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PREFACE

A program of fundameatal ctudies of the propertics,
formatioa, aad reactlons of hydrogsan peroxids has beexz sponsored
at 4,I.7. since 195, by wse U, 8, Navy, Bureau of Ozdaaace,
sad laser the Officz of Bavil Rsasarch, For some $ime i3 bhas
t23a apparsai $thad the growih of basic knowledge of thia
chsmical, as well as $he davsl-opment of various practical ap-
plications, would be furdhered by a compilasiom aad evaluasioa
1a $22 form of 2 momograpa of dre sciaadific mad technilcal
kaovladgs aralladls,

The prsseat rayord comsiisvias Paxs III (Chapsers 7
&4 3) of osuch a noacgrarh,. The remaiaing parss (I, II axd
IV) bsaz the Terord HDuabers 42, 43, aad 45, Repors Ho. 42 was
~se32d Seplember 15, 1953, Rspors 43 was isazued Cecember 1,
1953, aad Report 45 oas issued November 1,1953. The Tabla
of Conteata present2d 1a this r2pord gives a detailed oulline
of tie =aterial preseased ia Part III aad iadicates She ccadeats
of 442 o%he:r $hr3s £azds by 1istiazg the haadings of she Chapiazs
ahich oacd o thaa cealaing, -

Lis2zasurs appearing up %o aboul July 1, 195% ha3 baea

- Luaaullsd 13 932 pzagazasion of Pars IIXI of the monogTapa.

I8 ka3~ z0% boda alie=piad 30 cita svery rsfersace o2 hydrczea
seiuxtdy, buy ali pudlicalicas which appeazsd %0 th2 an3lora %o
hare come px93823-day uzefulns.s ars quoled,

ATraagImeala hare teea made for $his moacgrapa subséquently
¢r Do pudlished 12 book fora, The anthers will appreciale exrors
tolag called t0 thair adteation or raceiving the ccameata of
seadars o8 Saus nalarial prss.ase.u,

Balter C, EScauad

Ciarlzs X, Sajlsrii2ld

Palph L, SsatvoTid
Teceaber X1, 1355%

Reproduced From
Best Available Copy
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CHAPTER SEVEN
CHEMICAL PROPERTIES

The ‘discuasion of the chamical properties of hydrogen per-
oxide has besen divided among three chaptars, In this chaptar
the general chamical behavior and the stoichiomatric raactions
of hydrogsn peroxids ars dasoribed, The following chapter deals N |
with dacomnosition processes, that 13, reactions in whioh '
stoichiometrio proportions are not or cannot be observad , :
Chaptar~n1na diacuaaes ths subjasot o* the atability of hydrogsn )
reroxida, This division 13 an arbltrary one, but serves to ,
separate and fccus attantion on two topics which, for hydrogen _
percxide, assume outstanding importance in the disoussion of chemi-
cal properties, Some duplication and overlapping of the discussion
has ocourrsd tecause of this organization, and it'is suggestad -that: -
when information regarding a particular'subject'18'desired'tha-con~ e
tent of all three chapters be considsrsd since the Eame Bubject . -
'nay receive treatzent from differing roints. of view 1n each,

It 111 be useful first to considsr scme brosd classifications
of:ﬁ&a*chamical.behavior of hydrogsn paroxids. Then in =n order of _
ircreasirg complexity the characiar of hydreogen Teroxida may be con-
sidered from tha standroints of the thermodynamics, ratss, ard :
cechanizas of 1t3 resctions. Discussions of such subjscts as the
provertias of hydrcgen peroxide as an acid, properties as a reaction
medium, studias of 1tz reactions in norn-aqueous eolvents, and 180—
topic tracer e:periaenta involving hydrogen peroxide which have been .
mads then follcw, BRBafararce:s arnd as much discussion as space allcws‘
of 3resific rsactions, grcured accordirg to the pericdic table, |
ars then givan. Pollcwirgz the dizcuzsion of chemical reactions will
te fcuéd'eections dsalizng with orzanis reactions and biological action,

CI@BSI?ICAEIOJ o2 ESAC?IOZB O} HITECCEN F3ROITE
Pour catagori=3 may te 23tablizhed for class3ifyirg the
Teactiona of hydreozen ?aroxihn. Th=222 d2al only with the nat or
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Pecomposition Procassaes .
A r3action which baocanme ovidant}&fgost tha disco7azy of

hydrogan peroxids was, T

28,0, —> 230 + 0, (1)
This waas intarpratad to ba the aalf-daoonyoaitiiohn of hydrsgsa
peroxids, Fariher study haa iadicated, howevar/azosy‘b a% hish
temperaturss ia tie vapor phazs, raaciion (1) does mos maalh
ocour witheut the action of some othar subsiarcs, Ia moss

cases a chemical changs in the olthar sudastancs camnot te ebservad
or elses tie changs i3 not 2 stoichicmesrio exs, thad i3, $hs

ruaber of =olss of 1ataracting cubstance which bacoms changed does “'"’
' mot bear a sizpls or consistent ratio to the rumber of =o0l3s o! SR

hydrogen peroxids coavertad to waidsr and c:ygen Thaze -

W procsaiss will bs discussed in tha naxt chapiar,
' Poriunatsly, Rydrcgan paroxids may raact in mors ordarly B
faahien than just indisasad, and thase siolchicmeizic roaoilons -

‘provide $as sudjsot matisr of thias chapier, These rsacticas - - .
- have been claseifiad, for exampla by Ealasinaky (1), a8 - . oo
":fanan: 1) oxidation or rsduciion rsactions, 2) Paroxide
group tramsfar, and 3) Addiiion-compound formatioa,
Sxidasion or D3dusiisa D2ac%ined | -

Th23e ars T2ac3ions iz viizh 33s o312r raacians and ks 93733A
of $ae hydregsn paroxids undargo a clangs i valznss, Aa '
exampl2 o a net oxidatiza by hydregen peroxids ia:

B0, * ottt 4 ot — ot

8imilarly, 23 an exaapls of recuotion by hydrcgen peroxids
ths:e may be cilad:

m +532°2+332_o¥—>m4+xaao;+&20+ 59, (3)
I3 ag baen pointed out by Steinbach (2) thal an infialia rumber
ef 3033 of ccapaiidla cca?fisiania nay be chosen for tas T3
dno3iza reactions of hydzsgen paroxida, tut this omly arizes
Secandd of S22 3o33idilisy of addizg mmiiiplaas of raaction (1)
githond affesciiry ths balanca of 3he raduciion x2aciions,

+ 280 (2)




adam i

Tha dual naturs of hydrogan peroxida, that i3, 14s
ability to act a3 toth an oxidizirg and raducirg egzani, 13 to
bs oaphagizad, This property, thich contritutes so omuoh t9 tha

- vaziaty and comploxity of hydrcgsn paroxida chsmiszy, has scmeF

tinss been overlcooxad, In a lazgzar zan3d tais i3 oniy a zaflac~-
$ion of the iatermediata posiiion of bydrogen peroxilds bstmeen
zater and molacular oxygzsa ia %tla oxidation—raducstion soals,
Thazs i3 o rsagon to considar tais a3 '! paradoxicalt! (3)i
moleenlar oxyger 13 ceriainiy $0 bs conaidarad legiiimataly

