COg + HCOgH + Hg0
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HCOoH + HgOp ——»  HCOgH + HpO

HCOzH —» HpoO + COp

The literature thus indicates that acetic acid is
oxidized quite slawly to carbonic acid, with the intermediate
production of formic ascid. Here also the lack of quanti- A
tative study of the reaction again callsffor further

investigation.
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E. Acetaldehyde

A;tempts to apply reactions anglpgous to those
of formaldeﬁyde and hydrogen»peroxide to the next_membef
of the homologous series, acetaldehyde, have failed in
basic solution owing to the fact.that4ac¢ta1dehyde condenses
to & resin In the presence of strong alkalies, end polymerizes
to aldols in dilute alkalies. In acid and neutral media,
however, acetaldéhyde has been found to berqxidized,‘and in
only one instance has'hydrogen been reported as one of the
products of the reaction. |

Blank and Finkenbeilner (16) obtained some hydrogen
by the action of hydrogen peroxide on acetaldehyde in dilute
basic solutions. No quantitatiie data on the reaction is |
given and the investigators question the quentitative nature
of the reaction. | o

Baeyer and Villiger, (24) jnterested chiefly in
oxonium compound formation, give evidence to the fact ‘that
acetaldehyde forms a diacetaldehyde peroxide hydrate wiﬁh
hydrogen peroxide at room temperature as follows-_ o

2CHzCHO + HpO0g J— (CHsCHO)g.EgOg.

Geisow (9) attempted to carry the analogy of the'ﬁﬂ 
liberation of hydrogen by the action of hydrogen peroxide |

upon formaldehyde in basic solution, to the liberation of o

methane from acetaldehyde under similar conditions. He was -

uneble to obtain any methane and accordingly concluded that
the oxidation of acetaldehyde was a different type of o



reaction. It should here be noted parenthetically as
pertinent to subsequently described experiments of the re-

'search that not onll hydrogen but also methane are products

of the oxidation of acetaldehyde by Z ogen peroxide in

acid media. This discovery has, as will be shown later, d

most important bearing upon the interpretation of the
mechanism of the reaction. 7

Dakin'(21) found acetaldehyde as one of the inter-
mediate products formed in the oxidation of butyric acid by
'hydrogen peroxide. Since formic acid, acetic acid, and
carbonic acld are further oxidation-products he aseumed that
acetaldehyde is oxidized to these acids. No mention of
‘hydrogen'liberatioh 15 ‘made.

| ~ Heimrod and Levene (18) record that acetaldehyde
in alkaline solution of hydrogen peroxide is oxidized with
the formation of acetic ‘acid, formic acid, and carbon |
dioxide, at 0°C. They further state that no formaldehyde
1s produced by the reaction.

Reiner (25) verified the compound formation as
noted by Baeyer and Villiger and in addition postulated
further‘reactions according to'the'eQuationa‘

| 2CHzCHO + HpOp — (CHsCHO)2.3202 ,

(CH3CHO)p.Hg02 + CH3CHO —r (CH3CHO )3 .Hg02

(CH30H0)3.H202 +0p — 3AcOH + HD
fThus the triacetaldehyde peroxide hydrate is oxidized by
free oxygen directly to acetic acid.

Hatcher and Toole (25) found the reaction between
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hydrogen peroxide and acetaldehyde at low temperature to be .
monomolecular, corresponding to the direct oxidation of the
aldehyde to acetic acid accoﬁding to the eqﬁaiion;'

CHzCHO + HpO0p —> CHZCOOH + Hg0 |
At high temperature the acetic acid is fgrther'éttacked 5y
the hydrogen peroxide-and glycelic, glyoxylie, formic, and
carbonic acids are the products as noted 1&~Part‘D relatihg.
to acetic acid. Again no mention is made of the 1iberatiep
of hydrogen or methane. | . | o

The fact that in only one case has the 1iberat10n>
of hydrogen and in no case the liberation of methane by the
action of hydrogen peroxide on acetaldehyde been recorded
clearly shows that the reaction is worthy of further quanti-
tative study, and as noted above, will have =a direct bearingAv

upon the interpretation of the reaction mechanism.



THEORY AND OBJECT OF THE INVESTIGATION‘

The primary dbjects in undertaking‘this investi-
gation were:

(1)‘T9 determine both qualitatively and quantitatively
the several products of oxidation resulting from the action
of hydrdgen peroxide upon: (A) Formic acid; (B) Formaldehyde;
(C) Methyl alcohol; (D) Acetic acid; (E) Acetaldehyde.

(2) To ascertain the quantitative extent to which each
of the peactions postulated to explain the oxidation products,
ogoufs.A |
| (3) Prom the results obtained in (1) and (2), to
formuiate a mechanism to explain the action of hydrogen
"ﬁéroxide upon the compounds 1nvestigg£ed.

Since the oxidation of simple carbon compounds 1is

" the subject of investigation, and since the alcohols are

_the simplest type of;carbon compounds readily susceptible to
oxidation, the action of hydrogen peroxide upon methyl
aloohol would neturally be the first reaction to be studied.
But since the methyl alcohol may yileld oﬁ oxidation
successively, formaldehyde, forﬁiclacid, and carbonic acid,
it was deemed moré advisable to investigate first the action
of hydrogen peroxide upoh formie acid, then upon formaldehyde,

and finally upon methyl alcohol.
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A, Formic Acid

Since formic acid is quite readily oxidized by
comparatively weak oxidizing agents such as mercuric chlbride,
to carbonic acid, 4t would seem that the reaction with |
hydrogen peroxide should be a simple oxidation as fqllows:

HCOgH + HgO0p —» HpCOz+ HoO (a) |
However, formic acid contalns an aldehyde grouping which,
in addition to accounting for its eése of oxidation might
make it susceptible to another parallel reaction, namely,
the liberation of hydrogen as 1is shown by formaldehyde
according to the following equation given in Part II.

2HCHO + H202 —> 2HCOgH + Hp (b)

The corresponding reaction for formic acid would be
 2HCOgH + Hg02 _5 2HpCOz + Ho (c)
It will be shown in Part IV, however, that no hydrogen is

obtained according to reaction (c¢).



B. Formaldehyde

For the action of hydrogen peroxide upon formalde-
hyde the following reactions are possible and all of them
have been postulated, as noted in}Part II, singly and in
various combinations by various investigators, to explain

the reaction mechanism:

HCHO + Hg0p _—» HCOgH + Hg0 (a)
HCHO + Hpo0o —> HoCOz + Hp te)
2HCHO + Hp0p —F  2HCOoH + Hp (v)

In addition, reaction (a) for the oxidation of formic to
carbonic acid by hydrogen peroxide may take place.

With formaldehyde the expected normal oxidation
to formic acid (equation'd) #nd thence to carbohic acia
(equation a) is cémplicated by. the seemihgly pafadoxical
liberation of hydrogen (Equation e).. It would be expected
that with a relatively strong oxidizing agent such as
hydrogen peroxide, any labile hydrogen would be oxidized to
water quite readiij. The liberation of hydrogen woﬁld seem
therefore to indicate simultaneous oxidation-reduction
reaction, thereby.prbving'that the hydrogen peroxide

functions both as gg~bxidizing,and & reducing agent. This

property of hydrogen peroxide has a vital bearing upon the
subsequently proposed mechanism of reaction. That hydrogen
peroxide'may fﬁnétion as a reducing agent has already been
notéd in (&) of Part'II, where hydrogen peroxige has been

shbwh tb'bring about the production of formic acid from
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carbonic acid. This apparently anomalous fact also calls
for an explanation in terms of the proposed reaction mechanism.
Since reaction (b) has béén shown*cdnclﬁsively to
be the only reaction occurring in basic media, it would seem
that this reaction shduia also explain the liberation of
hydrogen in acid media. .However,_1t is ndtéd'in the?litera;
ture that in no case was an equivalent ahonnt of hydfdgen |
liberated corresponding to this reaction, and in several
instances the production of carbonic acid is recorded. This
would indicate the concurience‘df reactions (a) and (b) and
possibly also reactions (d) and (e). It wiil,be shown in the
Experimental Part IV that (b) and (d) aréIQOncurreht fe-

actions, being followed by reaction (a).



