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INTRODUCTION

i The research discussed in thils thesis 1s a continu-
 ation of the work started in this laboratory in 1927 on the
7f  aet10n of hydrogen peroxide on simple carbon compounds. The

"ffgfirst work (1), designed to determine the effect of variations

“‘#fﬁin ﬁhe acidity of the medium upon the oxidation of methyl

ﬂ’ ﬂf1cohal with hydrogen peroxide, disclosed some perplexing
ibngmalies. The ylelds of oxidation products which would

i° }ﬁé£aral1y be expected were invariably greater than theoretical

571;&101& calculated from the reactlions known to occur. Since the
':?;axperimental procedure was so conducted that the amount of
~’ ;hwﬁregen peroxide added to the reaction mixture was definitely
  Qihm@wn, the only explanation possible was that simultaneously
‘fﬁffwith the oxidation reaction, involving the active hydrogen

liiygroxide, there were other reactions occurring which involved

'7f”§ﬁ§;fgrmation of reducing substances, whose presence had
;féggépéd notice. This conclusion was verified in the discovery
  '5i£§ﬁét hydrogen was produced as one of the reaction products and
;;fiégﬁld be quantitatively determined.
e This unsuspected and unexplained liberation of

M*Afﬁyﬁregen, which had not been previously recorded in the liter-~

ture, led to a quantitative study of the reactions of methyl
aloohol, formsldehyde, snd formic acid with hydrogen peroxide,
 f,fw th ﬁ view of suggesting a possible reaction mechanism (2),
7ﬂfﬂ Tne products of the reactions were quantitatively determined

.§71n each case, and the percentage quantities of hydrogen
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 peroxide equivalent to the yield of oxidation products calou-

‘uf11 ted from the proposed reactions were found to agree, within

ffﬁheflimits of experimental error, with the quantity of
  f"fh3drogen peroxide used.
| : : The quantitative study was then extended t0 members
  “  éfgthe next higher corresponding serles, namely ethyl aleochol,
’,ﬁ»,/aeetaldehyde, and acetic acid. The ylelds of reaction pro-
Qducts were again found to agree with the theoretical yleld
Z~, 5pa1culated from the one or more postulated equations.
 ": | To account not only for the usual types of oxidation
‘ 7 $§g¢tions effected by hydrogen peroxide, but also for the
: 7 ' ~ if’,;'a?’iiemalous reactions which yield hydrogen from methyl alcohol
'4 f‘fT ‘fand'£orma1dehyde, and hydrogen and methane from acetaldehyde,
| ' ﬁ;fa naw type of reaction mechanism, termed "perhydrolysis", was
 71;pra9osed.
? To illustrate this perhydrolysis mechanism of re-

\'fQ a§£ian, the action of hydrogen peroxide upon formaldehyde

'f?_}ﬁaﬁibé reviewed. It 1s here assumed that hydrogen pefoxide
'15‘ &i8p1ays a type of reaction which may be termed “perhydrolysis",
3ﬂf7that is, a double decomposition reaction involving hydrogen
‘Z;peroxide in preclsely the same manner that hydrolysis is a

& 7@9@@1,@ decomposition reaction involving water. Thus the

' fﬁ@pmal oxldation of formaldehyde to formic acid 1s a per-

V}yais reaction.

0=¢ + —-.o=c< + HpO
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_ To explain the apparently anemalous reaction, namely,
r, f£ﬁ¢ oxidation of formaldehyde to formic acid with the libera-
f §ién bf hydrogen, requires the assumption that hydrogen per-
";,;Q#ide may act éatalytically in the liberation of hydrogen from

formaldehyde. |

=0 CHO

BR0=0 CHO

“i _§é be,f011owed immediately by the perhydrolysis of the
. intermediately formed glyoxal, yielding two molecules of
‘,+u £@?m1c acid

0

H-0C OH "2 0H
| + —_—

H-C OH HC—OH

o

H ]
o O

 *fu;Theae reactions may be summarized in one equation
2 HCHO + HgOgz —Hp + 2 HCOOH.
The proposed mechanism has been confirmed by the

' TQ}¢qnant1tative data obtained in the case of formaldehyde,

: ethyl alcohol, formic acid, acetaldehyde, and acetic acid.
i“afIt 1s the object of this research to extend the quantitative

"‘g;ﬂatudy of the action of hydrogen peroxide on simple carbon

‘ _@m@cunds, to higher carbon compounds, with the view of

 esteblishing the further validity of the reaction mechanism
‘f  termad "perhydrolysis”.
The compounds studied in this investigation include

_glycolic and lactic scid, both of which yleld compounds
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 V,éé££aining the aldehyde radical on treatment with hydrogen
 §ér§xide, and consequently should yield hydrogen as a reactlon
(fptoduct. The general reaction mechanism proposed for the
"iflﬁgidation of simple carbon compounds is in this research ex-
’~ if£6n6ed to glyocolic and lactic acids, and is confirmed by the
’~»~ki§@t1tative data obteined.

- In the followlng dissertation, first there will be
~given a historical outline of previous work recorded in the
‘jiiﬁérature, followed by the experimental procedure and
: Qi§§erpretat1on in terms of the proposed reaction mechanism on

" the basis of the results obtained.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HISTORICAL
A. Glycolic Acid

The mechanism of the oxidation of glycoliec secid

‘{  has attracted the attention of may investigators, notably

7 13in ﬁhe study of biological oxlidation reactions. An expla-

‘22;75nation of the mechanism of the oxidation of acetle acid has

 Dbeen formulated through a study of its possible intermediate

Q,;;§$idation products which no doubt first involves the forma-

 [£19@ of glycolic acid. Many biochemical 1nvestigations have

 been concerned with the intermediste formation of glycollc

.7-‘;&§id in the oxidation of other organic compounds, but the

,f f61low1ng references undoubtedly cover the prineipal litera-

‘fsitura relating to the reaction of hydrogen peroxide upon

j g1yco1ic acid. In no case has a thorough quantitative study
»gag this reactlon beén attempted and in only one instance has
 the formation of hydrogen been recorded.

Fenton and Jones (3) studied the action of hydrogen

7f”jperoxide on glycolic acid at low temperatures snd found in

~L7f }ﬁna absence of ferrous salts that there was little action.

'5g-i,In“ﬁhe presence of ferrous salts there is an instentaneous

h"~ gr9aation,and a quantitative yileld of glyoxylic acid was

btained which was separated and identifled as the phenyl-

drazone. No mention is made of the presence of other pro-

~ duots. However, it is possible that under the conditions of

 ,théiexper1ment glyoxylic acid is the only product, even though

”yf?jzlyaxylic acid is very susceptible to oxidation with hydrogen

'fperoxide.
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Heinrod and Levene (4) found that glyecolic acid was
e xidized in alkaline solution by thirty per ecent peroxide
““ifgolution to formic acid and carbonic acid. Glyoxylic acld
1rffﬁés’also féund, as was determined. They state that no hydrogen
1fifa§eapes, nor was there any oxalic acid formed. They also
 33?#¢gest that glycolic acid may yield formaldéhydé acco}aing to
"féﬁ%hérreaction,
| CH,OH  OH HCHO + HpO
| t | —
o COOH OH COz + HpO
g ‘bﬁi,they do not report lts presence in the products of the
:   7fe;¢tion. It is probeble that if any formaldehyde was formed,
‘fcit would be immediately oxidized to formie acid.
s In en attempt to explain the course of metabolism
7~¢:*gm1ne acids in the body, Dakin ( 5) studied the sction of
‘U ¢hy§rqgen peroxide upon amino acids 1in the presence of traces
'7;féffrerrous sulphate. He states that they are all readily con-
’ ;€§§£éd,at ordinary temperatures into carbon dioxide, ammonis,
3;,,éﬁ&*an aldehyde. From glycocoll, he obtained ammonia,
‘ :; glyexy11c acld, carbon dioxide, formaldehyde, and formle acld.
  .fIt 1s difficult to account for the production of formaldehyde
‘“ <fy1thout the simultansous liberation of hydrogen, and from the

‘aiegy between glycolic acld and glycocoll it is doubtful,

";as will be shown later in this thesis, if any formaldehyde is
1'£ormad.
From the results obtained with glycocoll, Dakin (6)

ﬁfgpplied the same interpretation to the reaction between
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 5§£§60110 acid and hydrogen peroxide. He found that glycolic
 8§1&,1n'the presence of ferrous sulphate gave a small amount
‘i“vgf‘glyoxylie acid, but the main product was formaldehyde,
 ‘¢vhieh’was almost entirely oxidlzed to formlie acid. Here again
"f}ﬁélm@ntion 1s made of the formation of hydrogen, and if
'7 ' ;£§?ma1dehyde is the main product of the reaction, hydrogen
"ffﬁﬁﬁld,certainly be one of the products of the reaction. As
~will be shown later, the production of hydrogen may be
"éécounted for without the intermediate formation of formalde-
"fd h$ae, but conclusive evidence cannot be given at the present
. time.
e Later Dakin (7), in pointing out the course of
: {ezidﬁtion by chemical means, and through the agency of living
fﬂ¢rganisms, states that the oxldation of saturated substances
.‘@Qﬂﬁﬁally consists in replacement of hydrogen by hydroxyl with
   ff§rmation of products which may or may not be isolated. He
€f  §§§ﬂ~adds that glycolic acid in the body is oxidized through

5;ggly9xylic and oxelic acld stages according to the following

L ,hc\Si,&i:’hsmG-
~sone 0 Y
CHp OH ¢ & 67~ oH
| l > —» 200z + HpO
COOH COCH C< OH
S0

o Eakin obtained the evidence of the intermediate formation of
t;uﬁlic acid by finding it present in the urine during

f‘ffﬂﬂuﬁﬁiﬁg experiments. The presence of oxalic acid has not

:   :ll;aé;m,e’sta‘r‘;'lished in this research and although there is no

" ;jd§ubt~ﬁhat‘there is an analogy between chemical oxidation and

: jﬁisgue oxidation, the mechanism in many cases is entirely
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i géifferent.
s Dakin (8) made a further study of the oxidation by
hydréxy fatty aclds by treating their ammonium salts with
 ,w~hy&rogen peroxide. He found that glycolic acid ylelds
'  } §ﬁ$m&fi1Y glyoxylic acid and formaldehyde, and these on
" ?§%§tﬁer oxidation, yieid formic acid which in turn is capable
 of further oxidation to carbon dioxide and water. Here as in
‘ prev1ous investigations, no mention is made of the formation
ff@@fhydrogen which should be formed if formaldehyde is an
 intermediate but which will be shown may be accounted for
_ without the formation of formaldehyde. |
“ ' | Spoehr (9) in an attempt to offer further explanation
f fféfftné action of hydrogen peroxide on sugars in alkaline.
“TLééiﬁﬁian; studied its action upon glycoliec acid in alkaline
  3a§iut1on. He found that at the end of four days, formic acid.
6  §qrbon dloxide, and unchanged glycollic acild were the only
o 3fg#§d“°t3 and each was quantitatively determined. He states
'”*fﬁﬁééfﬁhis proves that glyoxylic acid, which is first formed
ftfji57 ex1dation, glves equal molecular proportions of formic and
“ ;fﬁ§;?bonic acids but no oxalic acid on further oxidation. |
’ 9 §ifh9ngh he mentions no hydrogen as a product of the reaction,
o ﬁggrtial quantitative study of the reaction was made which

kfﬂa £@rs more conclusive evidence of the correctness of his
_ interpretation. Furthermore it shows that biochemical and
_chemical oxidations are not alike if oxalic acid is a product

 of the oxidation of glycolic acid in the animal body.
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spoehr (10) made a further study of the oxidation

5 §ffg1yeo11c acid with hydrogen peroxide in the presence of
'Qf?férrous sulphate. The products were the ssme as in the

‘ i ﬁ §§¢vious investigation, but the carbon dioxide and formic

4;  aéidrwere not formed in equal molecular proportions. The

'f éﬁb@n dioxide was present in much greater amounts, which
 »ffahdﬁ§ the further oxidation of formic acid to carbon dioxide.
“~y“ ﬁQonalie acid or hydrogen were formed.
:  Perhaps the most complete, as well as the most
 ffé§h§1us1ve study of the action of hydrogen peroxide on
‘ ,zgi§cé11e acld has been made by Wieland (11), He assumes that
5}fthévma1n path of the oxidation is through glyoxylic aecid,
‘,;,fﬁgt.at the same time a part may go through formaldehyde, even

gh formaldehyde could not be detected as one of the pro-

STEBRou

;  "@@¢$3. He assumes the formation of formaldehyde to account
'I;féi‘the‘production of hydrogen which he obtalned. He expresses
‘;jtgeiﬁe&ctien in the followling equations, representing hydrogen

w,wfj fg oxide as & hydrogen acceptor.