. 83 %he .oxidation produst of hydzrgen peszoxils,

__EQQEQIﬂ_

P - Bo changs -in valancy of tha oxyg3en in hyd:cgsn ys:ozidn

13 13?01794 shen this peoroxids grovp 13 Iransiarzad $9 arnother
zelsculs, An exampls ©f guch a ms3althaiical 3actisn is:

T . 2 2 o

e e DT e T

KT E

I may bs pointed cul, scme=hal ia aniicipalion of the

disovesion ofmtgghanim zi7sn balcw, that transfar of the -

persxids group insact from molscnly $0 molaculs iz much ths

aane as Tormation of molzoniar oxyssn f2em hydrogsa psroxids,
2792 3horgh valsznea clangsd i3 aszamad 3> cecur in Has ©238 ard
" act ia tae odaex, '

Addisisn—scammound Earmatisa
The hydregen peroxids molaculs a3 a whol2 pay be ajiached

ta another moi2cui2 to fora addilisa ccuptunda or aydrozper-

ocxidates Shich azs analsgouns 0 hydralas,
39,0, + 222,00, —» 27,0033, 0, R (5)

-“{s an exaaples of auch a raactioa,

Of these three claazes o rsacliczsmost of taia chapler
will be comcerned With 3Ze Fizal, or ozidaticazaduoilaa
rsaciisns, Tha iavsras of thasa claazaes of Isasiisaa, that 13,
22031523 252 323 faTmadisa of hydiogea Dazoxida, azs dlzoussed
ia Clap3ara 2 and 3, Addiiional iaformalisa adoud Irasiiona

2211ing ia $h2 lasi 930 claazses 7111 alsd T2 found i

Chaoptar 12,



AZTCDYNANICS 07 HYDRCGZI PIROXIDI HIAOTICII

A considarabla undarstandirg of tha chomical propsriiss
of hydrogen peroxids can be obtainad from tiaar=odynaado data
t2a$ allow the calculation of chemical egquilidria iavolvizg
hydzogsn peroxida, Tha thermodynamis guaniitioes roquizad foz
this purpose ars dsrived ia Chapter 5§ and ars saxmarisad hars
in Padls 1, alorg with sizilar data (4) for come other cud~ -
stances, Thsse fose enezgy valuss pay be ccmbined with those
for othar roactan’s and praducts to obiain the total {T9s enszgy
chaags of tke rsaction of intersst, Tiuns tas equilidrima con-
stant may be calculatad throuzh use of %4le ralaticnm 47s -1k
and a measurs is cdiairsd of ths degree to which a hydm
perosxids rssction may prccsed to cempletion,

HalZ-sa91]1 X2o%zode Pofentials
“. A mors convsnient method ihan $he use of fzse exszzy data
- %0 expr3ss ths terdency to rawtinn i3 afforded hy %hs nse of

haif-scell electrode potantials.
For hydrogen perexids acting as an ozidizing agend %ha m- .
cell z3aciion may e writlen: _ e

29,0 —- 1,0, + =" 5 227 S €
Por 3hi3 reaciioa th3 poteniial 1ia:
B = -2.76- 9_*’-’23& Yog (o o, « o) (2)

For raaciion in toras of the perhydroxyl ion formed in basic
soluiion the half-s3ll rsaction reccaes

"’"‘302 +80+es | (3)

% 3a an appendiz 32 2hia cha;tsz; .59 , 3aze i3
presenisd a dria? raviaswy of t1e use of 2lsciTsds

£o3an3iala in tha caamiaizy of Jydrogean pardxilds,

+ o v S e ——

B T TR L T




and the potential is then given by:

P - o, - 208916 5o (E02 (9

For hydrogen peroxids aotirg as a raducirg agant the
half-cell rsactioa is:

B, — 28" + 0, + 20 - (10)

and has a pbténtial:_

J

2 - ~0.693 - g,ggg;ﬁ 103(3@31 (12)
z 5

In basic éo].ut’ioh this becbngs:. .
OH ""3°§—'-'°é"'32°"' 2 | (12)

‘ai?.h a posential:

T = O,csh - 20TND 3, ‘;01 ) (23)
% %y - %o S

These valuaes for the elecirods potentiaia. zhich wers
developed in Chapter 5, of hydrogen peroxids show that 1% ia
a powerful oxidizing sgent, Of ths saubatances which can
- exist in solution and which have been $abulated ia 1iata of
electrods potentials, hydrcgen peroxide ia capabls of oxidiz—
irg all dut a f3w, ' Ia considerisg poasidls ri:aciions of
hydregsn parcxids, them, 1% 2ay be assumed thad oxidaiion of
all dui tha sirongest oxidizizg agenia such a3 fluorizs oz

sona 7111 D4 n933idly alt 3ome =»H, A3 a raducizng agend,
howaver, hydrogsn peroxida is not pariicularly ocutsiandizg,

S eI AR TENSMILE Tigtme . e cemas memee e oo e A eSMVITNVINGT e o\ N el st eWAN TR MM iaa S e SMemearn g e o o m e ot e te e e e vm e e s WL ATy WA VWA RY 7t & et




2a502 1
FI332 BIZnG1Z3 07 FORATICON CF

HYDRCGZI PEROXILZ ATD EILATID
SF20IIS, AT 25°0 and 1 a%a

Substazoe  47° koal/zole

B0, (3) | - =25,

nzoa (ag) _ : '310.95

20 (3) | -54,535 .

& ) - 57.555
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a

foohk a ctzmen r2duoing szsad aa thilozulfats cultadrips 15 axd
3979 13 =0 comparison wild $ha gizong radmoizg ngonis ouoh
as 432 alxall or alxaline eazdd redala,
T2s iaformalion providad by theas olsosreda potantiala
i3 chomn graphiscaily ia Fizuze 1, “hick waa prsgentad ia..
casn3ially $2e came 22xa Ly Taladay, Poustiaiz, azd Vaa ;
Eysseliexsds (3); Such a podeatial~zd dlagrem, esally.congtmuoied
(5), 1llastraies 18 Gopendezce of the poleniial om $hs cem ~
aent:aiim e bydregen Seroxils and of Xydregan i3n, By cupez-
posizg en ?13. 1 giailar enrves 2oz oilar hall-s8ll roaciisng
it‘w [ 3 Mmiwd a% a glanee =hethezr she wmin iz ‘
mmu. for :uesisa ¢73r %he thels of $is composidien :w
e !ig, 23 maa he slsoizode potentials of hydrogea M
W&Z&m emen*miau ars nmm: w upen I’ m ,
,mnez 40 one w%hez. zt should s pointad cat Shas 17 a is
sczen te mm% 4 ;asaniiah i3 taTms.of some olher ¢ |
}. ey o, nao survea =ay not be linear and panlm
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Sfvieyfh Simg o o Splaly esiiidted sGLiTim exinng -

weam h saa mch ﬁgu:aa. m'shanors, mleca n u d

ey <t 4 W mum tho potantia m saTos a:t a zyeciaa: tlc

- e@c%.m.@ﬂ hich zms3 s 1ndoricusly salculated,
T ; 3z39 e aemnq.a of 3as so¥sn3ials of dydrogen. ;az— C
a;i& 24 some *s@%azr’a > aaa*aa% ?;as Zsea mads, 1% =7,
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equilidbrium is suoh that tha conrscted subatancas coexiat or
that}:tzlgaotion could go substantially in th3 indiocatsd dirseiion,
Ths diagzam czuld of cours® hava tsen pr3parad f@z othar 1linita
of cenoendratica, :
Ba2la3ivs Thare =2 19 gﬂamtg