- Ce Methyl Alcohol

| From & theoretical standpoint, the oxidation of
mothyl alcohol by hydrogen peroxide should proceed through
the succcas;ve~formaldehyde cnd formic acid intermediate
éfages and give carbonic acid and water as fiﬁal'products.
»If this mechanism is correct, therefore, the reaction should
be accompanied by the liberation of hydrogen from the action
of hydrogen peroxide on the 1ntermediately produced formal-
dehyde. Thus in addition to the reactions already proposed
for formic acid and formaldehyde, it would only be necessary
'to postulate the first reaction, namely, -the production of
fofmgldé'hyde by the first step in the oxidation of methyl
alcohol as follows: | 7 |

CHzOH + HgOg —~ HCHO + 2Hg0 (£)
Sincc the liberation of hydrogen from methyl ‘alcohol has not
been_prcviously recorded, the results»given in Part Iv offer
the first definite proof of the concurrence of the reactions

noted above;
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D. Acetic Acid

The unexpected results'of‘the action of hydrogen
peroxide upon formaldehyde and methyl alcohol virtually led
to an extension of the study to higher members of the
corresponding.homologous series. The question asvto whether
acetaldehydé and ethyl alcohol undergo similar reaéﬁions,<
necessitated first a study of the action occurring between
hydrogen peroxide and acétic acid. The mechanism of the
oxidation. of acetic acid by hydfogen peroxide as prOposed
by Hatcher and Holden (14) seems quite acceptable. They pro-
pose the following steps as given in Part II.

AcOH + HoO2 —» Ac O2H + H20 }

© AcOgH -—» CHgz(OH)CO2H (g)

' CHp(OH)COgH + HgOp —vCHp(OH)COzH + Hp0) (y)
CHg(OH)COzH —> CHO.COgH + Hg0
CHO.COgH + Hg02 —> COg + HCO2H + Hg0 (1)

"HCOgH + H202 " —7THCOgH + HzO (a)
HCOzH —> Hg0 + COg2 . '

The isolation of glycolic and glyoxylic'acidg from this re-
action have never been accomplished so their actual presence
is dOubpfﬁl. Formic acid, howevef, has been definitely 'N
proven to beiprésent. If glyoxylic acid ié aﬁ‘1nﬁermed1atea,
| gémpound, and-irvaldehydes in geherai liberate hydrogen in
the prgsénce of ﬁydrogen peroxide, the reaction also may |
result in the production,bf h&drogen according to the equation
2CHO.CO2H + ﬁgoz — > 2HCOZH + 2C0p + He, | "



which is quite parallel to the formaldehyde reaction (b).
SHCHO + Hg0p >  2HCOgH + Hp (v)

Since no hydrogen was found in the reaction with acetic acid
as will be shown in Part IV and since hydrogen is found to

be }iberated from acetaldehyde under the same conditions,'it'
‘seems probable that no glyoxylic acid is formed. Conclusive
evidence from a difect study of glyoxylic acid alone, however,

' has not been obtained.
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E. Acetaldehyde

Acetaldehyde may be considered to be derived from
formaldehyde by the substitution of a methyl group for one
hydrogen atom as follows: |

Hence acétaldehyde would react with hydrogen peroxide in
conformity with the equation (Jj), - -
2CHZCHO + HgOg —> Hp + 2CHzCO2H (j)
which is parallel to the formaldehyde equation- (b)
2HCHO + Hp0g —» Hg + 2HCOgH (b)

There 1s only one reference in the literature (16)

to the occurrence of reaction (j). It is also conceivable

that methane may be liberated when hydrogen peroxide reacts
with acetaldehyde according to the assumed equation (k), thus

. 0
2CHxC - H + HpOp —v CH4 *+ HCOgH + CH3COZH (k)

There 1is no notation in the literature of the
occurrence of this reaction. »This assumption has been
verified in the Experimental Part IV and the established fact .
that not only hydrogen, bﬁt'also methane is evolved has an
important bearing upon the subsequently proposed reactioh
mechénism. | j , |

In addition to reactions (J) and (k) the normal
oxidation of acetaldehyde to acetic acid acéording to

equation (e) should likewise}take place.



CHsCHO + HpOp —> CHzCOgH + Hg0 (e)
It will be shown subsequently that this latter

reaction predominates.

30~
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EXPERIMENTAL

In practically all of the previous investigatiOna
recorded in the literature involving the use of hydrogen
peroxide as an oxidizing‘agent, no attempt has been made
to correlate quantitetiyely the extent of oxidation, with
the amount of hydrogen.peroxide coneumed. Knowing the |
1nitial quantity of hydrogen peroxide presentAin a given
reaction mixture, and determining the yields of the pro-
ducts of oxidation, it is possible to determine the total
quantity of hydrogen peroxide entering into reaction. This
total quantity of hydrogen peroxde reacting is the 'sum of
several fractions of hydrogen peroxide, each fraction |
functioning to a greater or lesser extent in a corresponding
reaction, in conformity with one or more equations.. Of '
course, a certain fraction of the initial quantity of
hydrogen peroxide undergoes direct decomposition into water
and molecular oxygen according to the well-known equation

2Ho02 —> 2H20 + O2 j (z).

The hydrogen peroxide equivealent to this oxygen, when subs
tracted from the initial quantity of the hydrogen peroxide
gives the‘totel quentity which reacts with tne carbon'
compounds present in the reaction mixture. In most
instances it was thus possible to calculate the quantity of
these separate fractions of the hydrogen-peroxide which'
effected the one or more postulated reactions. '

Accordingly, experimental methods of procedure
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‘were deﬁiéed to agcertain the quantitative yields of each
of the poséible products of reaction, and the fractions of
the quantities of hydrogen peroxide utiiized in effecting
the several reactions postulated.

Throughout the investigation, the hydrogen per-
oxide used was thé so-called "one hundred volume', con-
 §ain1ng thirty percent by weight of hydrogen peroxide.
| This was obtained-free from preservatives of an organic
nature and contained a small amount of sulpﬁuric acid to-
gether with a trace of phosphortc acid as prepared by the
Roéssler-ﬂasslacher Chemical Company, Niagara Falls, New
York, and kindly donated by their president, Dr. H. R.
CarVefh. The total acidity of the peroxide was deterﬁined
by titrétion, using methyl orange as indicator, after
decomposing‘a given amount of‘the peroxide by boiling with
silica. | |

» The iﬁitial quantity of hydrogen peroxide gsed in
each reaction mixturé‘was determined by titration of the
hydrogen peroxide solution with potassium permanganate
according to the standard method (1). It was found that
the hydrogen peroxide must be titrated immediately before
use due to the appreciable decomposition of the peroxide
at room temperaturés. When not in use the peroxide re-
mained quite stable when cooled below 40°F. The amount of
the hydrogen peroxide decomposing according to equation (z)

during the course ofvthe reaction was measured



gasometrically from the volume of oxygen evolved. From
the difference between the amount of hydrogen peroxide
originally used and the amount equivalent to the oxygen
evolved, the hydrogen peroxide actually used in the‘
oxidation reaction would be evident. This will be re-

ferred to subsequently as the active hydrogen peroxide.



A. Formic Acid

1. Procedure

The apparatus consisted of a 250 cc. Pyrek
réaction flask connected through a 30 cm. upright Liebig
condenser to calcium chloride drying tubes and thence to
‘a carbon dioxide absorption U-tube of 28 cm. length arms
filled with granular soda lime. The carbon dioxide
absorption tube was connected in turn to another calcium
chloride safety tube and then to a gas collecting bottle,
where the gases evolved in the reaction could be collected
over water;

| Through fhehtop of the condenser a tube with a
stopcock led into the reaction flask so that a stream of
¥n1£rogen could be passed into the apparatus and displace all
| air before the reaction was started. All connections were
glass sealed with the exception of those between the reaction
»flask-and the condenser, and the two joining the carbon
dioxide absbrption_tube to the apparatus. These were sealed
with extra hard DeKhotinsky cemenﬁ which formed a perfectly
gas tighﬁ joint but still allowed the easy removal of these
parts from the_remainder of the apparétus. No rubber tubing
or rﬁbbervé£Oppers‘ﬁere permissible since both were found to
S L] quite permeable to gases, eSpecially ‘hydrogen.