0=¢C~-0H OH 0=C=0 HOH
I. / + ' —_— +
HeC - OH OH HpC=0 HOH
0=C=-0H
é =(=0H HOH
H-C-0H 4, OH __, | +
N I H-C=0 HOH
H OH '

Lo The glyoxylic aclid is further oxldized to carbon
if f’~f §ioxide and formic acid, while the formaldehyde yields formic
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k'?fféﬁmic‘acid and hydrogen. Thils dehydrogenation theory of
”f}ﬁﬁéiand seems logical but one is led to believe that the pro-
‘ féﬁctien of hydrogen always involves the intermediate formation
a ;¢ffformaldehyde. In the interest of simplieity of explanation,
'1tj$eems unnecessary to assume the formation of formaldehyde,
';~fg§}ﬁ111 be later pointed out in this thesis. Aléo acetaldehyde
 _;§§§&11y gives hydrogen as well as methane on treatment with
S   h&drogen pefoxide, and a simple logical explanation has been
mﬁéfféred by Fry and Payne (2 ) which does not involve the
1ffr@rmat10n of formaldehyde.
s Hatcher and Holden (12) postulate the formation of

"._5glycolic acid as an intermediate in the oxidation of scetlc

_acid but failed to obtain a best for it, waleh may be accounted
'_ £§giby 1ts speed of oxidation. They malntain that the glycolic
' ;‘g¢i& is changed into a peracid which in turn give glyoxyliec
| ,f&éid and ultimately carbon dioxide and water, according to the
’tffallowing reactions,

':"CHg(OH)COOH + HpO0p —— CHg(OH)COzH + Hg0

~ CHp(OH)COzH —— CHOCOOH + Hg0
ﬁ"’  cHOCO0H + HgOg —> €02 + HCOOH + Hg0
HCOOH + HgpOg —— HCOzH + HgO
HCOzH — . H20 + COg

o No glyoxylic acid could be detected, which may also
" be accounted for by its extreme ease of oxidation. Fry and

sayne (2) were also unable to detect glycolic and 81V°XY11°

-$ 1n the 1ntermediate oxidation of aeetie acid alﬁhough
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'_,the ‘above explanatlion 1s probably correct since the formation
‘j‘ef peracids is a common occurrence in the treatment of organic
‘iaaids with hydrogen peroxide.
: In an attempt to substantiate the proposed mechanlism
jof:the oxidation of acetic acid and to clear up the con-
*;ffiiéting opinions of previous ilnvestigatlons, Hatcher and
; ?iifﬁ5iden (13) studied the action of hydrogen peroxide on
M  31§@0110 acid. No formaldehyde or oxalic acid were formed,

! gﬁQr was there any hydrogen in the escaping gases. They state

nﬁtffhe fallure to find hydrogen in the gas 1s sufficlent
;;eéidénce for the absence of formaldehyde. It will be shown in
kTw,thenexperimental part of this thesls that hydrogen is always

|  fana of the products of the reaction which thereby does not

“ATQ tim1nate the formation of formaldehyde as one of the products.
:fﬁgwevsr, the exhausted qualitative tests applied to the re-
i'{é&ﬁion mlxture by these investigators, establishes definitely

  f h&7ff6rmaldehyde is not one of the products of the action of

,gﬁyﬁ?égen peroxide on glycolic acid. In the review of the
 fi;1i£erature given by Hatcher and Holden no mention is made of
;f;f;ﬁha work of Wieland, which no doubt is the most conolusive
  ffup te the present time,
_ , , It 1s evident from the foregoing survey of the
‘“gfliﬁerature that no definite conclusions can be drawn as to
kﬁthe exact quantitative nature of the reaction between glycolie

"fao&d and hydrogen peroxide. The following reactlons in

 , Jsummary have been postulated by previous investigators, but
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'Q§ﬁ§ éxtent pf the occurrence of each has not yet been

;o ﬁié‘i;‘initely determined.

 CHgOHCOOH + HpOp —» CHOCOOH + 2 HgO
~CH20HCOOH - + Hg0p — CHg0 + 2HpO0 + COg
CHpOHCOOH + 2HgO0p — HCOOH + COg + 3Hg0
'CHQOHCOOH + 2Hp0g —— (COOH)s + 3Hg0
'CHgOHGOOH + 3HgOg —» 2002 + 5H20

| 2CHOHCOOH + 3Hp0z ——>2HCOOH + Hp + 2002 + 4Hg0.

i In order to determine the extent of the occurrence
~ of these reactions, further quantitative investigations are

. _necessary.
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B. Lactic Aeld

Although In the animal body the reaction,

V L0
-
CHSGHOHGOOH + 00— GHsG COOH/

 13 assumed to occur, without direct evidence, no final con-

i uaions have been drawn as to the mechanism of the oxidation
’ :7finf§itro with hydrogen peroxide. It is entirely possible for
“:§ la¢tic acid to be oxidized.in the body without assﬁming this

.  vﬂ1n#érmediate formation of pyruwic acld, but rather with the

"  “§ggat10n‘crvacetaldéhyda. Evidence for this intermediate
f}f nﬁ#tion of acetaldehyde in biologlcal processes 1s found in
/w § §h§#werk of,aiﬁger and Frankel (14), who have shown that
""‘taldehgaawmnn administered to phlorhizinized dogs, is con-

 ad to gluoase. It is therefore not necessary to assume

 lL§hat pyruvic acld is an intermediate product in the oxidation

| ”4J;fe®ﬂwersion of lactic acid to glucose 1in biological processes,
' &eas this reaction appear 1in thils research to occur to
; ,; ;any éegzee in witro when lactic acld and hydrogon peroxide
 5 fffi1ateract.

| ‘;  It is reported by Hatcher and Toole (22) that
fguﬁ]jiWwester (18) was the first to study the action of hydrogen

k~le;§E£9xide on lactiec acid. He found that lactic acid was

2};y stable to oxidation by this compound.

| With the aid of ferrous sulphatawét a very low

: mre,?enﬁm and Jones (3) obtained ,t’k’j;ﬁa; Phenylhydrazone
“ﬁ #i¢taéiﬂ}“H$1§9é;fh3vsame,authers have shown that

wuvie acid in ice water 13 immediately attacked by hydrogen
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j#ide in the absence of ferrous salts, it is pbésiblé that
yfﬁvic acid,is:nbt necessarily a normal Qxidatiqn producf of
{5 1§ctie‘acid,w1£hQutrferrous,salts.as cata1ysts.

o Holleman (16) in a study of the action of thirty
’;,fip§f 6eht‘hydrbgen_pérexide/on alpha ketonlc acids, found that

.#ic éeid is conﬁérted guantitatively into acetic acid and
. carbonic acids according to the equation |
RCOCOOH + HOOH ——— RCOOH + COp + Hg0

is observation further confirms the above suggestion that

'#is acid is not necessarily a normal oxldation product of
e action of hydrogen peroxide on lactic. acid. It is

' ;ﬂé¢¢0rding1y preferable in this thesis to base the proposed

shanism of reaction upon the assumption that pyruvic acid

;ﬁbtfneaessarily an;intenmediate oxidation pr@iuot rather

E@@gto‘assume that as fast as it 1s intermediately formed it
8 instantly converted to acetic and carbonic acids.

Dakin (6), in an attempt to follow the course of

tabolism of alanine in biological oxidations, studied the
tién of;hydrOgen peroxide on thls amino acid in the presence

4f:,ﬁ9fffarrous sulphate. The products obtained were acetaldehyde,

:'6éti¢ acid, carbon dioxide, and ammonia, but no pyruvic acid

s found. He represents the reaction as follows

H
| 0 0 ___»CH3G = O + COz + NH3
CHg C - ¢° - OH H |
1 0
- NH2

\'cﬂg,c'p- OH + COp + NHg
Qﬁis shows that hydrogen peroxide oxidizes alpha substituted
8 i&a without the intermediate formation of stable products.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=]l5a

o It is possible that alanine is first converted to
brﬂwlikctic acid with subsequent decomposition by means of hydrogen
. peroxide, for Ringer ‘17) has shown that alanine, on de-
i .’.‘minization,lyieldslactio acid, which is the first reaction
"L i§,ﬁhe oxidation of alanine in the body.
"“’ From the results obtained with alanine and the
| 1~*-   §&§11arity between this compound and lactic.acid, Dakin (8)
Q, iex£anded his studies to the oxidation of lactic acid with
- hydrogen peroxide. With the smmonium sslt of lactic acid,
"k‘f;é;‘ééfﬁldehyde and carbonic acid are the first oxidation products.
;7%§ﬁé acetaldehyde 1s partly oxidlized to acetlic acid, ﬁhich may
f{ffalso“yield/formic acid, and carbonic acid on further oxidation.
«~;%§§§‘r0rmic acid may also be oxidized to carbonic acid. Dakin

‘ ; r§§£hsents the course of the oxidation as follows:

CH3CHOHCOOH + Hglg —— CH@C/H =0 + C0p + 2H0
). 0
- CHzC=0 + HpOg —— CHzC” - OH + HpO
- P ,
CHzC —OH + 2HgOz — 2HCOOH + 2Ho0
e 0
-~ HC"™—OH + Hp0g — COg + 2HgO

The work of Dekin was only qualitative and no mention
;fj\is3mads of any gaseous product except carbon dioxide. However,

N”fyill be shown 1n the Experimental Part IV of thls thesis,

’ ‘{ghave equations probably represent the main course of the
:fggiéétion of lactie acid with hydipgen peroxide. The above
. equations receive further support from the fact that other

7f';§§%§1;1ng agents bring sbout the same rssults.
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 Kolbe (18) found that potassium lactete on electrol-

 ysis gives acetaldehyde and carbon dioxide while it is reported

,‘77°by~Békin‘(8) that Liebig found a similar change was brought

; tfﬁabout by manganese ‘and lead peroxides and sulphuric acid.
‘ Heinrod and Levene (4) obtained formic scid on

‘~;treatment of laetic acid with hydrogen peroxide in alkaline

zfizfaalution. No mention 1s made of the formation of other pro-

 f»,auets, but the formie acid probably results frem the oxidation

;,;ef acetic acid, as pointed out by Dakin,. although it may be

4{*¢rmeé by the direet oxidation of lactic scid as will be
’» ,not1ced later.