Anc‘?.har =eans f.er $79127izg tas tandaroy $o rsaction of ,
bydrogen peroxids ralinquizhes ths opporiunllty to show the offaot
of corceniration and insiaad damonstratas tha rolation of
hydrogsn peroxide rsactions £0 hose of 0I7Zm in other valence
statas, Witd £1ia methed %2ers 13 consizunoiad $ha following
oxidatien podential dizgram, taken foem Latizer {3), which
shows the valuves cf 3° for a growp of ralatad oquilidria,
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Th3 information shown by ta3 forazoing podaniial diozram
may ba prasentad graphizally im a Tay ~uggassed T .3933 (7)
: ard adoptad for $ha3 c*nat*uoti*a of 3. 2, T3 Taniz daz
i 713, 2 13 fouzd i3 %33 malasiom 30 a =27%a.f,  -howirg 4has
: i2 2239 ersrzy i35 oxyosased ia sleodzonm 701% wails '
"j (137 = 23,06 x calfasla) 323 podemsial of a rsaciisn will B zivan
] Ty t29 olcpe of 3 1123 o2 3 poseniial~isss emargy dizgraa, Zuch
3 disgram has €9r33i3 113i3aion3) come s3udy 13 Toguizsd %o
12ara (7) 30 iatarprss 13, and i3 may be oriticizad o2 liyirg un~
duy . a3rass cn ¢he Jorsal cxidatism giate oF @zyﬂsn,

‘?23 ?A?’S cr mm """%OI”"Z! ZZACTIC ""3

[y

9ns stedy of 323 Taes a3 chich tha Tosotisns ard daccme
$ositisn processes of hydTogen worozida procesd ToTPall zany
appaTon: izconsisteorcizs., 1ome of i3 Teaction Tadasy camely
7i3d cersain isn3 of “the halcgems, ars 80 Jrodistzbis thad dhay
have wshisved claaaia aia*us, Tsizg given a3 axasylaz ia sext- -
o e - BOORS. and sazning;a~,1-- 4“'**3 Saticnal - SuTsew-st Jtaadarzds

SRS L T

aabuIaSiea (3). On ke c‘hez and 1% i3 22%2n a4 sasssT of 4ha -
g:ea*aa% ﬂirficnl 3 ac sbtain,ﬂzes@dunibili*y 57 4he “cat R
mealilativs er's ia :.:xi:g aasnzerania o7 =Ra 33 of Jscem

=931i%1ism 3133 3 223 3T3902273 22331753, C3zall M-sal, 23z
zaapla, &an aain ala a 3%ase oF Jasaivisy I c"ﬂawnar
ayﬁ:agsn -.ziia foz 1@33 garxaﬂq and 33ea unnscs nnaaaly *urs*
.:ta viala%% ao*ivi%y. w.ch caﬁal;‘io dscomroaiiioa s* et
hcaoganscna ﬁaccapasi%ian o2 hgﬂ:egan reraxila 73307 can seenr
a% aa aznzearva za%?, 7% at 32@ same 3ize 3ha rurs subatance
13 quise ‘stabla 12 33072ge ard has tsen chazasiarizad {3)
33&3*3143 a8 a 2129 %ziﬂaa? ;zuayﬁ T3 jesa:fnl Zaducizg
) agents, An o3der t:;brtant qneatiea, 203 72% se3ilad, 13
aaatha: ths rase @3 dsccaposiiisn o2 426 Turaad ‘*é“ﬂgan 7T
a21ds ‘can be Tsdused 49 2879 13 e 1 maid 333%a 2% Sa9-
gcozaeniy 3nconniared 2omdilisng o2 séara¢ . Joem **9 3328d-
~51233 22 Ta%) 2zterilzee 23d ihsory 1% a33eass and
mrmaagnma2l? 0137 T3 32 anemmeallisa 12 2iaasiad
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attalnadblo, bus 12 practice only to ts approachad asyapiodically
Lasauae of tae iapoasidiliiy of eliaizating contairar curfacss
a2d tha las$ traces of iopuriiiss,

- 20113 hydregan parcxida hz.z gaan raporiad to b sur~
priairgly izexs, oz e:anple raarcgarats solutisa,
paziislas of mi, and ¢iher cadalyatas 1f addad Judisisualy
20 23 not $v allow taawing wazs Zourd (10) %0 cxuze =9 dacem—
$osition of 90 wh X Bydregen perexids a3 -55°0, Caly tiem
28l3ing was permitiad o cocur did daccmpositioa tagia,

. 41%hough no atismps has deea =ade to collszod and $adulade
Toa0%izm rale data for hydrsggn peroxids dsoocmpositisa o ils
To2031oms with oiher speciss, 1% 13 iastmnclivs 39 oomaidar
orizily the rangs of raiss cnocundazred, and m ssapsatuze
eseil aienta as %niﬁaﬂ Ty 33 Arhenina asiizaiioa ozexglaa
~obzerved; Ho measurcments on 2 333 Fhase deccmposition of
hydzogen peroxide have yot boen ideniifiad memdizuously as
beizg thay ef the pursly homogenscus éscospoaitian, al*hs@
_ths Tesulls-of dckane.{11) shtaized Irom sxpezizenta at 367
%o 58270 1zdicated T3a¥ at 10asd vars of ins deempositica |
cbzervad.zas homegenscus, . i3 Tesulias yield em estivagiza
sme=zy e: 50 $9 =9 kcal/aols. 2% 13 Temacnadls o sa*ycso T
a2 }.“ _13 ‘nly 3.‘ :ach iz 3 %v;,an.ms $a% 523 SA3222337
ac"i?a'sad hwensma dscraposisiim of ::gd‘..gen mnxi.a 2z
@ccn: as ssemanle *a‘saa. 2aia 2ac% has cesn 7oinld sd 2u3 5y
Bars (12) =ho 014 t2d s fanoai..g nasoning. Aa r2farencs 39
t2e ohe'mdyamio data of Jaspler 5 Fi11 ahov, 3he mos3 1iXely
1313131 s39p ia ide homogeneous decczposiiism of hydwegea |
orozids.is disscolaiion ia3o $30 hydroxy} radlcala, Usisg
the anexgy ohuct of this rsactica as an estizais of the
sotivation . eneYgY. and an assuzed colnsion f:wko: ef 1&3' \
aeaz Taom-tezperatuze anly sbout sno Zmlngm peroxida aolacua
13 10%7 amderzoes-3hia dlsscciadisa 3er sscond, IJaar 3207
sze 2oloouls ia 19° rescla per seccmd 2m 3hia baasia, law=
lzg o2 21ih% dsocmpeaiiisa By clala zsaciiza 2f 2az02a3)3
1amg3d, 33 $0073 231 dydsezen 2erexzilda —ondd dicomsose 2 a
fr223isn o7 2 azcend, 9793 wishoud esadzirusisa fooa cxalza,
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577m 9ish allowaney 9T 329 unsardainiiss iavolvsd, $his osdi-
2333 2ax23 15 clsazr 21had o337 siudiss of TAPIN 2239 4oL
9313401, o0i1%3d in Uhayp3az 3, d3al% enly wilh hoassrozonsons
d3eoapoaitisn, I $amgezadnrs zoxgs o2 25 o 12073 13 co7azed
oy %2339 gludiss, amnd netivasisn cmazziss arging Coem 4 %o
20 I5al/=0i3 weza TymoTisd,
Tal3 cozclusicn may also =3 atpilsd 39 docomposisica in
323 1lgaid -hage, A3 disennzaed in Chapiar 9, 4 2igdly —urifizd
sampl3 of hydTogen Teroxida im a J7Tex condairar ill Jsccme
7953 2% 3 =a%9 oomaisdsnt 213k o codivadisn coemy 9*’ abous
13 _3333/ =013, o=d b3 xocoss 13 aasuosd 59 U3 L?-:":”Sl? hateso~
35n89103, Isot3sescus 1lcnid —hase swac3ionmg o7 :i:’sa’an ;a:-
>2ida M1z 2zhibll ac$ivadion omergzizs 13 Shis Dangs, Jor
2x23913, Thlues sapgisg focm 10 9 7 "’::9.3/ =913 =2 ﬁh«érmd' o
257 zoactisn Titd 2 mmber of icns of 332 lalagens {13), '
L. 2 % seopared Tith 3hese valuss 229 3hos? sbdaizmed in
ha \at*dg o7 %he *eac $ions of varisus cubatiiuied ;:amiﬂaa. e
_,_._,_ﬁs Bomegangons ﬁacmgpsiﬁza 3ro08eding By bomelmiic- 0=D:-n
bc;d. Zissisa i zither a3 gas o7 1iznid shases 2 mumdber o