Kahlbaum's pure formic acid was redistilled and
the'portion of constant boiling point‘100.59c. was selected

»f§r use:in-the following exﬁeriménts. The apparatus described



above was set up in duplicate, care being taken in the
selection of flasks of uniform structure gnd'smOOth-internal
surfaces to prevent as far as possible decomposition of
hydrogen peroxide, which 1s catalyzed by rough surfaces.

The condensers were of the same size and. a uniform stream of
water was circulated through them. One fourth of a mole of
formic acid (1ll.5 grams) was carefully weighed into each'of
thé reaction flasks, then one fourth of a mole of hydrogen
peroxide was added froh a calibrated burette. Enough
sulphuric acid-was‘then introduced into each flask to meke
the total amount, including that initially present in the
hydrogen peroxide, equal 2,16 grams. Distilled water was
added finally, making the total volume of this reaction
mixture equal 125 cc. The flasks were connectéd to the}upé
right condensers and sealed withﬂDeKhotinsky.cement, both
flasks were 1mmersed in the same constant-level water bath.
All air was then swept out of the. apparatus by a- stream of
.nitrOEen. The water bath was then’ heated to boiling.

After heating for five hours, the rqacﬁidn;
apveared to be complete as no more gas was evoived. Five’graﬁsp
of finely divided silica were then added thruugh the nitrogen
delivery tﬁbe and gently blowed 1nto;the.redction flaék by
means’ of a stream of nitrogen. In this manner no gas was
allowed to escape from the apparatus. The silica brought
about the decomposition of any remaining hydrogen peroxide 1n

the reaction flask through the catalytic.aption of the 1gpgq5



surface presented. After remaining in the presence of the
silica for two hours (which time has been shown previously
'to completely decompose all peroxide), (1) the gas in the
apparatus was slowly displaced into the gasometer by means
of nitrogen. It was necessary to pass the nitrogen through
slowly due to the great amount of carbon dioxide remaining
in the flask and ocondenser. The passage of nitrogen was
continued until the tubes had cooled and ample time had been
allowed for sweeping all the gas into the gasometer.

The conténts of the reaction flasks were trans-
ferred to volumetric flasks snd then diluted to 250 cc.

Ten cc. aliquot porfions were titrated with standard alkali,
using phenolphthalein as an indicator. Subtraction of the
apidity corresponding to the sulphuric acid‘present from the
ébtal.acidity thus found in each case, gave the amount of
formic acid remaining at the coﬁpletion of the reaction.

The yield of carbon dioxide, as determined from
the increase in weight of the soda-lime tubes, indicated the
extent of the oxidation of the formic acid to carbonic acid.

Having determined the formic acid remaining
unattaoked,_and that'oxidized-to carbonic acid, the gas
collected during the reaction was analyzed for possible

gaseous'products of the reaction. No hydrogen or carbon

‘monoxide were found to be present, indicating that the sole

reaction between formic acid and hjdrogen peroxide is a

direct oxidation of the formic acid to carbonic acid
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accérding to equation (a) proposed in Part III.
HCOOH + HpOg —> HpoCOz + HoO (a)

If this is correct the yield of carbonic acid
should correspond mole for mole to the amount of hydrogen
peroxide effecfing the oxidation, that is, the active
hydrogen peroxide. The amount of hydrogen peroxide de-"
composing into molecular oxygen and water during the
reaction was then determined from a measure of the oxygen
collected in each case. The percentage of oxygen in the
gas was ascertained by use of‘the standard Hempel gas
analysis apparatus, the oxygen being absorbed.bﬁer phosphor-
ous. From the contraction in volume, the percentage of
oxygen and hence the total volume c§llected was readily
obtained. This volume was reduced to standard conditions
of temperature and pressure, and its hydrogen peroxide
OQuivalent calcﬁlatedf Deducting this amount of hydrogen
peroxide from the 1nifial quantity of hydrogen peroxide

used, gave the amount of active hydrogén peroxide.

2. Data

Table I gives the data obtained from the dupli-

cate runs conducted accordingzto the above procedure.
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3. Conclusions.

Since no hydrogen 1s liberated through the action
of hydrogen peroxide upon formic acid and since carbonic
acid is the only oxidatlon product formed, it is evident
that the reaction can only be expressed by equation (a);

This is verified by the fact that the hydrogen peroxide
 consumed in the oxidation checks, within the limit of  *
experimental error,'w;th the amount of hydrogen peroxide
theoretically necessary to produce the yield of cefbonioi'
acid experimentelly‘obtoined.' Thus the reaction is °
definitely proven to be as followé:; o 7; |

| HCOgH + HgOp — HpCOz + Hg0 © (a)
The question as to whether aﬁy:reduction of the carbonic
acid occurs acoOrding fo.thelequation of.W1slicenus,'

HzCOs + Ho02 ‘-—0 HCOgH + 02 + H20, |
could not be established by -the experimental method em-
ployed. From results subsequently obtalned, however, it “
will be shown that hydrogen peroxide functions as a reducing’
agent only in dilute solutions so it is probable that undere'
the above conditions the reduction of carbonio acid occurs |
'to only a negligible extent. , . |

The fact that formic acid is directly oxidized to -

oarbonic acid serves to simplify the subsequent etudy of the*‘*

action of hydrogen peroxide upon formaldehyde which yieldsl

.formic acid as an intermediate product.‘
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B. Formaldehyde

1. Procedure

Using the apparatus described in (A), the reaction
between hydrogen péroxide and formaldehyde was investigated.
Owing to the difficulty encountered in attempting to obtain
formaldehyde solutions free from formic acid and methyl
alcohol, the formaldehyde was used in the form of Merck's
C.P. trioxymethylene. Since this polymer decomposes
quantitatively into formaldehyde upon heating with dilute
sulphuric acid solutions, this affordéd not only an easy
method of obtaining practically pure formaldehyde but of
introducing into reaction mixtures defiﬁite quantities.

Fpom preliminary runs, it was found that the re-
action between formaldehye and'hydrogen peroxide was
entirely too vigorous at 100°C. to permit the use of the
‘described apparatus. At 60°C., however, the reaction was
found to proceed smoothly and reach completion in
appfoximately five hours. The reactions were consequently
conducted at 60°C., the temperature being controlled by
immersing the reaction flasks up to the neck, in a constant
temperature thermostat. A series of duplicate runs was
then conducted, using one fourth mole of formaldehyde in
each case and‘varying§the quantity of hydrogen peroxide
successively to 1/16, 1/8, 1/4, 1/2, 3/4 and one mole in
the reaction mixture of constant volume, 125 cc. The use

of trioxymethylene made possible the direct weighing of
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the formaldehyde into the reaction flasks. The'hydfogen
peroxide, and sulphuric acid to make 2.16 grams in each |
case, were added as previously described, and the volumes
~ made up to 125 cc. with distilled water.