The oxidation conversion of lactic acld to glucose

‘“~:}in the enimal body was originally believed to involve

Tf[Q?vic acid as the firat intermediate. The active compound
i ,1g>this conversion is now belleved to be methyl glyoxal, for

~ Dakin (19) pas shown that methyl glyoxel is a product of the

. setion of hydrogen peroxide on lactic scid but pyruvic acid

~ﬁ, f1,5not & product. Therefore the formation of pyruvic acid is

~'!;7 39t necessary to account for the oxidation of lactic acld,

|  i je1ﬁher in the animal body or in vitro.

Effront (20) studied the oxidation of lactic acid
v:;i&s boiling point by hydrogen peroxide and almost a
b _t1tat1ve yleld of acetic acid was ebtainadwaoooraing to
':,f‘hgfﬁollowing equation: | |
. CHgOHOH COOH + 2HpOp —» CHzCOOH + COp + B3HgO
,,;f,ﬂfﬁe acid obtained eantainéd‘a;smail quantity of alecohol and

yde. He expresses the course of the reaction as first
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wwolving a decomposition of lactic acid into ethyl aleohol
_ and carbon dioxide, with the subsequent oxidation of the

 alechol to scetic acid. In his experiments lactic aecid is

‘always present in large excess, which may account for the

“~ :pr6dnct1on.of alcohol. An equallyugood.éxplanation of the

”ﬁ;“ation of ethyl alcohol is by the reduction of acetaldehyde,
_ which mey arise from the direct oxidation of lactic acid, with
 ‘; [h3ﬂrogen peroxide reacting in its known capacity as a reducing
Qgeut, or from intermediately formed pyruvie acid, since

_’_g;Vis acld readily looses carbon dioxide with the formation
‘ff¢$Aaeataldahyde. Conclusive evidence is still lacking for the

'“aqaaireet explanation of the conversion of lactic acld to ethyl

 30;; %ﬁﬁhal by means of hydrogen peroxide.
L Ray (21) has verified the formation of acetaldehyde
;,jQS'the first product of the reaction of hydrogen peroxide with

~.fjiéétie acid. He attempted to formulate a mechaniasm of

'~~gf*§fiéation~of lactic acid by a determination of the rate of

- evolution of carbon dioxide when sodium lactate is treated

Vf' th hydrogen. peroxida, He states that the hyﬂrogen peroxide
':Vaggs through the intermediate formation of organic peroxides,

'7¥whi@hnwill.later“be verified in the Experimental Part IV of

nis thesis. He further found that acetaldehyde is the end

. product of the oxidation of sodium lactate by means of

ogen peroxide in an atmosphere of nitrogen. This differs

-~;;ffr@m all other investigations recorded in the literature.

;]{In the experiments recorded by all other 1nvestigatera, aostie

aid is always one of the. reactian products.
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Hateher.and Toole (22)studied the oxidation of

lactic scid with hydrogen peroxide at 100° Centigrade and

"a} ;£éﬁhd complete oxidation to three molecules of carbon dioxide.
f ;i3@Q$a1dehyde_waa present in very small amounts, and no formic

;;;j¥;5§§ &e¢§1c acids remained at the conclusion of the oxidation.

 Fo mention is made of the liberation of hydrogen or methane.

7§ﬁis possib1e that in the presence of a large excess of
e - hydrogen peroxide, carbon dioxide is the only product. If

'/7;>ﬁhiafis true, an accurate quantitative determinatién of lactic

'7 g¢a$i§ushou1d be posaible through o measure of the carbon
f;diéxide. As far as 1s known to the author, no such quanti-
f f gtat1ve determinations have been attempted.
| :; Bernhauer and Nistler (23), working from the stand-
- point of the oxidation of sugers and thelr intermediate pro-
- duots, found that lactic acid gave acetic snd formic acids

“*f;;ﬁwhéa_treated with hydrogen peroxide in the presence of. caleium

bonate. No mentlon is made of the analysis of the gases,
the gualitative results reported are in accordence with
hose of previous investigators. ‘
T i“  Battie, Smedley and Maclean (84) studled the effect
‘fw;fgef eopper salts on the oxidation of lactic acid with hydrogen
'”“raxide and found that reproducible results could be obtained.
‘ Lronnd that in the presence of a large 6xcess. or hydrogen
_aﬁiﬁo, tn,ens»hnnr's.time,,forty-three.per'eent of the
 ,,~136513 acid was converted to carbon dioxide. In the absence

ifﬁ,éf copper salts only 0.14 per cent was converted. This
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~ ,*Sh£1fms the very early work of Wurster (15) that lactic

‘ 13£¢1a‘is fairly stable to oxidétion:with~hydrogen peroxide in
| #B%ehce of a catalyst.

| | In connection with the action of hydrogen peroxide

,  ,¢§]1§@££¢ acld, the results of the action of ultreviolet

35£ 03 this compound are of interest. Numerous investigators,

‘wﬁgf§iﬁéiﬁding Euler (25), ganassini (26), and Burns (27) have

 investigated this problem. The main products of the sctien
"°?Y ftg1traV1°1°t light on lactic acid are.aeetaldahyde, acetic

V uQ{a_jﬁ§and carbon dioxide. In addition Burns reports a test
-ggfééffermaldehyde\andeanassini found. pyruvic acld, which he

?igﬁgtes does not give acetaldehyde on further decomposition.

_acetaldehyde, as in the case with hydrogen peroxide, arises

;:_qﬁléhe following reaction:

‘ H

e | _H

e n cag,clz-com + 0 —s CHsC=0 + (Op + H0
o

oxidation of lactic acid by means of ultraviolet light

‘”'Jéﬁé;by means of hydrogen peroxlide, yleld similar products,

1d since in both cases the active oxidizing agent 1s a per-

5771¢?ia9“°f acetaldehyde, 1t 1s probable that the mechanism of
’5V?g§efr9agtion in both cases is similar.

Whlle the oxidation of lactic acld by means of

hydrogen peroxide and other oxidizing agents is similar in
 f €ﬁéﬁféoéta1dehyde is one of the first predusts which 13
w";Qéﬁvertad on further oxidetion into acetic acid, a striking

_exception is found in the work of Conant and Longberg (26)
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~~fiﬁfﬁhi¢b they used ceric sulphate as an oxldizing sagent. They
i&féport that lactic acid gives, first, acetaldehyde; and, if
:* the aldehyde is not removed, the final products are glycolic

- aldehyde, glyoxylic acid, formic aeid, and forméldehyde. Ceric

 .§u;§hate pqasesses,the~property of effecting the alpha

 §gt1on of acetaldehyde, which no other oxidizing agent
. effects to so merked a degree.
From the foregoing summary the following reactions

 'f§f6 pertinent.

'CH3CHOHCOOH + Hg0g —— CH3COCOOH + 2Hg0
CH3CHOHCOOH + HgOp — CH3CHO + CO2 + 2H20
CHgCHOHCOOH + 2HpOp ——CH3CO00H + COp + 3Hg0

0
CHzC —OH + 2HpO0g — 2HCOOH + 2H20

//o
HC~—OH + Hg0g —— CO0p + 2HgO

CHzCHOHCOOH + 6HpOp ——3C0p + Hp0

On the occurrence of certain of these reactions,

jiﬁhéwproposed perhydrolysis reaction mechanism will be extended

; }£he'exp1anat1on;of the action of hydrogen peroxide on
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THEORY AND OBJECT OF THE INVESTIGATION

The primary objects in undertaking thies investi-
: ~f,f¢gation were:

(1) To determine both qualitatively and quantitatively

 :fﬁhe several products of oxidation resulting from the action

. ﬁ”ffﬁydrogen peroxide upon: (A) glycolie acid; (B) lactic acid.
, | (2) To determine quantitatively the extent to which each

M: f0ffthe postulated reactions ocours.

e {3) From the results obtained in (1) and (2), to extend

o ,ﬁ;#he peﬁhydrolysis mechanism of reaction to an explanation of
J'“3g gthe action of hydrogen peroxide on glycolic and 1actic aclds.
8ince it has been shown that aldshydes, or compounds

=:,yielding aldéhydes as intermedlate oxidatlon products, evolve
" g hyﬁrogen or methane on treatment with hydrogen peroxide, and

55f;fsinee the simple aldehydes or compounds yielding. these alde-~

jdea,have,been investigated, it would seem desirable to
ﬁﬁﬁd.the 1nvestigaticn‘andwperhydrelysis.reacticn mechanism
 ité;h1gher carbon compounds.

L | - Glycolic acid was chosen because it contalns a

°7~;primary aloohol group and should yleld glyoxylie acid as the

ﬂat oxidation product. The glyoxylic acld, containing an
é@hyde group, would undergo the perhydrolysls mechanism of
ﬁén.to~y1e1d‘hydrogen'as one of the réaetion products.
1  7é1yeé11c,ac1d presents further interest in thet it is probably
’ ;§ﬁe‘first‘pre&uct resulting from the action of hydrogen

fffgeraxide on acetic acid. Therefore a complate mechanism of
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'» ¥ qﬁ@tion may be formulated for acetic acild through a study
"‘T;ﬁf the intermediate products.

. Lactic acid was chosen becemse 1t presents particular
e C:‘iﬁterest in oxidation in the animel body. Furthermore, it is
"'><‘f,g5§gn;ﬁnat,1actic acid 1s fairly unstable glving acetaldehyde

;“fbrmic,acidwon decomposition. It was therefore decided to

U“‘yflactie acld experimentally since it would be expected
" 7t6‘undergo reactions slmilar to acetaldehyde, ylelding hydrogen
_ end methane.

. It will be shown in the Experimental Part IV of

”‘-ﬂﬁﬁié]ﬁhesis that both glycolic and lactic acid give hydrogen

k?élffdﬁftreatment with hydrogen peroxide, and in addition lactle
ffgggid-yields methane.
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A. Glycollc Acld

| S8ince glycolle acld contains a primary aleohol group,
)  ;ﬁe‘f1rst reaction with hydrogen peroxide would yield glyoxylic
ffa¢id according to the equation
. CHpOH COOH + HgOp — CHO COOH + 2Hp0 (a)
Fenton and Jones (3) obtained only glyoxylic acid and
 ,'ﬁherefore assumed (a) as the only reaction taking place. How-
“*,f}ever,‘the low concentration of hydrogen peroxide and the

'i}t’mperature under which their reactions were carried out,

, “]axylain the results obtalned. It does not seem posslible, in
‘ fv1ew of the marked susceptibllity to oxidatlion of the aldehyde

yuiaal, as has been shown, for glyoxylic acld to be a stable

. ,wﬁﬁérmadiate in this oxidation unless the hydrogen peroxide is
;7"pre39nt in extremely small concentrations.
Reaction (a) receives further support from the work

ﬂ,;af Dakin, Spoehr, and especlially that of Hatcher and Holden (13).

In addition to reaction (a) another parallel reaction

‘“3;ﬁﬂh58\been suggested by Dgkin (6) ana wielend (11) whien yields

ormaldehyde, and as the first product, which Wieland repre-
 sents thus:
 0=0-0H OH 0=c=0 HOH

S | + | — + (b)
. HpC-OH OH A HpG=0 HOH

e Evidence of reaction (b) given by Wieland is the
'*,~§reduétien of hydrogén on treatment of glycolio acld with

 fh3d¥ogen peroxide., This is without doubt very good evidence,
“fg;ggg formaldehyde readily ylelds hydrogen with hydrogen

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. =-24-

 p§r6x1ds. An objection to this assumption that formaldehyde
',fi&‘a product is found in the results of the quantitative
: ébudy of the actlon of hydrogen peroxide on formaldehyde by
; Ery and Payne (2). Tnese investigators have shown that the

- magimum amount of hydrogen is obtalned when formaldehyde is

-fﬁ aéént in large excess, and as the concentration of hydrogen
' 7fﬁér6x1de is increased the yield of hydrogen is decreased.
It is not probable that a sufficlent concentration could

w,aqéumulate to aceount for the production of hydrogen.