.. 7aTpzid23,5uch 23 4iashyl jeroxiss, diZenscyl sorexzids, di-daTi-

Tatyl Dozexill,  mnnans hydrossaaxids, =d erozyauliais

l

220353% z3%ivasiza apesgias of wpoud 30 3o M) koal/=oia,
223 a83i7aiion ozagzisa Zo2 r2aciion wida ojler ubatare:2s
2211 velew 3213 2azgse, 28 109 as 10 zua.‘l/::xcle A =ors d3%ailad
ccaparison of 3avezal Faroxidas mﬁa::gc 2 328 came PIEC33,
2amedy. r2aciida 1AL Tarnstua i2a, i3 providad by Fiz. 3, “:hich
a3 published y ST ard Tilliams (13), A3 ihaesze dala
izdisase, thez2 13 a dirzed I2ladionship daizesn 28 39~
gaanoy 72030 and colivaiiaa szexzy 2o 3ais Fariiculaz m“iaa,
A% 2 Zivea damporaiury 3he Ieladicnzal) i3 zued 3had Ul
sabgsituiiosas 22 dydIogen zozaxids udiﬁa%ad Z2z9 3hd mamim
Ta%3 2lower, 2la 2ay e aeadrasiad Fi3h ka8 alzhar taacs
2333 2baazved Ia2 3Rs mata&azm ’:x-::aega*am:s dacoannalll
az‘ 97730ic Tarazilas AadiTe 39 32al a2l dydzeoen tapazida,
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0l30%Toa 030233 iato t23 C~0 bond givas a 10w activation onmaxgy
by izo23a3ing tha availadility of olooszons Zor cocorxdination
wita 23222us 1on i th3 cotizated oomplax,

A goneral guida Zor compazirg t23 atability of pezozidss
Das Ze9a ot £o77axd by Ualsa (15), who stated thad, uwp %9
a poia3, $23 C-0 tond onmargy i3 incraased by nagative ochargze
$ran3?az, Oome ob3aTyaiions consistanit with cuch a gsneralisa-
%ioa vars 1is%ad oarlior oy Talsh (15) as 2o1lows: aoy) nax~
©0x1.133 dzo0mposa approciadbly ovsn at room tomperatnurs, and -
ars Zos9 £2303179 Shan 2371 (3071 cubstitusnia ars elsocizen
aﬁ%meﬁzg, az7l, >9pellizg), dialkyl peroxides ars mors stadls
$haa 329 corrssvondirg aydsopsroxidas, which i3 surs dac@u
1293 *‘3&&117 than Lydosey aliyl peroxides, po- o v s § ca, and
azong a3x73 Zzyd‘oparozi.ss 33abilisy izorsases in *ha'em:
pei=azy,. mcndazy, ,az*iazy. Zalzh (15) aa;:haaized that
ckazgs 3z2n3far alfzols ond atTergih, tut zot mcasaazﬂy vend
dissociation omergy, acd $hat activatica ene:gy w not e

X -

- Taia ;ri.cipla of chargs transfer iz of undcu‘b"ad W-‘-r

;._‘_comgmsd Sclaly 7isth &0 bo.d ﬁaaion. e _.._._'._:;. _" L

m, but i3 13 zeat claaz ‘*haa the effao*a of chargs *ma!arhan

733 >39a '“ssc'gn* 22d 2nd 22412134 1330 a consislamily 72311231
Sasery, Joz amp’a Sazim saroxidey 2 Z2axly ceaplaialy
imis :ﬁ;‘*s.an.a i3 @*wly 352313, Ca a3 ofasr haxzd, ok -
ci3ad 1a shs discuasion 210w has damonatTaded thad addidion o2 -
gl3s3zon "spalling anbafi*nan%a 30 2071 peroxidas inoTsases -
$hair za3a of daccaposision, It would appear thal any cempari—
gea which 12 made should deal with aimilar processes, ixat i3,
braiizg of t2e eaam Pord in 3he same envizonment by a coo-
aigz3anily :aomgeaeoua oT detarsgeneous »rocess invelvizg ke
eez=e 22 aaziment ca-rm%an%. inisiador, or catalyat, Poxr
amgza, if tha ra3a 22 hemogaaneoua 323 phase dacempoalsiam
i3 ccasidesed 13 2zpeazs 32al oI3aais poToxides ars izsa . -
332212 aan aAaydzogsa Tozexida, Tha inalaznes of roaodica T3
£322=m3 iz A 323 23232 hand 2hswe aTdagen Taroxida 39 B3

322 Zedd T2ae3iTy o s Zazoxzills coialdazaed, I »azdisaiag

2 dizsinssicn should B2 22d2 Haimz=a 3223 mase2piibilisy oF a
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raroxidy $o 0xplosion or disonatica and 513 rals ad vhich i3
undar3ss3 ©30tion undaz w311 2o2ized comdiliazs,

] 1ZCIATISY €7 NTDACOZT FINOXITT STACTICTS

723 dazeriziion o7 o hydasan Taroxils s3aciion accozdimg
$0 $h3 Zom3poing clazaiZicaiisns oan B9 mads wilth 2lzh precisiin
azd e373ainty, oF may a3 13as% in 7zizsizla bs oo dasasmized,
23%e752, Shea i3 13 Toguirad 3o oY 23 macaania of o ’asoﬁian,
42344, 30 2avs coze 3xoalcdgs of a3 iniarmediass slals
by 329 zasdisijpating adcms and Jlzeioms, Jhem 29 *uch cars
San Z3 sfZ2zed, Thla 13 3 suRises Jo whick zagiziac3ery’ t.‘:sozy”
2as 9317 s3cen31y Sa2gem I3 03 svalspsd zad. 4:a*svaman$ 3o
i mich 293 uzsful 17213 2f T2/icsmend may s expocisd,” Ia the
i° 2311o9irg —atograshs 3 camber of Suggesiisns sogarding mechenisms
| 7111 33 roviewsd briszly, Jeorhops the Sosy isppylant cozclusion -
59 S sesched iz ha* “31“33 308 wce~a of gz;arissnzal 22043
=0z tha zzs* hawanasd aozy 2diza agz ’3ne'nliaasicnz hy"hieh~~