N f After five hours the reactions in every case
were complete as shown by the ceesation of the liberation
- of gases and aiso by the absence of hydrogen_peroxide in
determinable quantities, in the reaction flasks. The.
contents of the flasks were analyzad for formic acid by
titration of 1ncrease in acidity in the manner described
under Formic Acid ‘(A). Carbonic acid was determined as
before and the gas collected was analyzed for hydrogen,
carbon monoxide and oxygen. In no case was carbon mon-,
oxide found to be present. Oxygen was determined as
before, and hydrogen was determined by’ﬁhe pipette
exolosion method. The liberation of hydrogen indicates
clearly the obcurnence of either or both of: the previoualy. |
noted reactions (b) and (c) of Part III. | ‘

_2HCHO + HgOp -—> 2HCOgH + Hg (b)
HCHO + HgO0g -—rHgCOz + Hg o (e)

The formation of carbonic acid indicates the occurrence
of reaction (e¢), just recorded or (a) noted above, or both
(¢) and (a).
2. Data.
The results obtained from the above series of .

runs are found in Tables IIA to VIIIA, inclusive, covering
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respectively the runs involving 1/186, 1/8, 1/4, 1/2, 3/4
and 1 mole of hydrogen peroxide with 1/4 mole of formaldehyde.
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Formaldehyde

_ Per cent by Per cent by Per cent by
Run  Moles Hp0p Reaction (d) Reaction (d) Reaction (g)
II 1/16 95.23 4,77 0.00
III 1/8 92,38 7 .62 0.46
v 1/4 68433 31.67 23 .76
v 1/2 35.97 64.03 66 .04
VI 3/4 24,09 75.91 87 .04
VII 1 18.62 81.38

- 95.40
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In the above and following tables, the data of
Part A of each table records the molar ylelds of the
several products while the data of Part B glves the pér-
centage yields of the products calculated from the several
equations for the proposed reactions, thus facilitating
comparison of the extents of occurrence of the concurrent
reactions as effected by various concentrations of hydrogen
peroxide. The amounts of hydrogen peroxide rgacting
according to the various equations are separately recorded
and are also totaled in order to account for the total
quantity of hydrogen peroxide in each of the duplicate sets

of runs.
3. Conclusions

It is noted in Table IIA that hydrogen is liberated
from formaldehyde without the production of carbonic acid,
and since no hydrogen is produced by the oxidation of formic
acid to carbonic acid as shown in Experimental Part IV A, the
following equations, noted separately in Part III, represent
the possible reactions occurring along with the decomposition

of hydrogen peroxide into molecular oxygen and water.

2HCHO + Hg02 —» 2HCOgH + H2 (b)
HCHO + HpOp —> HCOgH + H20 ()
HCOoH + HoO02 — H2C03 + H20 (a)

Formic acid may be produced by either reaction (b)
or (d), or both. If reaction (a) is the only one occurring,

there should be formed one mole of hydrogen for every two
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moles of formic acid. Furthermore, only one mole of hydrogen
peroxide should be required for the completed reaction. From
the Tableg ITA to VIIA it is evident, however, that in no
case was this ratio found to exist. In all instances the
ratio>of formic acid to hjdfogen_is seen to be greater thﬁn
two to one, indicating that reaction (d) must also be taking
place. Assuming that reactions (b) and (d) proceed
simultaneously, the extent of the occurrence of reaction (b)
- may be directly calculated from the yield of hydrogen, and
hénce the Quantity of formic acid equivalent to this yield

- of hydrogen, when subtracted from the total yield of formic
acid, glves the quantity of formic acid produced according
to equation (d)'ﬁnd thus indicates the extent of the occur-
rence of reaction (d). The amount of formic acid under-
going_fufthér oxidation to carbonic acid, according to
‘equation (a), is obtained directly from the yield of carbon
-dioxidg.

" Tables IIB to VIIB record the extent of the
vqccurréncgjof reactions (b), (d), and (a) in colums 1, 2,
and 3 respectively. The last column, 8, in each case
indicateg;the'total percentage of the initial amount of
hydrOgeﬁ peroxide used in the reagtion‘mixture, (2 part of

_ which effects oxidation according to (b), (d4), and (a),
while the.rémainder Suffers simple deéomposition into oxygen
and water) accounted for on the basis of these reactions

from the yield of oxidation products obtained.



The data given in Column 8, Tables IIB to VIIB
‘are significant in that they &Lve a check both on the
type of reactions occurring, and also on the accuracy of
the experimental method. It will‘be noted that»within the
limits of expérimentai error, these values agree well,
, practicaily 100 percent, with the initial quantities of
hydrogen peroxide used. This is direct evidence of the
fact that the reactioﬁs postulated arc occuﬁring to the
extent - calculated from the oxidation products.

. Regardleas of the concentration of hydrogen
peroxide used, the results given in ‘Tables. II to VII show
conclusively that reactions (b) and (d) are always con=
current. The data in Tables II-IV moreover, shcw that o
reaction (b) predominates whcn,the molar ratio oflhydrogcn |
peroxide to formaldehyde is less than two to one. Thus
from Table II, where the molar ratio of hydfcgen gcroxide |
to'fbrmaldehyde is one to four, it is seeh»fhatfcver“QS% |
of the formic acid-resuIté from reactioﬁ-(b), while with
increasing concenfrations ‘this reaction falls off
steadily with a corresponding increase in reaction (d)
until in Table VII where the ratio is four to one, ‘the
former reaction (b) proceeds to only 18% while,the(lctter

écction (d) has increasedlfo'az% . Summar§’Table VIII
brings out more. clearly this relationship. Ihic decfease
of reaction (b) with increasing coricentration of peroxide

is shown by the graph,'EIgure 1, in which the~percentage



of the total reaction proceeding in this direction is
plotted against the moles of hydrogen peroxide initially
present. The curve apparéntly approaches asymptotically
a iimiting,value of about 98% at zero concentration and
12% at infinite concentration of hydrogen peroxidé, showing
that the two reactions are always concurrent regardless of
' the concentration.

Concerning the secondary reaction (a), it will
be noted from Table II that no oxidation of formié acid
to carbonic‘abid occurs when the hydrogen peroxide-
formaldehyde molar ratio is one to four. This reaction,
however, does take place'aﬁd increased with increasing
amounts of hydrogen peroxide,:as would be expected, until
the results in Table VII show that over 95% of the formic
acid 1s oxidized to carbonic acid, -

The decomposition of hydrogen peroxide proceeds
of course in all cases, naturally being much more extensive

‘in the more concentrated solutions.
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Reaction Mechanism of the Liberation of Hydrogen

Two possible mechanisms have been postulated to
explain the liberation of hydrogen from formaldehyde by the
action of hydrogen peroxide. Traube (27) considered that
the ﬁethylene group in formaldehyde is not affected by hydrogeh
peroxide. The hydrogen, therefore, must come from the hydrogeﬁ
peroxide or the water. Since, however, hydrogen free oxidizing
agents such as potassium chromate, also set free hydrogen, the
latter must come from the water. Traube's theory postulates
that since no oxidation occurs in the absence of water, the re-
action between the oxidizable substance and the oxidizing agent
takes place so that the former £akes an hydroxyl group and the

latter a hydrogen atom, as follows:

H
HgO : + H

T

The rectangular'enclosure 1s used to indicate the 1ntepmed1afe

HCO OH‘H
HCO + OH|H —> 2H20 + 2HCOgH + H2

formation of a‘molecuiar complex which is formed with the
liveration of hydrogen and is then followed’by‘loss‘of water.
That the H202 is not attacked by nascent hydrogen is explained
by Traube as being due to the production of molecular hydrogen
much more rapidly than the reduction by hydrogen of the
formaldehyde-hydrogen peroxide complex can proceed. This
theory seems to 5e supported by the observations of‘Legler,(zs)
that hexoxymethylene triperoxide (CH20)6 .03 .3H20 reacts with

water to yield formic acid, water, and hydrogen.
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Wieland (29) has proposed a theory in which formal-
dehyde 1is considered to react in the hydrated form. The direct
‘oxidation of formaldehyde by hydrogen peroxide to formic acid
and water would, therefore, be pictured in two steps:

(1) CHgO + HoO —> CHp(OH)2

(2) CHo(OH)g + HpO02—+HCOoH + 2HR0,

To explain the production of hydrogen, part of the aldehyde
hydrate must react with hydrogen peroxide to form a complex
'which then bresks down into formic acid and hydrogen:
(3) 2CHo(OH)p + HpOp —» 2CH(OH)p + Hg0
(4) 2CH(OH)y —> 2HCOQH + Hp
| Traube's theory, proposing the hydrogen as coming
from the water, seems unlikely, for if such is the case there
is no reason why hydrogen should not be produced from every
oxidation reaction in the presence of water, regardless of the
compound undergoing oxidation. It is quite génerally conceded
“thaﬁ'the methyleéne group in formaldehyde is readily sus-
'ceptible to oxidation and other reactions, and since this
group is almost unique to formaldehyde, 1t would seem logical
to account for the unusual reaction, whereby hydrogen is
11berated from this compound to the presence of such a
structure. |
. The dehydrogenation theory of Wieland seems more
iogical but in the interests of simplicity of explanation, it
seems unnecessary to consider fqrmaldehyde as reacting in the