Furthermore, Hatoher and Holden (13) subjected their
'gféaétian mixtures to exhaustlve qualitative tests for formal-
dehyde. They were unable to detect the presence of this com-

;f;* but did obtain a test for glyoxylic acid. This work of

 fEatdher and Holden has been verified in the Experimental Part
 0£ this thesis, and a reaction mechanism proposed for the
‘fliberation of hydrogen. Reaction (b) is not necessary to
”ﬁie”rrelate the quantitative ylelds of the oxlidation products
f}gbtained.
Sy The glyoxylic acid formed in (a) may underge further
ﬁfé#idation to oxalic seid, as proposed by Dakin, since the
wursa of the oxidation of glyoxylic acid in the body conforms

%”6fﬁhe following equations
CHO COOH + HpOp ——HOOCCOOH + Hp0 (c)

No mention is made of the occurrence of reaction (c)

: fin the literature, nor was oxalic acld detected in any of the

'feactions carried out in this work.
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| : Since oxalice acid is not one of the products, the

5565h9r;possible reaction is one yielding formic and carboniec
 3¢1d:
~ OHC GOOH + HpOg —sHCOOH + COg + Hp0 (a)

Kaféoubt the maln course of the action of hydrogen peroxide

«$55 81yco11c acid is represented by equations (a) and (4),
l éfﬁgiGh combined, give the following equation (e)
| CHoOH COOH + 1HpQp —»3Hg0 + (0g + HCOOH (e)

Concurrently with reaction (e) there occurs a re-

T; fion which results in the liberation of hydrogen. Since
ffélyékylic acid contains an aldehyde group, and previous
n“~7m;wihvéstigations have shown that acetaldehyde as well as

@&méldehyde vield hydrogen on treatment with hydrogen per-

  ]§$£§¢, 1t 1s reasonable to suppose that glyoxylic acid under-
" goes the fellowing reaction

2 OHC COOH + HpOp — »Hp + 2QHCOOH + 2005 (f)

x'“Qf‘iéhﬂis parallel to the reaction of hydrogen peroxide with

" af}brméldehyde.
2 HCHO + Hg0p — Hg + 2 HCOOH.
There 1s only one reference in the literature (11)

“ \?§¢‘the ococurrence of reaction (f). This liberation of

 hydrogen has been verified in the Experimental Part IV, and

he established fact that hydrogen is always evolved has an
fi@g@rﬁant bearing upon the subsequent extension of the theory

‘7E¢éf ?perhydrolys1s" to glycolic aecid. Conclusive evidence of

the occurrence of reaction (f) can only be obtained through a

tudy of glyoxylic acid.
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| Since formic acld is qulte readlly oxidlzed by con-
- Z#ﬁtively weak oxldizing agents, it would seem that the
 ;(&£§¢13 acid produced in reactions (e) and (f) would be wholly
or in part oxidized to carbonic acid as follows:
 HCOOH + THgOp —»2Hz0 + Oz (g)
1 I§Th§s been conclusively proved by Fry and Payne (2) that this
:iiﬁffhé only reactlion occurring when formle acid is treated
‘;~‘w£th hydrogen peroxide in acid solution.
It will be shown in the Experimental Part IV that the
,?Qﬁﬁgeéutive reactions (a), (d), and (g) represent the main
~aoﬁrse of the reaction, with the occurrence of the simultaneous
,  ﬁeactian (f) to a smaller extent. For convenience in reference
 f§é@the experimental part these proposed reactions are here
grouped.
| CHpOHGOOH + HoOp —s CHOCOOH + 2Hg0 (a)
1 - OHCCOOH + HgOp — HCOOH + (O + Hg0 (4)
20HCCOOH + Hg0g —» Hg + SHCOOH + 2C0g (f)

HCOOH + HpO0p —» 2Hg0 + (COg (g)
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B. Lactlie Acld

The study of the oxidation.of lactic acid is of

 v __1n£erest.s1nee it contains a secondary alcecohol group adjacent
y7?ﬁfta &'carbonyl group. It would seem natural to expect to find

“W:Vic acld as the first oxidation product, produced

ggaiding,to the equation:
| CHzCHOH COOH + HpOs — —»CH300 COOH + 2Hg0  (h)
Fenton and Jones (3) obtained pyruvic acid as the

 &ﬁéﬁly product and assumed reaction (h) as the only one

cui?ring, which Dakin (8) has attributed to the presence of
: ﬁ7J f€he catalyst. From the results of other investigators,
’f%*ffinaluding those described in this thesis, reaction (h) probably
'?3~;ﬁeea not occur except in the presence of a catalyst and at a
7   v¢ry low temperature.
,¢~.~‘   | The other possible reaction which has been pointed
- out by Dakin (7), merront (20), Rey (21), ana Hateher and
fT@ole (22) g5 one yielding acetaldehyde and formic acld as

 7f91lows-
~ CHZCHOH COOH —» CHgCHO + HCOOH (1)
 ‘;fﬁﬁge:acetaldehyde.may.undergo further oxidation to acetic aeid
| CHgCHO + HpOp —3CHsCO0H + HpO (3)

Reaction (J) 1s very fast and therefore only a very

‘l*ffll amount of acetaldehyde is present in the solution at any

'?ﬁime., A negligible amount remains at the completion of the

fregej;‘:.qn. Combining equations (i) and (j) gives the
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' QHsCHOH COOH + HpOg — —CH3COOH + HCOOH + Hg0 (k)

Reaction (k) recelves support from the fact that in
g praetically all cases recorded in the literature, acetic acid

‘yffgﬁand formic acid are found to be reaction products.

' Concurrently with reaction (k) there is a reaction

 resulting in the liberation of hydrogen which has not been

' pecorded in the literature but which will be shown in the

"f;Experimental Part IV to occur. Since acetaldehyde readily
" L71}y1a1da hydrogen on treatment with hydrogen peroxlde, a part of

Qfﬁeetaldehyda"formedﬂin (1) may react as follows:

. BCHCHO + HpOp ——Hp + 2CHZCOOH (1)

| In addition to the products formed according to the
  f réa¢t1ons (k) and (1), methane 1s also formed. Since Fry and
1  }Fayne (2) nave shown that acetaldehyde yields methane on
'..5treatment with hydrogen peroxide, the following reaction con-

°‘nrrent with (k) end (1) is also ocourring:

. 2CHzCHO + Hg0g —CHq + HCOOH + CHzCOOH (m)

| Reaction (m) has not been recorded in the literature
“ 15aé'éc6urring when lactic acid is treated with hydrogen per-
ﬂ‘fi;oxide, but, as will be shown in the Experimental Part IV, it
yif*ffdaaﬁ take place.

The acetic acild produced in each of the above re-

"ﬁ;ans may undergo further oxidation to formic acid as follows:
- GH3gCOOH + 2HgOp —»2HCOOH + 2Hg0 ()

c fand>the formie acid is readily and finally oxidized to carbonic
‘ aeid

HCOOH + Hp0, ——2Hg0 + (COp (g)
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The following reactions are accordingly proposed for
'ti}i:h’fe’”action of hydrogen peroxide on lactic acid. The confirm-
 ‘u££ién of their occurrence is described and explalned in the

. Experimentsl Part IV of this thesis.

 CHgCHOH COOH + HpOp —— CHzCOOH + HCOOH + HpO (k)
“y"l{“,’iacascnon COOH + HpOg ——Hp + 2CH3COOH + 2HCOOH (1)
© 2CHECHOH COOH + HpOp — >CHy + CHzCOOH + SHCOOH (m)
CH3COOH  + 4 Hg0g ——2C0g + 6HgO (n)
 HCOOH ~ + HpOp——COg + 2HgO (g)
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EXPERIMENTAL

; In practically all of the previous investigations
;f ﬂP6@@rded'1n the literature preceding the work started in this
1llahoratary in 1929, involving the use of hydrogen peroxide as

'ti{&n @xidizing agent, no attempt has been made to correlate

':—ji-,ffquantitatively the extent of oxidation with the amount of

;Vf?hgaregen peroxide consumed.  Since the determination of the
";gjmachanism of a reaction can only be interpretated on the basis

"‘2, 59  a,quant1tat1ve study of all the products formed and con-

‘iggaméd; methods-have'begn devised by which such determinations
' , ;éa§ be made.
" k Knowling the inltial quantity of hydrogen peroxide
yyifﬁﬁﬁﬁbnt in a given reaction mixture, and determining the
'i ¥ :§ié1ds of the products of oxidation, it is possible to deter-
f‘ffmine the total guantity of hydrogen peroxide entering into the
'kre ation¢ This total quantity of hydrogen peroxide is the sum

 [€¢g several fractions which is equivalent to the products formed,
7 ;£nf¢¢nform1ty wlth one 6r more equations. The initlal quantity
{~f§£;yeroxide taken does not enter totally into reaction with the
Af{fééﬁhbn compound, some undergoing direct decomposition into

T”Sﬁgﬁéﬁér and molecular oxygen according to the well-known equation

2 HgO0g —— 2 Hg0 + 0Og (z)

The hydrogen peroxide equivalent to this oxygen,

‘when subtracted from the 1n1t1a1 quantity<of hydrogen peroxide,
' ‘ves:ﬁhe "aetive hydrogen peroxi&a«or that qnantity Which

,waﬁwith tha earben cempounda praaent 1n the resction
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xture. If e sufficient number of the products of the re-

fjf;”égtian can be quantitatively determined, then it is possible
k?~té}oalculate the quantity of these separate fractions of the
 ',fhydrogen peroxide which effected the one or more postulated

ions, and the sum total of these fractions of hydrogen
éﬁi&e should check the "active" hydrogen peroxide as above
TQ&téfﬁined.

o The hydrogen peroxide used throughout this investi-

"fion was the so-called "one hundred volume" containing

ximately thirty per cent by weight of hydrogen peroxide.
rﬂ);i& Was ocbtalned free from organic preservatives and the

‘*wfpgiﬁﬁtvlot contained a small amount of sulphuric acid as pre-

pared by the Roessler-Hasslacher Chemical Company, Niagara
s, New York, and kindly donated by their President,
7 $§353. R. Carveth. The second lot of hydrogen peroxide used

zdgﬁaaffree from sulphuric acld and was prepared especilally for

research under the supervision of Dr. John Payne and
oga@gated by the above company. The total acldity of the per-
 0$1&@ was determined by titration, using methyl orange as

atar, after decomposing a given amount of the peroxidé
by boiling with silica.

e The initlal quentity of hydrogen peroxide used in

1 reaction mixture was determined by titration with potassium
menganate according to the standard method (1). The

:, f§§f[Qgen,perox1de is titrated immediately before use, due to

;%ﬁé‘appreciablefdecamposition of the peroxide at room
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;ratare. VWhen not in use the peroxide 1is maintained at
yhéﬁerature below 40°F and 18 stable. As a matter of fact
 '} the‘perox1de increases in concentration between successive
 ,rtitrat1ons. The amount of hydrogen peroxlde decomposing

- meeording to equation (z) is measured, gasometrically from

S  5#01nme of oxygen evolved. From the difference between
 ?7}#hé“amount of hydrogen peroxide originally used and the amount
~',”‘aén1valent to the oxygen evolved, the actlve hydrogen peroxide

~ would be evident.
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A. Glycolic Acld

1. Procedure

The apparatus consisted of a 280 cec. Pyrex reaction

'aﬁjszlaak connected through a 30 cm. upright Lieblg condenser to

*Z‘ium chloride drying tubes and thence to a carbon dloxlde

bsorption U-tube of 28 cm. length and filled with Ascarite.
f;ﬁTﬁe earbon dioxide absorption tube was connected in turn to

' fg§£@ﬁ6§her calcium chloride safety tube and then to a gas

ecting bottle, where the gases evolved in the reaction

L _could be collected over saturated sodium chloride solution.