%2 zachanisa : é “3d"$gen,,ersx 33 Tsecdiona can 3 Jradic sd
o7 3ven cluaaifisd ussmivecally al DT3s9n%, | S

-y ™ -——lp -2 P
‘3% s2aciion ’:mﬂtﬁfﬁB 13 Tamristisag o Thghsaldon
~ b e . . B R e

B Lo n e i 0,

I R U TR TR Y

¥ : Jza saimiascy of aydrogsa 2o2exids 30Tl 2xs3llm3

g

a33ancsos 3 illussIasg 227 1;;da~u;aa naj 2quadl :ns ars T3
d3scTids machaniza, 2f a2 22% T2ae3isn suclh a3 {3 ) Taich
. 2no®s tha szildazian o? aydssgen 22703ifd 7 *3¢“931L= Far=an—
°anata i3 considered, h2are izzedialaly nrizes iho guastion
~~af uhs*ha: 328 ia%araciiza o2 Saa 2olsoulas i3 r2ally iavolved,
2saction {3) can also T2 ariiian ia 31iza%1y diZfsTons manner
£y addizz oz =21 “ulfu is 20id —3lzcula 37 dhe »2ac3anis ard
* 2xpT2ssirg k3 pol 3againm 3als oooduel 28 t¥e Dimilate, Z380y.
The lailar uncariainiy i3 Taliared 12 13 i3 zseallad dhat dhia
72203131 13 2243222117 <onduesad ia agmacma zolutisn Thers care
3ain 97 323 TS2a831a33 and posduesa are i isalsed fara. Ihus
13 13 3333973212 32 3;;3-:3:a 13 123y, i:a3 od o23asalum,
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In one T3spaocd, howsvar, this prosadura has complisatad $ha

oattary thiztosn r3a0tizg molooculas now rIplacd tha orizizal $am,

In cddistion 1% 13 uncariain at whica point $ha applisation of

isnizasion should te oiopped, I3 13 kzowmn that hydsegsm paroxids

can izniza $0 a slizhi oxtent ia aguacus molution %0 fom3

hydzegen and pozbydroxyl icns, Iaouzh Y2ars 13 n2 23zisaiicn

atcus chowing the poiasaium permanganaia 23 complalaly isnissd

1% 9111 bte racognizad $hat hydrogen paroxids i3 a weak o0id,

and unlass the rsaction i3 carriad ou$ ia Taais solusicn 113312

pesiydroxyl ica will be present, I3 mizht be 1a3latad $had jezdy-

mﬂl ion i3 the -s&ctiva fora avan if prssent snmly i zz=all

pchorsi"aa. m.ws the meril of %his cuggesiizma, 13 nacswﬁ;
~ 1ssds io furiher inorease in the pumber of 2203 ani solsonias
~ wpitten in $he zed eqwian._ U

?his almnta:y discussion :zas z},emnatra.ad *he haéaqum

ot nct cquttions as aechmiatic deacri;tions. ’?he:‘ peaal “
."_:-“otfarsd in explanatian is that net '-aac*ians ahe"w""aﬂyr uha sum
 of a serias of individnal “eactiona. For a:amyla, i3 haz Been

- suggeated that in tha caaa of the actisn of hyd:cgsn reroxids as
B Teducing 2gent, a8 1 3he =2mmanganaia Tsactiza tndar Aiscas—
3iom, %hs hyd*z:gsn ;;crczi 2 mm3} Tirsd oxidi.,.a aha Zabairalds,
 251lcwmed by a ndnc%icn by '”:a*a:. .,Zmz'

e

+ o |
LeaTemy — ua*+a+,o'a )

i'wo eb:sctiona are medntazy' Taized to thia, I3 may
of‘;en de ‘ingredidle ‘that an oxidized aube*anco bei..g raduced by
hydregen peroxids should firal be oxidized aven highar. Ivaa
12 13 is inaiated ia the face of an 3zssading)y unfavoradbla
anergy I21lsiiaznahip thal hizder oxidalisn may occur ia aizuds
pozoriion 32329 Temaina 3ha furiiaz oxidicism 32ad ia bodd
ranedisns {1%) 2zd {13) 3hore 2as 1n Jact taen an aszumpiis

e A S a——— A Y.
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of machaniza, pamely that embodisd in tha z2a0ficna writian %0
8237933 th3 balf-0211 potantiala, (5) and (10). T3 fomma of
thasa zoaotions $20 Ras no ralaiion to machaniza, only =nad
r35léa regazding tho ezergy and naturs of $22 r3asiands and
preducts teing of conosrn, A nimber of oihazr 2all-z2a0%icns
can e 1i3%t3d, ard in tha absancs of any addiliozal baais for
choice, combinaiiona of thase or Forhaps of 232373 a3 well
car3ainly mexrit comzidsration,

B N

B0, —d0, + 8" + o~ | N 2
. ca+ caf-;a-aesa +o. o ,,;;;;-; 13)
A ;!; S f I

. Oéﬂ + cs-——;- o2 + 320 +»? T T (20)
Copgrtes

Even if no dirsc: experizantal avidance Zor 3hs o2istencs of |
soms of ihese intarmediates wers- availadbla, heiz cszsidaza#icn |
Zor Tas 3ianli£*ca*ian in *ha :olecn¢3:**7 22 To3s% 3‘“8@@3'
T3a30navle; o ‘ - e

© An 2ddi%ional idea ragaTding ﬂechzmi.;m 2ag teen eoucaed_' T
on ia tie auovs discuazsion. Ths thought hat aznaed1~g17 k
small pzeper%iana of uncozmonly highly oxidized snbs.rata zay
te actiTe in hydrogen re:axida vaactians has been ? eqnsn$13 o
ezpzaaaed Pardaps even mors use of 3hiz has been made in
explaini.g dacoapoaitinn processes; as ia %the falloting chap- N
ter. 7The zather high-standing ezidatian potential > 4 S
hyd:cgen ga:azida pexmita rsazonabls consideration of 3his
idea, In the absence of any dizsot knowiadzs thad zuoh an -
ozidation 13 20% 0aaidls, 3he saly limilation saisrizg iZe
p:eslan i3 she T@actica rTala rarmaiitad by 3ie amall concen=

3ion of ozidizsd mmbaizass, PrTesumadly i3 alzad s sal-
zulaled zhad s=2adld uMacan*"ﬂaiya i3 ¢ea3iat22t 7ish 22 gbzazred
Ta32, tud 4% 13 1ik2iy tkat 2 ecsavincing calcwlatica wowld




lleaf 279 brougat iate comsiderasica, Come aspoots o 348
: -.:1..,;{ihich are of uporban« in interprating she rmﬁona cf,

13

in tara dopend on cuol a datailcd knomlsdge of zschanizz Saad
$29 purzose would b9 éafaaiad, Anolhkar 1dsz siailaz %9 %ais
2aa D291 advanoad I3peaisdly, I% 13 po33idla thad wydzogaa
59>0xids rreots wild gcudstrate molsoulas to fo7a paroxilas o
. hydropercxidas °hiold =sy te nore powerial osacianis diaa
hydzogen peroxids, Thers sucah a hyzoithesis las been advzased
13 has deen svldom that ths sotmal oxiaismoe of 328 joToxids
Ras been demomsirated or that 133 thermodyzzmis poirniial lLas
teen Xaown,

e "Bscent rs-”alnations of the concepis of oxidasiza aa
reductics (17),{13) zay te helpfal ia oomiﬁnzi:g 3ha28 iésan
The mfﬂau of ihe tarms oxidation and ~oduo3isa i3 M
naitoc, mording to Puliixsa (139), %o desoripiisn af z33.