“hydrated form.
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Since both of the hydrogen atoms in formaldehyde
are similar in position, it is possible that either one or
both may be liberated by the action of hydrogen peroxide.
Since the removal of two hydrogen atoms from one molecule of
formaldehyde would result in'the formation of carbon mon-
oxide, snd since carbon monoxide is not one of the _producté'
of the reaction, it is more likely that one atom of hydrogen
must come from each of two molecules of formaldehyde, as
would be indicated by Wieland's theory. If his'méchanism is
correct, however, there 1s no explanation of the féét, as
shown in Table VIII, that with increasing peroxide concen=-
trations, the reaction resulting in the production of
hydrogen peroxide would seem to bring about an‘increasé in
both reactions (2) and (3) as proposed by Wieland. Such a
decrease in the extent of the liberation of hydrogen could
be accounted for, however, on the basis of the following
considerations and proposed mechanism-

(a) Since the extent of reaction (b) is a maximum when
the concentration of hydrogen peroxide 1s a minimdm, and
since hydrogen peroxide 1is a étronger oxidizing agent in
more concentrated solutions, it 1s evident that in the re-
action involving the liberation of hydrdgen, the hydrogen
peroxide does not function as a normal oxidizing agent. -

(b) Hydrogen peroxide is known to be active;cata-
lytically, since, for example, it hastens the hydrolysis of

cane sugar.



(e) derogen may be liberated,froﬁ formaldehyde solutions
by the catalytic action of certainlmetals, and the same scheme
of reaction is found in the completely parallel liberation of
hydrogen and‘thé‘linkage of two~residueé to yileld sodium

‘oxalate, when sodium formate.is'heated;'thus

_0 0
H[C - ONa oxa :

» 0 —> 1_o0 -+.Hg* (o)
Hlc < oNa C = ONa ~

Therefore, it is entirely poasible that the hydrogen peroxide
may function catalytically in bringing about the ‘1iberation
of hydrogen from two molecules of rormaldehyde with the inter-
mediate formation of glyoxal as follows:

H H
. 1 1l
Hl -Cc =0 C =
Hl-C=0 cC=0 A o0
- L 1l
H H

The glyoxal may theh be considered ‘as undergoing what might
be termed a "perhydfoljsia"lreaction with hydrogen peroxide,
HO-OH, comparable to "hydrolysis" with water, H-OH, giving

two molecules of rormic acid,

'H "
1 o 1
c =0 OH - HO -C- = 0
1 + 1 - (n)
C=0 ©H . . HO -C =0
H o ' 1
- H

. That no glyoxal was isolated may be due to the fact that the

[apeed of the perhydrolysis reaction (n) is greater than that .
| of preceding reaction (mJ. |



From the experimental results it is apparent that
hydrogen peroxide functions almost entirely as a normal
oxidizing agent in concentrated solutions, while in dilute
solutions it apperently tends to function both catalytically
and what may be termed "perhydrolytically" according to
equations (m) and (n) respectively. '

Extending the theory, other aldehydes should behave

in an analogous manner. Acetaldehyde for exdmple, should

react as follows:

CHz
Jc=o0 CHz - C =0

— 1+8, ()
S c=0 ' CHz -C =0

CH3

CH3-C = 0 H —_—e o (q)

- 3 - q

e |

CHz-C =0  OH CH3G-OH |

o

There 1is a possibility also of another reaction in this case
in which methane might be split off.

CHz-C = O ' CHz=C = O
H —_ ¥ S
CHgz. ' _ H-C = O + CHa C(r)
~C =0 , _.
H
A Lo
CHz-C = 0 OH 'CHzC "= OH

(8)

3 o+ 1 —_ 20
-C =0 OH HC - OH

The third possibility resulting in the formation of ethane

would necessitate a linkage of carbon atoms which seems

highly improbable. After formulating the mechanism for the
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fofmaidéhyde reaction and extending it to acetaldehyde as
was just noﬁéd;-it was predicted that acetaldehyde on inter-
ac#ioﬁ ﬁitthjdrdgeh péroxide should yield hydrogen or
.methaheﬁdr both. The verification of this prediction - a
:substantiation of thé proposed mechaniém - was effected
through the eiperiﬁen£a1 evidence supporting the occurrence
6f'the séverai reactions (p), (q), (r), and (s), subsequently
‘recorded in experimental Part IV, section (E).

' Having described the action of hydrogen peroxide
upon formic acid. and formaldehyde, the study of its action
-upon‘methyl alcohol naturally follows, sipce_the products of
ox;@ation‘df methyl'glcbholiare sudcessively formaldehyde,

formic acid, and carbonic acid.




-61l-

C. Methyl Alcohol

1. Procedure

The reaction between methyl alcohol and hydrogen
peroxide was found to be almost negligible at 60°C. At
100°C. however, the reaction is of such a rate that it
could be studied in the same manner as the previously
described reactions with formic acid and formaldehyde. It
was necessary to modify the apparatﬁs slightly, however,
due to the fact that methyl formate was produced during the
course of the reaction, and, being very volatile, passed
through the condenser and collected in the soda-lime tubes
thus interfering with carbonic acid determinations, and
also causing a loss of formic acid, one of the products of
the reaction.

This difficulty was overcohe by introducing into
the apparatus, between the condenser and the first calclum
chloride tube, a Millikan wash-bottle containing concen-
trated sulphuric acicd. These wash-bottles trapped the
evolving bubbles of gas in the concentrated sulphuric acid.
The methyl formate was removed almost completely by
hydrolysis yielding methyl alcohol and formic acid. The
latter was decomposed by the sulphuric acid, ylelding
carbon monoxide according to the well known reaction,

HCOgH —3 H20 + CO
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The carbon monoxide thus formed passed on into the gasometer
‘where the quantity was determined by explosion with oxygen,
and subsequent determination of the resulting carbon dioxide
by absorption in sodium hydroxide according to the standard
ges analysis prOCedure.

Due to thé long period necessary for the completion
of the reaction betweén methyl alcohol and hydrogen peroxide
(24 - 48 hours), the DeKhotinsky cement sealing the reaction
flasks to the condenser'would tend to soften and permit
thereby a lqakage of gas from the apparatus. This necessi-
tated the use of long-neck 250 cc.Kjeldahl flasks, instead of
the usual short-neck reaction flasks. The necks of the
Kjeldahl flasks were surrounded by copper cooling coils which
kepf the cement at a temperature below its softening point
and thereby prevented any leakage.

The methyl alcohol used in the investigation was
Merck's "C.P, free from acetone".- It was tested for the
presence of formaldehyde, acetone, and substances reducing
permaﬁganate and only negligible quantities were found to be
l present. Its specific gravity measured at 22°C. was 0.7911.

A séfies of four duplicate runs was conducted
usihg one fourth*mole of methyl alcohol in every case and
varying the amounts.of'hydrogen peroxide from 1/8 to 1/4, 1/2
'and 3/4 moles reépectively, The volumes'in‘each case were
made up to 125 cc. as befofe, but the amount of sulphuric

~acid present was reduced from 2.16 grams, as it was in the
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case of formic acid and formaldehyde, to 0.306 grams. The
latter was done in order to speed up the reaction since it
had been found previously (1) ﬁhat increase in acidity of

the reaction mixture, increased the stébility of the hydrogen
peroxide, and hence prolonged the reaction, as less peroxide
was decomposed into oxygen and water. A |

The time for the completion of the reactions was
24, 36, 42, and 48 hours for the reactions using 1/8, 1/4,
1/2, and 3/4 moles of hydrogen peroxide respectively. '

At the completion of the’feactions, the gas
collected was analyzed for hjdrogen,’oxygén, and carbon mdn-
oxide as described'previouaiy.- The soda-lime'tubes were
weighed,zand the reaction mixture was titrated for formic
aclid as before. The amount of formic acid found in this
manner plus the amount distilling over as methyl formate,
and determined from the amount of carbon monoxidelfound,
gives the total number of moles of formic acid produced
during the reaction which were not further oxidized to car-
bonic acid. The presence of methyl formate in ﬁhe reaction
mixture does not interfere with the formic acid titration
with standard alkalil since the methyl formatg is hydrolyzed
as fast as the alkalil is added if the titration is conducted
slowly. In other words, the methyl formate may be titrated
with alkalies with the same accuracj as formic acid; In
addition the mixture was analyzéd for formaldéhyde by the
Haywood and Smith (3 modification of the Blank and