The use of Ascarite for determining the carbon di-

:: idg has a decided advantage over soda lime. In earlier

ﬁf;it wes found that soda lime lost moisture on the con-

 fa1 passage of dry gases through it, and check determina-

‘fli;tiona of carbon dioxide could not be made. The saturated
\ 1ium chloriée solution has the adventage that hydrogen is
¢h less soluble therein than in water.

Through the top of the condenser a tube with a

"‘ﬁﬁagea¢k led into the reaction flask so that & stream of pure

""ﬁrﬁgeﬂ could be passed through the apparatus and displace

J>1ifair before the reaction was started. All connections were
?as.sealedAwith the exception of those between the reaetion
kgand.the condenser, and the two joining the carbon di-
';gxiaegabsorption tube to the apparatus. The connection between

fthe'reaetion flask.and~condenser was sealed wlith extra hard

1Bg;ﬁmot1nsky cement, which formed a perfectly gés tight joint
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§t£11 allowed the easy removal of these parts from the

v . ,emaiz:xder of the apparatus. The carbon dioxlide tubes were
“*fj;aﬁiginally connected to the apparatus by De Khotinsky cement
”Vﬁ_hﬁt‘it was discovered in the early part of this investigation

”;[ﬁhis method of connection did not allow for the easy
ovel of this part so that it could be weighed accurately.
"in gEhei§arb°n dioxide absorption tubes were then provided with
*3,‘ @§p¢nry seals which allowed a more convenient removal and

 'mf}ae§ﬁrate welghling and more accurate determination of the car-

dioxide. No rubber tubing or rubber stoppers were per-

' ,: m;aaib1e since both are known to be permeable to hydrogen.
= Kastman's pure glycolic acld was dried in a

53é tiQ¢ator over phosphorus pentoxide. Samples were then

» §§§& by titration with stendard alkall, using phenol=-

‘ ;}apn£halein as en indicator. The glycolic acid was found to

j~5f§ i§:aet1Gal1y one hundred per cent pure. The above described

l{bi apperatus was set up in duplicate, care being taken

‘f§e s¢1ect10n of flasks of uniform structure and smooth

~ ,f1nt9rnal surface, to prevent as far as possible decomposition

en peroxide, which 1s catalyzed by rough surface’

Qamﬁﬁaaans,were of the ssme size and a uniform stream of

Jﬂﬁériwﬁs,cireulated“through.ﬁhem. The neck of each reaction
V_’wasﬂprovided with a copper coil through whieh water
ﬁiates. This prevented softening of the cement which forms
Qﬁneahionfbetween the flask and condenser, and alsc pre-

vaa§§5ﬁore effective cooling.
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One fourth of a mole of glycolic acid was carefully

: “2;waxg$éa into each reaction flask. Enough sulphuric aeld was
,,_jfghan introduced to make the total amount, including that
 finitia11y present in the hydrogen peroxide, equal 2,16 grams.
;‘ }E‘érogen peroxide was then added from a calibrated burette

i :sufficient gquantity to give the desired concentration.
i#iilled water was then added to make the total volume of
jﬁbevreactien mixture 125 cc. The flasks were fhen connected

‘»3;,,t9 the upright condenser and sealed with De Khotinsky cement;

| ”h‘flaska were immersed in the same conatant level water
‘~¥f §a£h,al1 air was swept out of the apparatus by a stream of
' f; ;§i£r¢gen end the water bath was heated to and maintained at
0 1ing,temperaturewuntil.reactians were completed, as
~?55§§;¢¢gaea by cessation of evolution of gases.
 3' | The water bath was provided with a gas regulating
‘ ffféavice to supply a constant flow of gas to the burners.

'*ﬁ ;Th1s was necessary in order that the bath may be heated to

"' 1fb  ling at a constant rate and thereby obtain a uniform thermal

ffdeenmpositian of the hydrogen peroxide. Earlier runs showed

"chat duplicate sets of runs could not be checked without this

N After heating for five to nine hours, the reaction

o “arad to be complete as no more gas was evolved. Flve
~ grams of finely divided silica were then added through the
Sl regen,delivery tube and gently blown into the reaction rlaak

”Qrgr;_maans of a stream of nitregen. In.ﬁh&s“nmam&r‘ne.gaggyas
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red to emcape from the apparatus. The silica brought

 1 V€gb§a§ the decomposition of any remaining hydrogen peroxide
“ ﬂj‘invthe reaction flask through the catalytic action of the
,‘l_'@1Aége,surface.presented- After remalning ih.ﬁhe pmesénee of
'V~fﬁgﬁﬁu
tely decompose all peroxide (1)), the gas in the apparatus

41ica for two hours (which time has been shown to com-

= ' was slowly displaced into the gasometer by means of nitrogen.
" ‘ﬂhé passage of nitrogen was slow due to the large amount of

f‘féénﬁcn dioxide remaining in the flask and condenser. The

sage of nitrogen was continued until the carbon dioxide
5f£,§é§rption tubes were cooled and ample time had been allowed

 “}§£6?fsweeping.al1,the gas into the gasometer.

et The contents of the reaction flasks were transferred
 to volumtric flasks and then diluted to 250 co. Ten ce.
“f: j§¢ﬁt1ané were titrated with standerd alkali, using phenol-
=;5§$§halein as an indicator. Subtracting the acidity due to

‘~5;”9;§nlphnrie,acid initially present in the peroxide from the
°‘w;§§£§17ac1dity thus found in each case, gave the amount of
 f£:}éika;1 equivalent to unchanged glycolic acid and other acids

"fgf,ipzvaéced in the reaction.

The reaction flask contalned in addition to unchanged
”;yeclic‘acid, formic acid but no glyoxylie or oxalic acid

§d«be detected. The solution gave no test for oxalic acid

 ;& $3$?§ﬂuet1an of dilute potassium permangesnate. No glyoxylie
' ¥]i kaéid was detected by the Hopkins-Cole reaction (29). fhe
esction mixture showed & slight trace of aldehydes with
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”fﬁ@hsin reagent, but no formaldehyde could be qiantitatively
L ~:~,?§§.§;h,émined.
»“ The formic aclid was determined gravimetrically by
"ﬁhe mereuric chloride method (30), In this method, 10 co.

v*f&l'éﬂnt portions of the reaction mixture contained in 250 ce.

'~:;f£r1eameyer flasks, were neutralized with dilute sodium
nydroxide, diluted to 150 cc. and 10 cc. of fifty per cent
'" 3631ﬂm acetate solution added. Two cubic centimeters of

"‘, lﬁjper cent hydrochloric acid were added together with 25 cc.

:yﬂy %wmcuric chloride reagent, prepared by dissolving 100 grams

",,-mereuric chloride and 150 grams sodium chloride in sufficient

5L“ water to make one liter. The flasks were then heated on a

‘,:&i;n@.water bath for two hours, during which time the mer-
Mﬁf@apﬁéidhlcride was quantitatively reduced by the formic acid,
~ ‘t6fthe,inso1uble mercurous chloride according to the equation,

. HCOOH + 2HgClg. — 2HgCl + 2HC1 + (Og.
i The mercurous chloride was filtered onto a Gooch
fféﬁﬁsible,.washed‘with hot water, alcohol and ether and dried
b 105° to constant weight. Subtracting the acidity due to
 ‘f,g §ﬁ§kf0rmicuéc1d and the sulphuric acid from the total acidity
'1‘*f;£ﬁwgﬁah;gase gave the smount of glycolic acid remaining at

. the completion of the reaction.

| The increase in welght of the Ascarite bulbs gave
"'  éfhbfaQaunt of earbonic acid produced.

| ' Having determined the glycolic acid remaining un-

U   f;3attaeked, the amount of formic acid produced and remaining

| Vigjumattackea, and the yield of carbonic acid, the gas collected
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fgfthe reaction was analyzed for possible gaseous pro-
ots of the reaction.

& | | ; The yleld of gaseous products consisted only of
7’!éxygan and hydrogen. The presence of hydrogen indicates the

. ecourrence of reaction (f) noted in Part III. The amount of

frﬁgen peroxlde decoﬁposing into molecular oxygen and water
) iﬁg.the reaction was then determined from a measure of the
_oxygen collected in each case, The percentage of oxygen in

 j1the gas,was ascertained by use of the standard Hempel gas

"‘ }ya1a apparatus, the oxygen belng absorbed over phosphorus.
e }Fﬁémuthe contraction in volume, the percentage of oxygen and
_hence the total volume collected was readily obtained. This

'lamewwas reduced to standard condlitlons of temperature and

‘  12pg§ggure, and its hydrogen peroxide equivalent ealculated.
‘ ‘"Wﬁé§hgt1ng this caleculated amount of hydrogen peroxide from
jﬂfjﬁggaxnitial quantity of hydrogen peroxide used, gave the amount
:“¢;§’ §g§1Ve hydrogen peroxide. The hydrogen was determined by

e ]f;#h$lpipatte explosion method, and the number of moles
‘ifféerresponding to the total hydrogen liberated was calculated.

2. Data

The results obtained in duplicate runs involving

'8_ 1/4, 1/2, 3/4, and one mole of hydrogen peroxide with
P mole of glycollie acid are shown in Table I, which records
"  jlf¢aa;mbles the quantities of reacting substances and the pro-

"ffj{é_fdnctsufOrmed.
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L Table II gives the percentage of hydrogen peroxide
'leQﬁivalant to the products of the reaction as calculated from
4  wth§ several equations for the proposed reactions. The amounts

"ff,fjgfjﬂeraxide reacting according to the various equations are

-,,atqu recorded and also totaled in order to acecount for

the total quantity of hydrogen peroxide used in each of the

. Quplieate sets of runs.
£ Table III records separately the percentage amounts

““glycolie acld reacting according to the various equations

éil‘as the total percentage amount of glycolic acid

" faeQéﬁnbed for.,

Table IV records the percentage ylelds of carbon
#iﬁe equivalent to reactions (g), (4), and (f).
5 Table V records the qualitative tests performed on

. the reaction mixture and the conclusions drawn.
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Table T

MOLAR QUANTITIES OF HYDROGEN PEROXIDE AND
GLYCOLIC ACID USED AND OF PRODUCTS FORMED

Initial Inlitial  HCOOH Hg2003 Ho 02 CH20HCOOH

m  HaOp  CHROHCOOH found found found found found
moles moles moles moles moles moles moles

 0.1250 0.2500 0.0142 0.0267 0.0024 0.0410 0.229
‘1250  .2500  .0l141 .0268 .0023 .0408  .225

. .2600 .2500 .0271 .0566 .0055 .0801 2044
. +2500 .2500 .0246 .05663 + 0047 0799 .2106