. .procesacs ged %o the formaliaiis assizmment of ow‘ra 3 a%.

f..ﬁ_ﬂ&n ¥iid the actual {0z oupposed) mechamima of rsacilca
cmayt of tmdnm:lea toward slocizon meysm o3 @@1-'

LY e

MW m zeniicned ’.:slaa. o fry ach

, maaai‘:ni 7 4 cf S22 oxy3m i:: h,'dﬂggan s22exids,. 233&‘“@ *’a
ike. provicusly dizoussed ,naistaaca za 329 .;r*’:..ﬂ 33 .:*ma.
Iaadequate cbsarga%ian mmdad yTegTess; IO )mpfla, o
Bamozofd. (20) urote; ' lhe okeaizizy of aydregsn FoTeaide i3 a

hmlua mbjoc* 2or e gaoammlsgioax o Bacbniaa ea@e:i- -

msnter because nialeading experiznent 13 ave:r@ora. . dala

- ‘.fintorsat:ng antaunt has teen widaly nosiosd aad avea oui
" iato French by aiassa (21}. I3 seems 3o izply thad apema- .
$iea un«- muu thc tmth than axpo:.nentn raauna. '
Thore is no doubt tha3 tae large 1ilsralurs of aydzrogsa par= .
axide- w: iz zoly *-aportad ard iap>29i39 axparizenss- 2
2270w Tongss of ceadilisas, Javerdhelass, 2baervatioas 22 pre~
21312n can 29 2:ads aad 32239 233 by latartoased vaailly, ™M
I2exgTesk o2 duch 2 lajarrzadaldion mmai Uo Laszad 91 2 a3
3idazaiiza of slaszizonls Sazery, 23 us2d ia k3 praesdizg
chapia2z So d2i2raina sizuciur2, This approaca adda 3o tha

el e v




Shouzh cauch stages carnot ia 2300 3 saparalaly 4i asi..gniahed

ooncarn about thae ralativa psaitiona of tha aioma 313 Taquizs-
oand that tha elzodzen diadzidutica cdoud 03 ajzas 1130 b

' ocnaidazed, Ioat of tha dI7olor3and of ouod 23977 133 Temm

¢ud to ozganio chsamisia (22,23) zalihar thaa ¥9 zaysisal ez
izorganic caemiz$s, Pud 133 0x%sn3ita nad appliz 3«3.“2: v@ aydsszaa
paTozida z3z0iionsis zaxiaoily £3aa3idla, |

Iz ordsr $9 221107 2nd dasoriza altoals ;;:ai*ian a..d
el20%2om disdzibniion tazougaoud a Tosedica 13 13 maz’nl t9
7isealise ths r330tion 23 coonrzizng ia o nuxbdber 27 magas msn
sxserizentally, Jor ozample, Jeulasm {2%) divilas jheam indp '_,_
{1) t2e ini%tial stags of approzch 9f roaciania | @*;a,am*icz
taging, (2) the zolarizad stade aiid 323 wwézan*a ca@i..abla
tut ia & parturbed siate, (3) sho izemailisa iale rai*h anergy.

“a% o'maximm and reacianis rsarzanged and Zused into g %mai—

$ion cewplex; aod {3) the fizal stats witd s _;"Edm%a

' sgparated,  Thus, ia ordar Zor 3 zo% chsaisal cz.mga ta ’-“ “
2% obervad-utth hydrcgen perexids it zay b zscessary 207 gub~

samnt or parallal gsiaps of coiivated cwgl.z b4 m*ina azﬂ

Yond Yrasking io0 occur among 3he proedusta of i:ha 2.::1%14 z'eac"ian

[

o 3ith-additisnal aydragen rorexidy, Ia 1278 23208 ,‘o ,,m:ds i:z

noske Zydregsa peexids mmod a3 Drokaa, I3 33RaTs om3, ﬁ"": oz

A1 =usd e oookla,
- Ta9 zmagniluds of i3 onarzy rseessary 9 *:m a:'aa a.cti':a ad

¢szpiex (25) is o2 conaidazabla i...:or‘anoe 3izes 13 amima

339 rate of ;jactiom, OF, indaed :zha%her 3he T3zctisa san -
osed at ail,  %he enaxgz anuabla far 3hi3 13 =% miai%d
teing darivad ia vhemal 23aciions Irca 3he xizatis 20821y
of %he  resoting molaculds, 7he sircumatanes Talsh 393mita cox

‘$1zued’ consideration of a machaniza iavolwizg the dreaking of

4 atrong bozd i3 sthe Zac3 3dat dond-dreaxirzg {or aay of %9
other- T2sciicn aiens) dcea noi ccour as 2 dizessis ac3,. I3 i3
2ot 23Cse2ary 30 sapply all 3his 2maTgy and br3az dhs ndad St
3123817 2camse 123 T32d-2raaking and Bond=-IdTming plssadure
73 D37Tard Sogedhar, Thla mresess 13 o3 1lailad 3 322 STk
iz az2d forming of esvalsnd dozda, Dud 23 Izgsid ssiala culd
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{32,

27, 9.°7) 22y also £ offdedad by oolvand injoroodisa o3

12 2372333 213313 ond aiowdsazsova doa oalrasisa,

A Io33ur3 of 333 g¥eailad laperianss, I UO c::z;ml*ea i3

adl dizomsalsaa of coedaniza 13 $29 ohanga digliziomiioa la L9
2231241133 tndazgoing S3303i0n, TA%h Bydrogen paz9xids Tha 9ad
1oz93372a3 223392 13 383 osmoandimiiza of =azasive o2a232 ia
323 9373:, J3i3 ooy 3 oazaasad da AAZI3Temd ways Dy did-
I322a3% CatidTsy o30arding 39 323 uolad of vidwg o2 23 zizediim
—sehaalia ssadsapladsd, Shus tTha 3olaz 2aduss of 323 <3 Dezd

2a7 T3 Tphasized, Dz 38 pressscs of $he 159 zalzs of dlooizona
230 Y oI

3 =327 =3 Soiadsd and, Tonarally 3hijz x93 i3

3721y ooaoassd Ty oavarsizg 39 4he cloednen 2829p3ing naturs

27 322

TE7ESM, 1.2,5 133 olssizecnassiive ciarsaisz, I aemdd

o3 29%2d Shad 2lsosIsragadivily i3 o 22iasivs Sarm and TS
g

:::-" T

2972013 3 J37dsd dafiaidicn, Por axamnla, oa lsoladed

C3sa oz 3emmy 43 o3asisd o3 poscessizg 3 cerdala slceiTon

22233173137, Thoa 223 r2a0¥10d oF zolsouiar 1adazacilom 13 allowed
39 jotmz, 1sm8veT, dhe omladive magniluds o Shal olasizsmegadivisy

13 szazged, 33 lamdessen {23) Zoinda ous, i3 i3 roasensila 39
TIppesd 323l sa "3 Tormaliom @f 1 chemiscal Sozd 323 lalsrasiizg