Finkenbeiner (16) method.
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2. Data

The results of these fouﬁ_determinations are given
in Tables IX to XII respectively. Part A of each table
records the quantity of initial reactants and the ylelds of
the various feaction_products in moles. Colums 1l-4 in
Part;Biéfieach table record the percentage yleld of the re-
action products as calculated on the ﬁasis,of the following

possible reactlons

CHzOH + HpOp —» HCHO + HpO (£)
2HCHO + HpOp —r 2HCOpH + Hp (p)
HCHO + Hg0p — HCOpH + HoO (a)
HCOgH + HpOp —7 HpCOz + Hg0 (a)

Column 1 gives the percentage of the total methyl alcohol
oxidized no farther than the forﬁaldehyde'state according
to equation (f). Column 2 gives the percentage of the total
formaldehyde undergoing reaction with liberation of hydrogen
according to equation (b), and Column 3 records the percentage
of the total formaldehyde directly oxidized to formic acid as
- shdwn 1n.equatioh (d); In Column 4 1is recorded the percentage
'  of thévformic acid that is further oxidized to carbonic acid
according to.aquatién (a).

' Columns 5-9 Part B tabulate»the percentage of the
total hydrogen peroxide, calculated as necessary, on the basis
of the above proposed reactions, to account for the yield of
the various oxidation products. Thus, Colnmn 5 gives the

percéntage of the initial amount of pero;ida necessary to
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account for the total production of formaldehyde during the
course of the experiment, according to equation (f). This
value includes, of course, that formaldehyde which under-
went further reaction as shown by equations (b), (d), and (a).
Column 6 records the percentage of the initial amount of
hydrogen peroxide necessary to account for the total pro-
duction of formic acid and hydrogen according to equation (b).
Column 7, likewise gives the percentage of the initial amount
of hydrogen peroxide necessary to bring about the yield of
formic acid produced in the course of the reaction by
equation (d). Column 8 gives the percent of the initial
hydrogen peroxide required to produce the yield of carbonid
acid obtained, as calculated on the basis of equation (a),
and Column 9 gives the percent of the initial quantity of
hydrogen peroxide decomposing into oxygen and water
accofding to equation (z), i.e. the inactive hydrogen
peroxide.

The last column, ﬁumber 10, Part B, in each case
s a summation of the values given in Columns 5, 6, 7, 8,
and 9, and should, if the reactions postulated are the‘only
ones occurring, equal 100% within the 1limits of experiméntdl

errore.
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Conclusions

The results given in Tables IX-XII verify the
prediction made in Part III (c¢) that the reaction between
metﬁyl alecohol and hydrogen peroxide should result in the
.liberatién-of hydrogen from intermediately produced
formaldehyde, according to reaction (b). The results further
show that the reactions (a), (b), (d), shown to occur when
'hydrogen peroxide reacts with formaldehyde,‘also take place
when hydrogen peroxide reacts with methyl alcohol, the three
reactions being preceded by the direct oxidation of methyl
- aleohol to formaldehyde, equation (f). The ease of oxidation
of formaldehydé'ia shown by the fact that only very small

quantities of the latter remained in the reaction mixture at

 the end of the. reaction.

Reaction (b), it will be noted, decreases in extent
with increase in hydfogen peroxide concentration as in the
case of formaldehyde. It should be noted, however;rtﬁat_

, feaction~(d) always predominates even in the dilute solutions,
. and furthermore the change with concentration is only very
slight'as cpmpared.withfthe,correeponding values for pure
formaldehyde. Thié>différence probably owes its explanation
to the fact that the speed of reaction (f£) is less than that
of any of the other reactions occurring. Thus the concen-
tration of formaldehyde at any given time during the greater
part of the reaction is much less than the concentration of

~ the hydroéan»peroiide, and hence reaction (d) predominates.
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Only toward the end of the reac;ion do the concentrations
of peroxide and formaldehyde approach conditions of
approximate equality, vhere'reactioh (b)}would begin to
predominéte.

Reactions (a) and (z) increase, as would be expected,
with increasing concentrafions of hydrogen peroxide.

Columns 10, Part B, in each case show the close
agreement of the initial smount of hydrogen peroxide with
that calculated en the basis of the pﬁpposed reactions from
the yleld of reaction products. These data indicate con-
clusively that the reactions prbposed take place to the
extent noted in Columns 1-4; Part B of each table. |

Having considered the extent of the ocdurience of
the reactions between formaldahyde and & series dr»thé aimﬁle'
carbon compounds containing one carbon atom - namely, formic
acid, and heth31<a1cohol - the atudy’was;bxténdGQ to acetic '
acid and acetaldehyde with a view to further confirm the

proposed reaction mechanism.
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D. Acetic Acid

1. Procedure

» Using the apparatus as described in the preceding
‘Part C, with the exception thﬁt the Millikan wash-bottle
‘was removed, the action of hydrogen peroxide upon acetic
- acid was studied. The reactioh was found to proceed much
more slowiy than the corresponding reaction with fdrmic
aoid, but was much more rapid and complete than would be
expected of such a stable compouhd as acetic acid. The re~
.action between one fourth mole of acetic acid and one half
mole of hydrogen peroxide in 125 cc. of solution containing

«306 grams of sulphuric acid, was complete after 18 hours
heating in the watér bath at 100°C;

The gas collected was found to contain no hydrogen,

methane, or carbon monoxide. The reaction mixture contained

‘in addition to unaffected acetic acid, formic acid, but no
formaldehyde. The preaence of glycolic acid or glyoxylic
acid couldilikewise not be established. CarbOnic acld was
gqterminbd in the described mahner.

Thé acetié acid and formic acid were determined
tOgether by titration with standard alkali. The formic
,acid was then determined;gravimetrically by the mercuric
ohloride method. In this ‘method, to 10 cc. ‘aliquot portions
‘of the reaction mixture' contained in 250 ce. Erlenmeyer
.flasks were added 40 cc. of a 5% mercuric chloride solution

and 5 grams of sodium acetate. The rlaska were then heatsd



on a boiling water bath for two hours, durihg'which time the
mercuric chloride was quantitatively reduced by the formic
acid, to the insoluble mercurous chlor1§e'a¢cording to thei
equation, | |
'HCOgH + 2HgClp —Y 2HgCl + 2HC1 + CO2,

The mercurous chloride was filtered onto a Gooch crucible
washed with hot water, alcohol and ether and dried at 105°
to constant weight.

2. Data

Table XIII gives the results obtained on duplicate
runs conducted as above, using one_fourth mole of acetie
acid and one half‘mole of hydrogen peroxide. Siﬁcé}only
formic acid end carbonie acid were isolated as reaction pro-
ducts, the hydrogen peroxide equivalents reoorded 1n
Colunns 6 and 7 are based on the following reactione'
respectively. ‘ .