.5000 2500 0383 «1000 .0083 .1786 1787
+5000 «2500 0339 .0979 .0087 .1726 1781

.7500 +2500 0374 «153 .0134 +2605 .158
7500 «2500 0363  .154 .0132 «2622 « 156

 Ya  1.0000  .2500  .0399 .194  .0138 .3489  .1270

 ¥b  1.0000 .2500  .0416 .208  .0161 .3447  .1219
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PERCENTAGE QUANTITIES OF HYDROGEN PEROXIDE
USED EQUIVALENT TO YIELDS OF PRODUCTS FORMED

1
% HgOg
‘;used

Eq.(f)
5,759
5.520
6,601
5.640
4,979
5.823
5,369
5.279

4,14
4.83
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Isble II

2 3
% HpOp % HgOp
used used
HCOOH HgCO03
Eg.(e) Eq.(g)
25.44 5.200
25.28 5.040
24,72 5,921
24,80 6.3522
20.40 6.460
10.398 6.398
18,13 7.68
18.40 7 .40
17.88 771
18.56 8+34

-41-

4 5
% HgOg Total %
used HoO0g used
02 EQBSO (f)
Eq.(2) (e)(g)(z)
65,60 102,00
65,28 101.12
64.07 101,31
63.93 100.69
71.44 103.28
69.04 100,06
69.45 100.62
69.90 100,98
69.78 99.51
68,94 100.67



Table III

. %7 258

PERCENTAGE QUANTITIES OF GLYCOLIC ACID USED
EQUIVALENT TO YIELDS OF PRODUCTS FORMED

1
%
... CHpOHCOOH
. BRum used
il Egn. (f)
1.920
1.841
inte 4.400
I 34760
IIIa 6.640
ITip 6.960
 Ive 10.72
IVb 10.56
. va 11,04

2

%
CHoOHCOOH

- ugsed

HCOOH
Eqn. (e)

6.360
6.322

12.36
12,40

20.40
19.40

27.20
27 .60

35.76
37.12

3

%
CHoOHCOOH
used
Unchanged
CH20HCOOH

91.60
90.01

81.75
84.24

71.48
71l.24

63.22
62.44

50.81
48,75

4
Total %
CHgOHCOOH

used
Eqns. (f)
and (e).

99.88
98,17

98.51
100,40

98.52
97.60

101.14
100.60

97.61
98.75
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Table IV

PERCENTAGE YIELDS OF CARBON DIOXIDE
EQUIVALENT TO REACTIONS (g) (d) and (f)

1 2 3
% COg % COz % COg
reaction reaction reaction
() (a) (£)
23.22 58,80 17.98
23.89 58,96 17.17
25,97 54,61 19.44
28.24 55,07 16,69
32 .40 51,00 18.60
32.68 49.53 17.77
37 .90 44,58 17.52
38 .32 44.54 17.14
39.69 46,08 14.22
39.90 44.61 15.48
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Table V

Results of Test on

i Reagtion Mixture Conclusions
H@gﬁi@s~0019 . Negative No glyoxylic ascid
) '[séﬁiff;’reagent ‘8light test Trace of aldehyde
l“*{figﬁééareinol test Negative No formaldehyde
Regative No formaldehyde
No decolorlzation No glyoxylie ecid or

only in traces.
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3. Summary

» The results glven in Table I verify the prediction
‘made in Part III (A) that the reaction between glycolie acid
' ~§nd hydrogen peroxide should result in the liberation of
',jgﬁ$ﬂiﬁgen from the intermediately produced glyoxylic acid,
fv;;ﬂ@4g¢ra1ng to reaction (f). The results of the tests on the

ijréaetion mixture do not definitely eliminate the occurrence

= of,reaeticn (b). Both glyoxyliec acid and formaldehyde are

_extremely susceptible to oxidation and it is therefore doubt-
 17£@1!1£ elther could be detected as an intermediate. However,

. in view of the fact that acetaldehyde has been shown to

‘“5;_ 1eld hydrogen without the production of formaldehyde, and
: %fglyoxylic acld 1s a more logical oxidation product of
 glyeolic than is formaldehyde, reaction (b) is eliminated
‘3ﬁ;£g§m the reaction mechanism;‘ The results further show that
’¥; C6 §;é11c 1s produced and therefore reaction (c) does not

In view of the results obtained, the following
‘:vaf,ggqugtions, noted separately in Part III, represent the posslble
”‘égﬁctions occurring along with the decomposition of hydrogen

~ peroxide into molecular oxygen and water.

L CHgOH COOH + 2 HgOp —— 3 HgO0 + CO0g + H COCH (e)
2 CHpOH COOH + 3 HpOp — 4 HgO + 200g + 2H COOH + Ha(f)

~ HocooH +  Hg0p — 2 Hg0 + €Oy (g)

. 2 H0p ——, H0 + O ()
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; Formic acid may be produced by either reaction (e)
_ §§*(£), or both. If reaction (f) is the only one occurring,
f;ﬁﬁeré should be formed one mole of hydrogen for every two

‘VQZQﬁpiesvof formic acid. Furthermore, three moles of hydrogen

| *ﬁbxide should be required for the completed reasction. From

:Tﬁble;i‘it is evident, however, that in no case was this ratio
ound to exist. In all instances the ratio of formic acid to
’  f1jhydr9gen is seen to be greater than two to one, indicating

7 ﬁgtlreaction (e) is Also taking place. Assuming that react-
fs (9)‘and (f) proceed simultansously, the extent of the
;:;f?b_éﬁr?éﬁce of reaction (f) may be directly calculated from the
"ﬁtfjisld of hydrogen, and hence the quantity of formic equivalent
;ﬁhis yield of hydrogen, when subtracted from the total
_3h§iﬁ,of formic acid, gives the quantitj of formie acid pro-
;   ¢n¢§d acCording to equation (e) and thus indicates the extent

“7 ff§£5?ha occurrence of reaction (e).

. The formic acld formed according to equation (e)
‘a:;;éggals the formie acld experimentally determined minus that pro-
 ;>?§#@9§ by reaction (f) plus that oxidized according to reaction

o }5' Therefore to establish the extent of the occurrence of

_reaction (e), the extent of the occurrence of reaction (g)

st be determined. From the yleld of formic acid, hydrogen,

j«,.{{:arbon dioxide, this may be accomplished as follows:

Let x =002 (e) and a = HCOOH (e)
¥y =002 (g) b = HCOOH (g)
z = C00g (f) ¢ = HCOOH (£)
zZ = 2 x Hg ¢ =2 x Hg
a_1 b_1
x 1 Y

1l
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From these equations (x) (y), (a) and (b) may be

’lfsw  calculated, and hence the extent of the ocourrence offr93051°ns
'“,4;;*(9) and (g).

Table II records the extent of the occurrence of

f>ions (e) (£) and (g) in terms of percentage of hydrogen
pe Wxide. The last column, 5, in each case indicates the
ﬁ@tailpéreentage of the initial amount of hydrogen peroxide
’U ‘[fﬁ§§érin the reaction mixture, (a part of which effects oxidation
érding to (e) (£) and (g), while the remainder suffers
5§‘déeomposition into oxygen and water), accounted for on
,&gibasis of these reactions from the yield of oxidation pro-
déétafobtatned.

. Column 5, Table II, indicates the validity of the

| wb_éfions postulated as well as & check on the sccuracy of the
'7‘iaxper1menta1 methods. It will be noted that within the
liﬁits of experimental error, these values check very closely
?ﬁhe initial quantities of hydrogen peroxide used. This
\,diféct evidence of the fact that the reactions postﬁlated
u§ é¢eurring to the extent calculated from the yields of the
: “ﬁtion products.

:i Table III records the extent of the occurrence of
"Qtiens (e) (£) and (g) in terms of percentage of glycolic
x used. This is made possible through a determination of
smount of glycolic aeid which remained at the enﬁ of the
H'3féaet10n. Column (5) of Table IIT indicates the total
‘jpereentage of the initial amount of glycolic acid used in the
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(fj and (g) from the respective ylelds of oxidation pro-
- uﬁts obtained. The data given in Column (5), Table III, is
"Vajfﬂ%ryqsignifidant'in that they give a further check on the

_ type of reactions occurring, and slsoc on the accuracy of the

| rimental methods. It will also be noted, as in the case
'!Q,;ﬁh the calculations based on hydrogen peroxide, that the

. ﬁQ§aﬁﬁef the quantities of reacting glycollc acid agree well

“¥ ;;jﬁ1ﬁh the initial gquantity of glycollc acid used.
e Regardless of the concentration of hydrogen peroxlde

&a{in the several runs, the results shown in Tables I, II,

égiII‘Shcw.conclusively that reactions (e) and (f) are

"A‘é;ﬁaya concurrent. The data in Table III moreover show that

yotion (£) is favored by low concentration of hydrogen per-

The secondary reaction (g) proceeds only to a small

‘1{fffpér.cent et low concentration of hydrogen peroxide, but in-

ééses with increasing concentration of hydrogen peroxide as

';ﬁﬁﬁldibe expected.
Table IV, Column 3, indicates that reaction (f) re-
*M‘Fﬁ#insupractically constant in extent of occeurrence. The

: :51ight decrease in occurrence at higher concentration of

jarogen peroxide shows the ineressed tendency of hydrogen
roxide to act as an oxidizing agent in concentrated solutions.

””Vﬁ'ﬁhfincreasing concentrations of hydrogen peroxide reaction (g)
L f;f@ﬁgrﬁaaesuin extent, which would be,e;pected from the
"éésseptibility of formic acid to oxidation.
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The liberation of hydrogen on treatment of glycolie
‘7:i ;écid:w1th hydrogen peroxide involves the preliminary formation
”  [bf glyoxy11c acid according to equation (a),
' ‘032036003 + Hp0p —— CHOCOOH + 2HgO,

°‘ﬁ6ﬁ§h the catalytic action of hydrogen peroxide, one molecule

'fﬁ&drogen is liberated from two molecules of glyoxylic acild
e fthe Intermediate formation of dihydroxy tartaric acid.
Vf ,__}The liberation of hydrogen may be pietured as follows:

Con | e
H:- ¢ - COOH C - COOH
? — | tH (o)
Hi- ¢ - COOH . € = GooH |
P 0

,Mfékéihydroxy tartaric acld thus formed undergoling perhydrol-
k7Q fyéis.with the liberation of carbon dioxide and formation of
'lﬁ7£6fmi¢,acid.

o

~ ¢’- coom OH COp + HCOOH
- + | _— (p)
C.- COOH OH COz + HOOOH
o

’i:pe?haps the dihydroxy tartaric acid flrst decomposes into
' fy¢;;§e1rbon«diox1de and glyoxal, the'latter undergoing perhydrolysis

;yﬁé;fprmie acid, as follows, would effect the sasme end.

R
o 0
6 =0 OH B - OH
,|  o+ | —_— (q)
c=0 OH HC - OH
[} A
H 0
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The summation of equations (o) and (p) gives

 equation (f).
' 2 CHOGOOH + HgOp —»Hp + 2C0Op + 2HCOOH  (f)

”‘f Th1g,react1on is perfectly analagous to the liberation of

‘régen from formaldehyde and verifies the conclusions of
Fry and Payne (2) that the liberation of hydrogen invol es
y molecules of the aldehyde and not one, which has been

. expressed in the following swmmetion equation:

. BHCHO + HpOp —— 2HCOOH + Hg
ot That no dihydroxy tartaric acld or glyoxal was
"';:ii;geiated may be due to the fact that the speéds of the per-

h érplysis reaction (p) and (q) are greater than the reaction
énd,the &ecomposition of dihydroxy tartaric into carbon

: qxiéeVand glyoxal.