13013

~
Sl -
v 3 *—.:)

hnmg3 A AT -313«3%?3*::13 .=.:3nsi's;r 3a _asa )y Ty 03 )
TAZg Saed 39 ) nal 138

3228833 13 1izdldzd o7 323 dagzes of d1l263zca 3Taasdls mdxa

S
!3?34.3 “hea a T2ewp o2 higi ol2odzcmegalivily osmdines Wiy -

3 Jeoup oF 1ow 2l203Tmmezailivily ovea cemplala olzeiroa 32xasiar
zay 223 =9 uafﬁ:i;n% 3% D2ing azond 2qualily, 2.3, >9T3xila ¢
iza, I, =, e:aaina saits sl20ircnegaiive- in 1%3 mism Zomding=

41'“‘

2: 3al3 sinaidsraiica of chargs diatrixuiism 13 13 2ooes

g,a:ﬂ; 33 129 2329 in Ais3i:x g-aiahing »s3zaen 328 Xinadis ordar of

o323

41z and 133 nelsswniarily. "::a Zinasiz order i3 osncarnsd

.:.@;127 7132 323 azdexr o sazcsaizaliza 39 whled the iy of

s h

3imm 13 23aarvmd 39 23 pronoriional, T3 molaeuladily o

353 2393l ooz 39 932 numader of molzenllas daxialy nax3 12

Ty et . AR 2
33103, S22 Tarad haxdng zasdd Tasalroa diu“,:z
; A - > o S by oM ) reant
preiaiicons, Zazsicularly wilh a2ssaecd 30 Y12 3217233,

7a3izisy i3 3ha oisswnds, ool
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Ingold (zof, 22, pm 315, 356) wisnes to closs tha dafiniticn

mord airictly, limiting molocularity to “4ha pinbar of molaculas
n303333rily urdargoiry covalancy changs,” Othars, o.2.,

873in (27), poiat to %tha iaportancs of intaractions of ors
T220%ant 9ith golvont or othar zolutas in such a way to pro-

par? 1% for z3action, It i3 posaible that intaraction with an
adjacant molacula, ordinarily thougat of as inard, might causs
72di3%2izution of tha chargya im the hydrogen paroxids molocula

ia cuoed a vy $hat oz3 ond of $hs molacull might e sudbsiantially
£931%173 ©ith r3gzpacd $o Sho o3hsr ond, facilis 3,ing tha approach,
and t3a3rsfors ¢he x3a0tica wita anothar dolacnla or lon and 133

" 'on31l 9f =olvasion, TR roaciicn cay than s uypzfiad as raquiz-

A2z 3 esrearsad puzh-;ull by 50l7ant and raaciant aad could T3
2sn3i3azsd $srmoloonlar, Iazold (22) ragards such inieraeiiona
a3 399 difu3s ond gemaral 0 allow classificaticn of Taaction
5772, Thase 1d323 ard conflic3s havs bsen ravioTed by Deamick {23),
3337 3%lulas a3 o211 a3 50179133 can also assuxa cuch a To13 in
73203191 2203 :-mi,a::ao 2or oxampls, 2l03ron $7ap3far (sxidation)”
2733 @2 %0 ?3 13 c;*alyaad vy a2 prassncs of calazida ign
(29). This oniiza greup of oZfac3a dus to tha assiadares of
al30%:93%a312 or o%har Zorc23 i3 ¢2ll oxpragsed 7 Jullixaals
30 {19); Sarizoraeatad £20332431047,
Taz3a 1d2a3 ars $9 a 11232 oxdand a2y acd conlToveraiad,

‘Jusy of a3 z2asoning izvoivad iz ialtuilive, Tud sha 2a3is promises

az3 ssund 224 3ro7ida a usaful rasiz f£or discuzsisn o2 zechaniza,
Tha $3rmizolsgy and 323 valididy of various viamgointa on
zacianisa ara dlscussad by Muilixan (19). This ascurce i3 alco

92 7alu3 ia izdicatizg hox cmeh gyatsmatizaliiosn 13 posaidla ad-

shouzh 322 21aborada nimenclaliurs adop’ad will nolt oppsal 39
2an7f. '

Ahazasiariatiey of Hydrezaen Pawexida ia 143 Naaciiong

IydzacaTexidatas ToTiatisn, Tha sinplaat zaaciioa of
aydzessn 3arozida, ad 122a% ia vimalizasiocn, i3 323 addilisa
32 333 =9l2eml2 a3 a TAold %0 anstlar =alseull, 2ad ii, famas

33 1 h7doosarazidaiy,  In 3hae amalizous fazmasloaa ef
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thz2d3 of binding azra curzanily
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ayd: 33 3
23 31912, and th atar of hydration oT ¢
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thus distinguishod according to tha dasignaiions, cooxdinatad
watazr, anion wador, latiica watar, or 32011%is walar, I3pori-
mental backzrsund 13 inadaquata ¢9 0333d1ich gued ca’sgoriss

for tha analcgous coapounds with hydrogzen pazoxidld, oszeoially
for ti2s 12383 3darply dafirad olassss of lattics axd o3olisis
bizding., Ths bria? cbservation by 0111333%%s>r (30) $has aim
zay foza a hydroperoxidata cugzgssis a rosaidla inalancs of
1a33ice binding, but %he atudy by dnsterg (31) casta dcudd

on tais, Nors racanily i% baa tosn cbzezvad (32) thal an

amins permm3iis 13 capadla of %akirg up bydzcgen paroxids, IS

13 also urclsar theidar siadla ccordizals Ptording of a3 bydregea
peToxids =0l20ul3 a3 a wwol3s occcurs, Ths ioprorvizg dazerix-
$ioa {33) of %23 elacironic raturs of 313 esozdinata bord prcamizes
%o throw 1izh3 on $his iaporiand quesiion, IS ia ouggeadad

tha$ cserdinats deading of hydregsn pa2roxilda canrod ccomz vith-

ou$ 3aricualy r3duocizg ths 83adilisy of taa zol2oull, I3 appears

113317 that the shird of ckargs amay frea tha ox7gen atozs
rsquized i3 i3s3 for=aiion of a ccozdinais bond would elilex
exuze diaraption of the molaculs or izducs 133 ready rastica,
Such a furze3icn sS3ems 30 ta provilad by th2 enayzes persxidaae
axd 131333, oad i3 i3 w”gas*i"n in 32313 o383 323l o2azly
all %as hea7iar =33al3 ars 9x22110n% daccasesilisa calalyala,
32 valazes bond dDraaxing i3 indeczd by foxmatlioa of a coordirnals
tond 1% caema no3d rsasornadla thalt this would cccur al the
hydrogs==o3733a bozd %0 12ave a parzhydroxyl 1ioa,

Ths d3finita hydroperoxidaias thich havs taen shomn $9

-occuzr ars 2033 accspiadly undarsiced as hydregsa tonded cczpounds

azalegous 40 the class of anion raser compounda meniiozad above,
Ths process of foraing hydrogen tonda appears to be ainpls zech—-
aniatically., Th2 rmalurs of ths hydregen tording chich occurs wild
hydrogea 7arsxids i3 briafly dizocussed in coaneclica with e
a2300123179 »pTopersias ia Chazsaz 8, I% is gaen hom the elszoiro—
negasiys charaelar of oxygem, %ha polarity of the €3 1=k, axd