CHzCOgH + 2Hp0p —7 2HCORH + 2H0 - (®)

CHaCOgH + 4HpOp — 2C0z + 6H20 o '(u)‘
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3. Conclus‘ioris’

The results recorded in Table XIII 1ndioate that
acetic acid is oxidized by hydrogen peroxide to carbonic
acid with the intermediate production of formic acid.
Direct evidence that the oxidation prooéeds_through,glycoiic
and glyoxylic 1ntermediate Stages is lacking since neither
of these compounds could be isolated, Tt is entirely prob-
able, however, that these compounds are produced in the
course of the'reaction and arevimmediately oxidized, since
both are readily suaceptible to omidation. , ‘

The stability of the acetic acid tovard oxidation
is shown by Column 5, from which it 1s‘eeen that only
sapproximately 17% of the acetic acid.underwénq oxidation in
the presence of double the molar quantities of hydrogen -
peroxide. ‘

These results are pertinent since they indicate
that acetaldehyde which is studied subsequently should be
oxidized by hydrogen perpxidQAfo some extent beyong;acetic.
acid. | ' " |
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E. Acetaldehyde

1. Procedure

Owing to the difficulty involved in working with
acetaldehyde due to 1ts‘§olat111ty, the polymerized form,
\ paraldehydg, was used in this investigation.' Eastman's
C.P. paraldehyde was redistilled and the portion of constant
boiling point 124°C. was used. Since the paraldehyde is
depolymerized on heating with dilute sulphuriec acid, the
former afforded a convenient method of introducing into the
reaction mixture definité‘ampunts of acetaldehyde in the
‘paraldehyde state, and at the samé time avoiding the
difficulties involved in conducting a reabtion at 100°C.
with the very vpiatilé-acetéldehyde. Even with this pre-
caution 1t was again necessary to modify the apparatus
because small amounté of the acetaldehyde formed during de-
polymerizafion of tﬁe paraldehyde, would collect in the
soda-lime tubes and thereby interfere with the carbonilc acid
detérminatione. The use of a Millikan wash-bottle con-
taining sulphuric dbid as used in the case of methyl alcohol,
was not satisfactory owing to the fact that the acetaldehyde
collecting in the acid was 1mmediate1y polymerized with
subsequent dehyﬂration, apparent carbonization and liberation
of sulphur dioxide. This difficulty was overcome by the
1ntrodue£ion of a éecoﬁd»Millikanvwaah-bdttle coﬁtaining
ethyl alcohol Before the one containing sulphuric acid.
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The alcohol easily removed the acetaldehyde vapors while
the sulphuric acid was efficient in removing any of:the
alcohol carried over by the stream of evolving gesee.

‘Three sets of duplicate runs were conducted using
one fourth of a mole of paraldehyde in each eaae, varying
the quantity of hydrogen peroxide from 1/8 to 1/4, and 1/2
mole in solutions of 125 cc. volume and containing 0.306
grams of sulphuric acid.

The time required for the completed reaction
varied from 18 to 24 hours, which was much greater than
would be expected with 80 easily an oxidizable substance.
At“the completion of the reaction, the reaction mixture
was analyzed for formic qeid and acetic aeid.tOgethervby
titration with standard alkali as in previous cases. The
formic acid was determined by the mercuric chloride method
as before, and the aeidity found thusly to be due to:
formic aold when subtracted from-ﬁhe total acidity, gave
the yield of acetic aoid.-

The yield of gaseous products was snalyzed for
hydrogen, oxygen, methane, and carbon ﬁonoxide. -ﬂo oerbon
monoxide was present but hydrogen, methane, and oxygen
were quantitatively determined. Orfgen wasvdeﬁermined in

the usual manner while the hydrogen and methane was obtained

‘together by explosion and eubsequent removal of the carbon

dioxide thus produced by absorption in sodium hydroxide.

Since no carbon monoxide was present, the decrease in volume
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on absorption in sodium hydroxide gave the percentage of
@éthane in the sample of gas. Two thirds of the value ob-
tained by subtracting twice this percentage of methane from
the.decreaae in volume on explosion gave the percentage of
hydrbgen in a 100 cc. sample. In order to prove that the
compound producing carbon dioxide was methane, the amount
of oxygen consumed in the explosion was calculated from a
determination of the oxygen present before and after explosion.
The amount of oxygen thué'found;cdrreSponded in every case to
within three percent of the calculated value for a mixture of
hydrogen and methane. - | ‘ |
The production of both hydrogen and methane as
products of the action of hydrOgen~peroxide upon acetaldehyde
'was predicted‘through the extenaion of the reaction mechaniem.
(Equations (m) and (n) in the case of formaldehyde, to the
analogous behavior of acetaldehyde (Equations (p), (q), (r),

»and.(s).

2. Data

| The data for the three duplicate runs described in
(1) above 18 found in Tablea XIV, XV, and XVI. Part A of
eachAtable records the‘initial quqntities of hydrogen per-
" ‘oxlde and acetaldéhyde, together with the molar yields of
:jthe various reaction products. -

In Part B of each table, Columns 1=3 1nd1cate the



percentages of the total acetaldehyde reacting according
to the three equations (j), (k), and (1) reapectivély, Thus
Column 1 records the percent of the total acetaldehyde

' undergoing reaction with the liberation of hydrogen as
shown in equation (j). Column 2 gives the percent of the
total acetaldehyde reacting to producé methane according.
to equation (k), while Column 3 records the percentage of
the.total acetaldehyde directly oxidlzed to acétic aéid.as
shown by equation (1). | -

. Colums 4-8, Pert B, tabulate the percentage of
the total hydrogen paroxide calculated as necessary on the
bagis of the propoaed reactionq, to account for the yields
of the varioué prd&uéts; Thua Column 4 indicaies ihb per-.
centage of the initial amount of hydrogen peroxide |
necessary to account for the total extent of reactiqﬁ (j), ’
as measured by the yield of hydrogen. Colum 5 giveslike-
wise the percentage of the initial amount of hydrogen per-
oxide necessary to account for the total extent of reactionz
(x), as measured by the yield of methane . Column 6 ahowa
the percentage of the initial quanﬁity of hydrogen peroxidet 
necessary to bring about the yield or acetic acid produced A-:7
in' the courae of the reaction according to reaotion (l). |
Theae valuea 1nclude, of course, the acetic acid which

ubsequently underwent further reaction according to: re-

actions (t) and (a). 1In Column 7 18 given the percent of |
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the hydrogen peroxide initially used, which would be
necessary to produce the total amount of formic acid formed
during the course of the reaction by equation (t). This
latter value includes likewise the formic acid which was
further oxidized to carbonic acid as shown by equation (a).
Column 8 recbrds the total percentage of the initial
hydrogen peroxide necessary to produqe'the yield of carbonic
acid obtained according to equation (a), while Column 9
gives the percent of the initial quantity of peroxide de-
composing into molecular oxygen and water.

| The last columm, number 10, in each case is a
sunmation of the values given in Columns 4-9, and should
apm oximate 100% if all of the reaction products have been

accounted for.
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Conclusions

The data given in Tables XIVeXVI verify the pre-
diction made in Section B, Part IV, Formaldehyde, that
the action of hydrogen peroxide upon acetaldehyde should
result in the 11bera£10n of both hydrogen and methane, and
indicate that the following mechanism proposed in that
section, 18 correct. The liberation of hydrogen is

pictured as follows:

=0 CH3 .-C =0
U t + Hg (p)
CHz c=o0 CHz-C = 0
CH3C =0 OH vcnsc’g OH (1)
l uli X 20 (q)
CHsC =0 OH CHzC - OH

The summation of equations (p) and (q) gives equation (J)
2CH3CHO + Hg0p — Hp + 2CH3COoH (3)

This reaction 1is perfeétly analogous to the liberation of

 _hydrogenjfrom_formaldehyde (equation b). The catalytic
"action of the hydrogen peroxide brings about a joining of

two molecules of acetaldehyde with a liberation of one
molecule of hydrogen.' Thé diacetyl thus formed undergoes
perhydrolysis as shown in’ equation (p), giving two mole-
cules of acetic acld.

The liberation of methane 13 pictured similarly
with methane splitting out inStead of hydrogen.



CH3C = 0 CH3C = 0O
H —_ /1

CHz HC = 0 + CHa (r)
¢ =0

H

The methyl glyoxal thus formed undergoing per-
hydrolysis into one molecule of acetic acid and one ﬁolecule

of formic acid as follows:
0

CH3 -C = O OH CHzC=OH
/1 + 1 = =0 (s)
HC = 0 OH HC = OH

The summation of equations (r) and (s) gives equation (k)
2CH3CHO + Hg02 —7 CH4 + HCOgH + CHzCO2H (k)
Concurrent with the above reactions is the direct

oxidatlon of acetaldehyde to acetic acid according to
equation (1).
=0 =0

CHzC - H + He02 —Y CH3C - OH (1)

It will be noted in Tables XIV-XVI that reaction (1)
is by far the predominant reaction of the three, nearly 95%
of the total acetaldehyde undergoing this reaction where the
hydrogen peroxide-acetaldehyde molar ratio is 1-2. At this
concentration the extent of reaction (k) is slightly greater
than that of reaction (j).