‘ “’” No oxalic acld was found, as anticlipated through the
{géﬁhydrolysis of dihydroxy tartaric acid without the

mination of carbon dioxide as follows:

0 0
L /0 " //0
. c=-(¢-o0H OH HOC - C - OH
St 0 + | —_— 40
€ -C07- OH OH HOﬁ - - OH
u
. 9 : G"“ B

 atino oxalic acld was found supports the pyeviﬁus statement

t the dihydroxy tartaric acid is convertedlvery rapidly

airough the loss of carbon dloxide into glyoxal which then
~ :;, eﬁgoes perhydrolysis.
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~Be Lactlie Acld ’
1. Procedure

The reaction between lactic acid and hydrogen per-

' faxide occurs at such a rate that it can be studied in the

imanner as the previously described reactions with gly-
, id acid. It was found on conducting preliminary runs that
~:atn$5Quant1ty of sulphuric acid previously used (2.16 grams)

ylaxyingreased the decomposition of lactic acid into acetaldehyde

formic acid by hydrogen peroxide, to such an extent as to

‘be réétically'the only resction occurring. However, in the

‘7fffbﬁsence of sulphuric acld the decomposition is very slight and

Eé)dxidation proceeds smoothly. It was necessary to modify

‘ﬁpparatus slightly, due to the fact that some acetaldehyde
roduced, which is not further oxidized. Being very vola-
¥ 7féi1e, it passed through the condenser and collected in the
sarite tubes, thereby interfering with the carbonic acid
,_?ﬁinations.' |

S8ince the acetaldehyde escaping oxidation is very

8 ”gn no attempt was mede to estimate 1t but only to prevent

'rom entering the soda lime tubes. This difficulty was

£ f'ovareome by introducing into the apparatus, between the con-

Wﬁ{nser and the first calcium chloride tube, s Millikan wash-
le contalning eighty-five per cent phosphoric acid.
‘f g[(Ep§11m1nary experiments had shown that phospborié acid is

-,fiﬁié}te'abserb completely very 1arge quantifies of acetaldehyde).

Since the large sized mercury sealed Ascarite tubes

aﬁéd?in the experiments with glyeolic acid were difficult both
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|  ‘§§;hand1e and to welgh, two smaller Ascarite bulbs were sub-
‘  1?§§ituted.. These were connected to the calcium chloride tubes
:f?én both sides with extra thick walled tubing. The tubing was
 ‘ﬁ ﬂ;, w1r§a.w1ﬁh heavy copper wire and coated~with4ﬂuce'cement which
"~” ;§§ fanta the escape of any hydrogen through the tubing.

, The lactic acld used in the investigation, Merck's
| “‘fj  ¢;?;kgrade, contained a grace of hydrochloric acid, sulphuric
. acid, and also a trace of iron. The lactic acid was analyzed

 ”xgbitration with standard alkall, using phenolphthalein as

indicator, and slso by the oxidation method (31). Con-
~ ¢¢§rdant results were obtained.

The volume necessary to yleld .25 moles of lactie

“;iaiealculated from the titration value was introduced into
1 ea?eaction flask slong with sufficlent water to make the
""f ?tbﬁél,volume equal to 125 ce. |
o | A series of five duplicate runs were conducted using
‘: ;{anaffourth mole of lactle acld in every case, and wvarylng the
f f} amGunts of hydrogen peroxide from 1/8, 1/4, 1/2, 3/4 to one
‘ *ff‘jum@13,~respectively. The speed of the decomposition of the

%f”ggen peroxide is very slow, indicating the formation of
'5gﬁﬁéhle compounds of a peroxide nature. The reactions were

"7f72liewed to proceed for twelve hours, at the end of which time

ﬂ&ﬁﬁexidations were practlcally complete. Thls was shown Dby
the’fact thet no more gas was passing through the Millikan
   fw§§h bottle. On the completion of the reaction, five grams of
”";‘finely divided silica was introduced into the reaction flasks.

:}@@was no evolution of oxygen, which shows that no free
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%ér@gen peroxide remained. However, on removing the contents

‘_fthe reaction flask and testing it for peroxide, a pronounced

} ;;;fpas1tive reaction was noted. Thls fact further supports the
‘*ff_ipreviaus statement that some of the hydrogen peroxide is pre-

?E}iﬁ‘tne reactlon mixture as a falrly stable peroxide of

hﬁﬁérganie compounds present.

‘ An éttempt-was made ﬁo locate a substance which would
~ ecatalytically decompose the peroxides remaining at the end of
'ﬁ‘fiﬁhé~r§;ction into oxygen and the organic compound in order that
| létérminatiﬁn.ef.the active hydrogen peroxide could be made.
“ ~§thﬁééneae dioxide was the only compound found that would
if;éﬁééessfully accomplish this reaction, but it could not be used

:’e it would oxidize the formic acid remaining in the re-
'ian flask at the end of the reaction. |

e It therefore became necessary to estimate the hydrogen
‘ ;1§§§g®xide present in the form of organic peroxides at the end
of  aJreact1on by some other mesns. This was successfully

eemplished by adding an sliquot of the reasction mixture to

fg_@oneantrated (about twenty per cent solution) potassium

. ‘iaQ sa1ut1on in thirty per cent acetic acid and titrating
‘,,,3dtﬁé‘1ibérated.iedina according to the method deseribed by
?”Q?er'and Hoaghton‘(32) - The quantity of hydrogen peroxide
- v”:as organic peroxides as thus determined was added to the
“A’: ;€qaaatitY of hydrogen peroxide equivalent to the oxygen
   f ;1£berated- This total quantity of hydrogen peroxide could
‘*,¥ ;3gan<be subtracted from the initially used quantity of hydrogen
ii,ééfﬁxidﬂ: thereby revealing the "active" guantity of hydrogen
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~ peroxide used up in the several reactions.
>H, | At the end of the reaction, the reaction-mixture was
 ’f f¢und-to contain formic, acetic, and unchanged lactic acids.

' ngb pyruvic acid could be detected by the Hopkins Cole re-

ifm (29) nor did the reaction mixture yield a positive

ﬁﬁkanylhydrazone test for pyruvic acld.
, 54 The reasction mixture was diluted to 250 cc. and ten
‘ ﬂ7,eé} portions titrated with stendard alkeli. The formlc acld
‘  ”§‘determ1ned by the mercuric chloride method (30) in
, ,her ten ce. aliquot of the reaction mixture. The un-
‘ f,fehanged lactic acid was determined in a third aliquot by the
. oxidation method (31). Subtracting the acidity due to the

ﬁﬁ@c and lactic aclds from the total acidity gives the
_aeldity due to the acetic acid fofmed in the reaction. It
“”1f~8hauld be pointed out that the determination of formic and

 1c acid and hence acetic acid 1nvolve considerable error.

; 1§1nary determination of formic acid im the preaence of
'ééfie‘acid indlcated no error, but when peroxides of organic
5gaia§ are also present the decomposition of lactic aeid into
éﬁéldehyde and formic acid is increased. Therefore the
. formic scid determined by the mercuric ohloride method repre-
;hs‘net only that produced in the reaction but also a small
(t'farmed by the decomposition of laectic acid during the
. };dmtermlnatian. Furthermore, the methodsdescribed in the
 11teratura ﬁéﬁ) (34), (35), & (31) for the determination of

aviAflaatic aeid have been tested on solutions containing known
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ts of lactic acid, and found to be unrelisble. The

method of oxidation with potassium permanganate (31) was

hésen because it involves the least error, about ﬁhree to
o é‘jﬁiﬁg pef'eent. |

- The gaseous products were analyzed for hydrogen,
,gén,kmethane, and carbon monoxide. The latter was absent.
_én,was qnaﬁtitatively determined in the usual msnner,
’ ,_”16~£he hydrogen and methane was obtained together by ex-
ﬁ'iaa and subsequent removal of the carbon dioxide thus
yﬁa; byuabserption in sodium hydroxide. Since no earbon
xide was present, the decrease 1n volume on absorption in
ggé;mm hydroxide gave the volume of methane in the sample.
’ Eﬁirds of the value obtained by subtracting twice the

e of methane from the decrease in volume on explosion

gave the volume of hydrogen in the sample. The total volume

Qf’h@ﬁrogen;and methane obtained was .caleculated and after

é#&bn»to stendard conditions of temperature snd pressure,
73kgaénverted to molar quantities.

| That compound producing carbon dloxide was only
'gnagwas proven by determining the améunt of oxygen con-
umed .in the explosion. This amount agreed with that calcu-

lated for e mixture of hydrogen and methane.
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2. Data

The results of five duplicate runs are given in

'V’di;wéblervx. Colwmms (1) end (2) record the initial quantities

#ﬁ5 f6§§hydrogen peroxide and lactic acid used. Columms (3)-(10)

rékthe molar yields of the various reaction products.

| Table VII records the percentage of the total

o é@r&gen peroxide calculated as necessary on the basis of the
@rﬁﬁosed reactions, to asccount for the yield of the various
“ﬁmts. ‘Thus Column (1) indicates the percentage of the

| amount of hydrogen peroxide necessary to account for

,e,éxtent of reaction (1), as measured by the yleld of hydro-

‘”gs§;~ Column (6) gives likewise the percentage of the initial

%ity of hydrogen peroxide necessary to account for the
of reaction (m), =8 measured by the yield of methane.

:ivgeaiﬁmn (2) shows the percentage of the initial quantity of

Yy a@gan peroxide necessary to bring about the oxidation of
étive lactic acld, that is, the amount which actually
étéd into reaction with the hydrogen peroxide. This caleu-
}éﬁ,is made possible by a determination of the lactic acid
ing at the completion of the reaction. Subtracting from
aetive“ lactic acid that quantity equivalent to reactions
and (m) give the amount reacting according to equation (k)
’ npe the calculation of the percentage of the initial

16 §£ h§drogen peroxide effecting reaction (k). Inkcblumn

i (@_ﬁfssgiven the percent of the hydrogen peroxide initially
fnsad whieh would be necessary to oxidize a part of the acetic

aeiﬁ‘by equation (n). This quantity of acetic acld oxidized
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;5 €nat produced by reactions (k), (1), and (m) minus the

- amount remaining at the completion of the reaction. Column

‘“TT£§)5record8 the percentage of the initlal hydrogen peroxilde

‘ ~,f§e¢$&aary to bring sbout the oxidation of a part of the formic
\ }?céording to reaction (g). This quantity of formic acid,

' the case of acetic aclid, is that amount produced by re-

tons (k), (1), and (m) minus that amount remaining at the

"r;fééﬁbletion of the reaction. In Column (5) is recorded the

’*nt 0f-the initial smount of hydrogen peroxide which is

iant‘te the orgenic peroxides remaining at the com-

o ion of the reaction, while Column (7) gives the percent of
 ‘gf;th¢ ihitia1 quentity of peroxide decomposing into molecular

en and water.

‘The last column, (8), is a summation of the per-

“f,igéntdges glven in Columns 1«7 inclusive, and should approxi-

ite 100% if all reaction products have been correctly accounted

iﬁwgonformity with the equations for the propesed reactions.
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Table VI

MOLAR QUANTITIES OF HYDROGEN PEROXIDE AND LACTIC ACID

USED AND OF PRODUCTS FORMED

l. 2. 3. 4. 5. 6. 7. 8. 9. 10.

_ ~ Perox-

Initial Initial  HCOOH HoCO03 CH3CO0H CH3CHOHCOOH Hg Oz CHs ides
Run Hp02 CHzCHOHCOOH found found found found found found found found

mole ' mole mole mole mole mole mole mole mole mole

Ia 00,1250 0.2500 0.0112 0.0544 0.0538 0.2018 0.0000 0.0020 o.ooH@, 0.0281
Ib «1250 2500 .0113 0560 .0537 2017 0.0000 .0020 .0019 .0243
ITs - 2500 .2500 .0164 1139 .0984 .1498 .0007 . 0030 .0033 0570
IIb « 2500 2500 .0194 .1145 .1018 1537 . 0007 .0038 .0041 . 0579
I1Isa . 5000 .2500 .0254 .1983 .1505 0794 .0024 .0212 .0000 .@mww
IIIv « 5000 .2500 .0216 .1875 .1516 .0859 .0029 0243 .0000 .0840
IVa .7500 .2500 .0261 2716 .1769 .0426 .0027 .0855 .0000 .0801
Ivb .7500 .2500 .0272 .2718 «1755 0416 .0026 .0624 .0000 -0906
Va 1.0000 2500 .0309 «3090 .1909 .0184 .0024 «1035 .0000 «1233
vb 1.0000 .2500 . 0270 .3086 .1954 .0197 0023 .1068 .0000 1244
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Table VII

PERCENTAGE QUANTITIES OF HYDROGEN PEROXIDE USED
EQUIVALENT T0 YIEFLD OF PRODUCTS FORMED

H » m - . u * * . m * m E J q . m *

% Hp02 % Hz02 % Hg0z % He02 % HpOp % H02 & Hz02  Total

used used used used used used used %

Ho CHzCHOHCOOH CH3COOH HCOOH peroxides CH4 02 Ho02
Run Eq.(1) Eq.(k) | mm‘?&, -~ Eq.(g) Eq.{(m) Eq.(z) used
Ia 0.00 35.52 0.00 31.12 22.51 1.82 3.20 93.87
Ib .00 35.60 .00 31l.12 19.86 1l.52 3.20 91.20
Iia .28 36.88 .00 34 .84 22.81 1.32 2.43 98.56
Iib .28 34.68 00 3241 23.14 l1.64 310 - 95.85
IITa .47 33.18 16.08 29,04 12.32 .00 8.48  99.57
IIIb 57 31.68 10,00 28,50 16.79 .00 9.73 - 96,27
IVa + 36 26.92 16.27 24,17 er@u. .00 17 .4% 97.20
IVb « 3B - 27.09 | 17.54 24,16 12.07 .00 16.63 97 .84
Va 24 22.6%7 l16.28 26,07 12,33 .00 20.70 92.29
Vb 23 22.58 13.96 26.34 12.44 .00 21,36 90,91
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Concluslons

e The production of both hydrogen and methsne as
~ products of the action of hydrogen peroxide upon lactic acid
. was predicted through the extension of the perhydrolysis

aﬁism of reaction, as in the case of formaldehyde and

ﬁa}dehyde to lactlic acid. It is assumed that lactlc acld
‘fff‘ig jﬁat decomposed into formlic acid and acetaldehyde, snd the

~~»ﬂy ;§;ter'underg0es reactions with hydrogen peroxide with the

ration of hydrogen snd methene. This assumption is sup-

| géﬁﬁeé[by the fact that acetaldehyde may be detected in the

' :::3¢‘@#¢tien flagks at any time and a small quantity escapes
~ oxidation which passes out of the reaction flask end is col-
,.;: e “§a ink0i€hty five per cent phosphoriec acid. .

il From the results given in Table V and the fact that

| ‘Ta;ﬁaither formic nor aceticAacids yileld hydrogen or methane on

 &§1Qn to carbonic acid (), the following equations noted

rt III represent the possible reactions occurring when

.~ laetic scid is oxidized by means of hydrogen peroxide.

\’:: ,0
'CH3CHOHCOOH + Hg02 — CH3C - OH + HCOOH + HoO (k)

~ CH3CO0H + 4HpOp — 2002 + 6Hg0 (n)
_HCOOH ~ + HgOp —C0p + 2Hg0 (8)

‘BCH3CHOHGCOOH + HpOp — Hg + 2CH3COOH + 2ZHCOOH (1)
CH3CHOHCOOH + HpOg —» CHg + BHCOOH + CH3COOH (m)
~ The liberation of hydrogen results from the inter-

5@3¢iate'fcrmed acetaldehyde and may be plctured as follows:
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=0 CHz - C =0
| "
Hp (r)
~ CH;:,—C-'-'O
= 0 |
0
=0 OH CHz¢ - OH
S| — o (s)
3 =0 OH | CH3G, - OH

'“.f;_[mhg‘summation of equations (r) and (s) gives equation (1)

CH3CHO + HpO2 —— Hz + 2CH3COOH (1)
_reaction 1s perfectly analogous to the liberation of
i'fj{hgﬂﬁogen from formaldehyde and has been established by Fry and
ayne (3). The catalytic action of the hydrogen peroxide
5about a jolning of two molecules of acetaldehyde with a
ration of one molecule of hydrogen. The diacetyl thus

ed undergoes perhydrolysis as shown in equation (p), giving

élecules of acetic =cid.

‘ . : The llberation of methane 1s pictured similarly, with
‘;f ﬁ¢ﬁﬁane splitting our instead of hydrogen.

GHsCc =0 , CHzC = O

- CHz HC

L]
o

The methyl glyoxal thus formed undergoing perhydrol-
1fihtayene molecule of acetlic acid and one molecule of formic

l as follows:
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0
OH CHz C”- OH
+ \ —_— (u)
_0
OH H 6% - OH

L f;;ﬁﬁéﬁsnmmation of equations (t) and (u) give equation (m)
 B0H3CHO + Hg0z — CH4 + HCOOH + CH3CO0H  (m)

Concurrent with the above reactions is the direct

"fgx;ﬁation of acetaldehyde to acetic acld according to
equation (k)

CHz0 2o + H,0, — CH3COOH + Hg0 (x)
_ Reaction (k) is the predominating reaction at all
;g“"ééﬁ"eéntrations of hydrogen peroxide as shown in Table VII.
'“,Q;The extent of its occurrence decreases with increasing con-

"f}aea$rations of hydrogen peroxide which is in conformity with

rasults of Fry and Payne (2),

' Increase in concentration of hydrogen peroxide pro-
'gfa decrease 1n extent of reaction (g) which is sgain in
rmity with the results obtained by Fry and Payne (2) on
3tlon of hydrogen peroxide on acetaldehyde.

o A further proof that the proposed mechanism of the
ation of lactic acid is correct, is found in a consider-
;éfwreactions (1) and (m). Reaction (1) increases to a
aximam~and then decreases, while reaction (m) decreases markedly
ignfeasing‘ﬁéroxide concentration. (There is probably a
iﬁgll‘amount of methane formed at concentration of hydro-
pgﬁoxidé‘greater than .25 moles but not sufficlent quantity
{gff, é‘dsterm1naﬁ). This again agrees with the results obtained,
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L‘lfrﬁm the action of hydrogen peroxide on acetaldehyde, by
: fFry and Payne (2),
| ‘:_ L It will be noted from Column (8) in Table VII that
|  ;ifﬁh§ tggél hydrogen peroxide accounted for from the yleld of
"‘7ﬁggion products only approximates 100% in three of the

' This deviatlon may be accounted for by the fact that
o M,ﬁréfis no aceurate method for the determination of lactie

 ¥ja§1§, Results of preliminary blank runs on samples contalining

G  lg§éwnﬁ$m°“nt3 of lactic acid by the oxidation methods showed

e ;,§£erminaticn to be uniformly 3-5% low. The acetic acid is

'fif;datermined by subtracting the acidity due to the unchanged
[ 1act1c acid, and the formic acid produced in the reaction from

N » fthe total acldity, that remaining being due to acetic acid.

viiﬁ¢3~tne determination of lactic acid is low, the corresponding

f   §ié1d:gf acetic acid will be high, and the extent of the

'_Lgééurrence of resction (n) calculated from the yield of acetic

 ;g_i¢fw111 be less than the reaction which actually takés place.

. ;Eﬁeﬁéfore the per cent of the initial guantity of hydrogen per-

7@&1@3 equivalent to reaction (n) is always low and consequently
éﬂtﬁt&l per cent of hydrogen peroxide accounted for is |

i; ‘rréépondingly low.

- This fact, however, has no effect upon the inter-
fé@gtion of the mechanism of the reaction for the liberation

k{ff ggfhgdrogen and methane.
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GENERAL SUMMARY AND CONCLUSIONS

The extension of the quantitative study of the action
7 1’3£6f‘hydrogen peroxide on simple carbon compounds to glycollc and
lastic acids, with the object of further verifying the per-
'3 fhﬁa£§lysis mechanism of reaction, has led to the postulation of

vér&ety of reactions. The equations have been verified with
J;fréaééét fo‘the prdducts obtained, and the quantiﬁiéa of hydro-
iéaﬁfperoxide participating in the reactions. The general

k y, extension of the perhydrolysis mechanism of reaction,
';3gu&;¢qﬁclusiens are as follows.

’jruy A. The action of hydrogen peroxide on glycolle acid in
iﬁ htly acid media at 100°C has been studied, and the follow-

_ réact1Qns have been proposed and verified.
 CHpOHCOOH + 2HpOp ——» 3HgO + COg + HCOOH (e)

| BCHgOHCOOH + 3HgOp —» 4HgO + 2COg + ZHCOOH + Hp (f)

. HCOOH  + Hglp —2HgO + COg ()

ff‘“aéiieﬁs (e) and (f) are concurrent, each being folléwed to

}f;-#fgfﬁater or lesser extent, depending upon the hydrogen per-
“gs:LQanentration, by reaction (g). Reaction (f) is favored

16w~coneentration of hydrogen peroxide, while reaction (g)

. ;;1ﬂcréases In extent with increasing concentrations of hydrogen
The perhydrolysis mechanlsm of reaction has been ex-

_ tended to glycolic acid to explain the liberation of hydrogen

_from intermediately formed glyoxylic acid.
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- B. 1In the reaction between lactic acid and hydrogen

rfpgiporaxide the fallowing reactions have been shown to be

Gif@onaarrent.
. CHzCHOHGOOH + HgOg ___,c33042 OH + HCOOH + Hg0 (k)
| GHGOOOH + 4H0p —200p + 6fgO (n)
Hceoﬁ + HpOg ——C02 + 2H0 (g) .
o 7;_ﬁgeﬁcoeﬁ + HpOg — »Hz + 2CH3COOH + 2HCOOH (1)
\MJ*~¢»¢23330HGHCOOH + HgOp —»CHg + BHCOOH + CHzCOOH (m)

The scheme of the reaction has been explained on

,basis of the decemposition of lactic acld into acetaldehyde

‘andlfﬁrmic acld with the subsequent reactions of hydrogen per-
‘‘‘‘‘‘ »4;on these compounds. Reaction (k) ies the predominate re-
o 15  1@3 at all concentrations while reactions (1) and (m) are
l s§£gvored by low concentrations of hydrogen peroxide.

S The perhydrolysis mechanism of reaction has been ex-

"'ﬁéﬁded to the action of hydrogen peroxide on lactie saeld, to

fﬁiy explain the normal reactions which would be expected

but also the resctions resulting in the liberation of hydrogen

h éfo1 sis, proposed by Fry and Payne (2) to explain some of
:;ROrmal and also apparently anomalous reactions of hydrogen
ide, has been shown to be capable of extension to higher
kdnfeompounds. It is hoped that other compounds will be

%gtggied from this point of view in the future.
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