Increase in the concentration of hydrogen peroxide
produces an increase in the extent of reaction (1) as shown
by Tables XV and XVI. This 1s in conformity with the results
obtained with formaldehyde and methyl alcohol, A4lthough with

acetaldehyde the increase is not so marked. Reaction (k)

decreases markedly with increasing peroxide concentration
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while reaction (j) at first increases as shown in Table XV,
and then falls off as shown in Table XVI.

The further oxidation of acetic acid to formic
acid and carbonlc acid increases as would be expected with
increasing hydrogen peroxide concentrations.

It will be noted from Columns 10 in Tables XV and
XVI that the total hydrogen peroxide accounted for from the
yield of oxidation products is only approximately 88% of
the initial peroxide used. This deviation can only be ex-
plained as being due to the formation of intermediate
products of the reaction whose isolation was not effected
in the experimental procedure employed. This fact, however,
has no effect upon the interpretation of the mechanism of

the reaction for the liberation of hydrogen and methane.
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GENERAL SUMMARY AND CONCLUSIONS

The study of the nature and extent of the action
of hydrogen peroxide upon simple carbon compounds has led
to the postulation of the occurrence of a variety of re-
actions, the equations for which have been verified by the
experimental data, with respect not only to the yields of
the products obtained, but also to the quantities of
hydrogen peroxide participitating in the reactlons. The
general summary, proposed mechanism for reactions, and
conclusions are as follows.

A. Formic acid has been shown to be oxidized
directly to carbonic acid by hydrogen peroxide in slightly
acid solution at 100°C. in conformity with the equation

HCOoH + Hg202 —7 H2C03 + H20 (a)

B. The reaction between formaldehyde and hydrogen
peroxide in slightly acid media at 60° has been studied and
the following reactions have been shown to take place:

2HCHO + Hg0z —7 2HCO2H + Hg (v)
HCHO + Hg02 —>» HCO2H + H20 (d)
HCOgH + HpOp —> HpCOz + Hp0 (a)

Reactions (b) and (d) are concurrent, each being followed

to a greater or lesser extent, depending upon the hydrogen
peroxide concentration, by reaction (a). Reaction (b) has
been found to predominate at low hydrogen peroxide concen-

trations, while reaction (d) predominates where the hydrogen



peroxide concentration is high.

A mechanism has been proposed to explain the
liberation of hydrogen according to reaction (b) on the
basis of the catalytic liberation of one molecule of

hydrogen from two molecules of formaldehyde as follows,

0 2z 0
HC~ H ¢”m
20 S 1%0+H2 (m)

This reaction is followed by a perhydrolysis of the

intermediately formed glyoxal,

0
c=0 OH HC 2 OH
1T HE + 1

cz 2 OH HC Z OH

the speed of the latter reaction (n) being greater than
that of the former (m).

C. The action of hydrogen peroxide on methyl
alcohol in slightly acidic media at 100°C. has been studied

and the following reactions have been shown to be con-

current.
CHzOH + Hg02 =y HCHO + H20 (£)
2HCHO + H202 —> 2HCOgH + H2 (b)
HCHO + Hg02 ——> HCO2H + H20 (a)
HCOgH + HoOp ~—Y HpCO0z+ H20 (a)

The scheme of the reaction has been explained on the same
basis as the reagtions occurring in the case of formalde-
hyde with the addition of reaction (f), the direct oxldation

of methyl alcohol to formaldehyde. Concerning the two



reactions between formaldehyde and hydrogen peroxide, (b)
and (d), (d) has been shown to be the predominant one at
all concentrations of hydrogen peroxide studied. This has
been explained by the fact that reaction (f) proceeds so
slowly in coamparison with the other reactions that the
formaldehyde concentration at any time during the course of
the reaction is very low. Reaction (d) has been shown to
increase with increased concentration of peroxide as in the
case of formeldehyde.

D. The reaction between acetic acid and hydrogen
peroxide im slightly acid aqueous solutions at 100°C. has
been shown to take place very slowly, with the formation
of formic acid and carbonic acid, probably in accordance
with the following equation:

CHzCOoH + 3Hg0g2 —Y HCOgH + COg + 4Hp0
The intermediate production of glycolic and glyoxylic acids
could not be established although it is probable that the
reaction proceeds through these successive stages.

E. With a view toward verifying the mechanism
proposed to explain the liberation of hydrogen fiom formal=-
dehyde, the action of hydrogen peroxide upon acetaldehyde
in slightly acid solution at 100°C. was studied. The
reaction was found to liberate both hydrogen and methane
jin accordance with the proposed mechanism. The following
reactions have been shown to be concurrent, each being

followed to some extent by the oxidation of acetic acid as



shown in preceding part D above.

2CH3CHO + Hg02 —> 2CH3CO2H + H2 (p+q)

2CHZCHO + Hp02 —> CH3COgH + HCO2H + CHs4 (r+s)

CHzCHO + Hg0gp  —> CHzCOgH + HgO (1)
Reaction (1) has been found to be the predominant reaction
jn all cases. Reactions (p+q) and (r+s) decrease in extent
with increase in hydrogen peroxide concentration, reaction
(r+s) being slightly greater in the more dilute solutionms,
while reaction (p+q) 1is more extensive than (r+s) in the
more concentrated solutions of peroxide.

The reaction mechanism proposed to explain the
liberation of hydrogen from formaldehyde by hydrogen per-
oxide has been extended to acetaldehyde analogously to
formaldehyde. The liberation of hydrogen 1is explained as

follows:
CHzC = O CHzC = O
- — } + Hg (p)
C=0 CHzC = O
CHZ
40
CH3C = 0 OH CH3C Z OH
CH3C = 0  OH CHzC = OH

while the liberation of methane is pictures in a similar

manner:
CHS,C =0 CHzC = 0
H _— 1 + iy (r)
CH3,G-= 0 HC =0

H



0
CHsC = 0  OH CHzC - OH

1 ‘:‘_1 — (8)
HC =0 O0H HC =0

These experimental results obtained wlth acetaldehyde con=-
firm the proposed reaction mechanism.

The observations of this study clearly show that
hydrogen peroxide displays some very remarkable properties
which are apparently abnormal, or to say the least, entirely
unexpected. For instance on reaction with formaldehyde, it
not only gives the normally expected reaction, namely direct
oxidation to formic acid (HCHO + H02—HCOgH + H20) but also,
contrary to expectation, yields hydrogen (2HCHO + H202 —
2HCOgH + Hp)

This abnormal behavior has been explained by the
proposed reaction mechanism involving perhydrolysis, but it
should be noted as possibly significant that this latter
reaction finds somewhat of a parallel in the Cannizzaro
reaction with formaldehyde, namely

2HCHO + NaOH —» HCOgNa + CHzOH

wherein one molecule of formaldehyde is oxidized to formic
acid and another molecule of formaldehyde is reduced to
methyl alcohol. In other words when hydrbgen peroxide re-
acts with formaldehyde there is an oxidation product,
formic acid, and a reduction product, hydrogen. Similarly
when formaldehyde reacts with sodium hydroxide, there

results the same oxidation product, formlc acid, but the



reduction product is methyl alcohol. Another research now
in progress in this laboratory dealing with the mechanism
of the Cannizzaro reaction will further emphasize this
parallel.

In further relation to the proposed reaction
mechanism it is of interest to note that it affords a
direct explanation of a similar abnormal action of hydrogen
peroxide in reducing carbonic acid to formic acid with the
liberation of oxygen according to the equation:

HoCOz + H202 —>» HCOgH + Hg0 + Og
The following scheme illustrates the application of the

proposed perhydrolysis mechanism to this reaction:

HO _ OH HO_
=0 + 1 _, C = 0 + H20
HO OH : fo
5O
_0
HO - C =0 —> HC -OH + 0o
H-0-0"7

In fact the perhydrolysis mechanism may serve to
explain the normal oxidizing reactions of hydrogen peroxide.
For example when formaldehyde is oxidized directly to
formic acid, the perhydrolysis may be represented thus,

_ .- H
0=C<g+HO-0H — O0=C - OH + H20

Reactions of this type involving perhydrolysis may very

likely occurgfin photosynthetic processes.
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