473 22a1) 21323 of 322 hydrzoegan al:sm oiniriduiad s tho foraidicm

52 +3352 toada, IS 13 2139 poiniad cul $had th2se Ponda a2 20
73a% 32 ©2 long =malntained in 3h2 gas or iignid phasey only in
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g0l1d3 do they maintain idontity, From thagse qualities 1t is
easily apprsciatad that hydroparoxidatas (and hydzatas as wall)
ars for—ad with ccmpoﬁnda contaianing tha hlzaly ollotroragativa
atcas such a3 niizegan, oxyzaen, and fluoriny, [WIorancas 49
atudies of thesa hydrsparoxidalas ara givoin ia Qaapiar 12,

ioat of tha information rslajas only to tha cocourzancs of thass
compounds, and 113310 can ©3 said about t213 cachanisa of forma~
tion, which ig assumed t0 T3 11t7213 mora than cuilladly oriamiad
¢911i3ion and adhararca, In many oa333 thasze 330233 of cecur
7anca nsed confirmation, Iilnsvarz (31) fourd by niszoscopis ox-
aainaticn that many of the zaporiad bydrorarsxidails w3rs ia
£283% only lzoluslons of zo3hsr lizwor ia S22 cry33Sal oass, ard
T2307334 T3zaiive Tosmlli Par a3 larze Duabar of salls d9sdaed
2o> hydrozaroxidads formatiosan, Indsresiing Z2o33 z33azding Sk
rature of 328 bonds formed axs providad by $53 9032zvaiions of
Enszain (34%) %hat the capacisy of r203ghai2s $9 bizd hydrogsn
pozoxids izoxaaass in tha;q;gar: prizazy rhosraata, secondazry.
- phoapnrata, py:sphosphaxa,  Fith oach sal3 733 322 poiassim
salt was found 39 bind cors firmly than $23 sodim sals,
ifnzberg (31) fourd 1% a rula that caly di-or polydasic acids
comld bird hydrszen TaToxidia, I3 was od32rvad a3 a Fymll of I3
s3udy {35) o2 the Zormatiosn of hydroperoxidalas by 780l hald

- hydrozen zaroxidl is bourd nora Timily b7y oalzo gooupns dhaa by
carboxyl or hydrexyl groups, Sinilatly it was concludad (386)
that the amino group wag responsidla for tha abasorption of hy-
dzogsn p2roxida on an ion exchangs rasin, Levi aznd Battaglino (37)
cbaervysd that hydra3ed hydroperoxidaias ratairad th2 hydzregen
peroxida mors tanacicusly than the watar,

Dalorcs 2 : Pr2caaaas, Ia oihar raaciions of
hydrogsn peroxilda cne or mors of 3ha valanca tonda of %he
molacul? i3 brokan, ard along withd $hia, c2riaia 2iz¢iren tans-
far processss may ¢ocur, Fi7Ta ro3aixl2 nat precasses can te
r32d117 disearzad, These may b2 wrillen as £311573, i vhilch
ta2 do3a ronr2zend tha 9l203Tong of 2 covaland tamd amd 2
Drox2n 1iza3s izdiczcala 3ha zs2parasion 39 Ba vizualizad,

rd
BQ¥CI —— 204 (22)
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! -
HO ;!0 —> ca + oi" (23)
]
/I
HCO <"B —><0,3 + H ' (24)
|
ECO .:a —> 0.3 + 5t (25)
| + - )
BCO:i 3 —>03 +8 (26)

233 470 cases (z2actiona (22) azd (2%)) ia shicd $as 3o
2130%T923 3r3 gharad by $h3 produssi ars exaapl2s ol hezolysis
valazes Dond fiaaisn, 3Sizcs oach produst has aa odd olzeizon
theas ars tarmed Ir9s radiscal msclanizas, Ths {1Tee onsws
(z2a0%1ons (23),(2%), ard {26)) in chich toid elza3Toms of 31
brokea Tond Tsmaln Ti%a on3 of ths produc’ moloonlal Tazull

| 777 Tia e fozmation of czazged producis, Thssd pIocsszes ars Sarmed

ionis mechanizms and coour by hsisrolysic fiissisa, Otfhar ioais-
iaz processes involvircg ramoval of an elacizroa fIoa $a3 m=olzouls

- a3 a wh212 can b8 7izualizad, but ths enargy r3quirsmsais Ior
sacy 13aizasisua {299 2,77, 2dagsaz 5) aTe cavizal 27131 dlzss
o 323 T328%3isns Ju3% dizoussad ond o n33 ozms indo conaldaza-
tioa wiild any ca2aisisy 59 fax ragvordsd, Wisa $h3 advand
sindiog of daccazdailtion proosssas inlsiatad by ionizing zadia-
ticn sch icna may s found to ts of laporsazcs (33), Th3 imn
3,05 menticned by Usiaa (33) is difficult %o inagize, alidough
cemdiand slzeizon inmpac3, splitiing of the hydrogea pazoxids,
and iacorporaticn of the olsoiTcn in%o a produst may coour,
Bsactisa (26) i3 a zashar unlixsly ons for hydrogsa pamiua -1
uadesgo and wili 203 ©s considarad farihaz, ‘

1% i3 o332 no3 i-madiaialy possidla ¢p chcose tha nost
1ix0ly of raaoctitaa (22) $5 (25) %o sull a paztioulaz sed of
T3aciion condisiong, 213h2ugh thezs axe a Iy 7o1zcipla3 o
zuidaze, I da3oznneaition nrTscassas sccurring iz; 323 72392
r2asa, vheshar tharmal o tholechzaleal, rsasiiza {22) 13 ihe
moss 1i%2ly, Toaoiion (2%) t=ing naxt -ost QICQEalﬁ Raaciion
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with othar substancas in tha vagor very likoly also ogsours
solely through frae radicala, Ian $ha liquid phasa tha fastors
of environmsntal cooparation maka tha ionis rsastions (23)

and (25) mors 1ikxaly, 7This comss about through ridustion of
tha dizrsot energy rsquirsment ¢o brirg adout thage ioaio B

. reaction3¢ as discussed adovs, ¢tha tomparaiurs 13val of concarn

)
in 1iguid phase raactions i3 too 127 to paraid signilicant

thermal aoctivation of the unaszzistad diszupiion ¢9 Lr3e radiscals,
Tith the iniroduciion of enargy o tha 1lguid 713 phossochsmisal
or ionizing radiatiom, howarar, 233 radical Toa0%ion3 om

again ecour, . '

Becauze %hé élact:cn oaslls of hydrs33n 53293143 ars oo
p1333, 1% 13 m=osssary shat 323 =olacula b3 oplil Safors furider
slsctzons can te aceaptad, Lixowize ia o-daz %0 dona3s om ollo-
$Ten or a chars ia an elacizom, 1% 13 14331y ha3 313 solsomls
Zuas be splil,.. Tha 7ous of atiantion i3 ocudsequanily on ths . .
zZoT3 Noval or uni*ualy rsactivz Z’agnont. ~Ia ths ¢aae (> 4 '
z2action (23) $3i3 13 ths 037 izn, 22 012037o3hilis or slacizca

- accspting ontidy, ahich is anal,gcua to tha cax®oniua ioaa,

Ia Tsaciica {35) 13 i3 323 oﬁz iz, 3 nuelzophills o2 alzot=oa
dznating on3idy, I gyidﬁzyl I733 2adical prodebly 43397723

clasaifica’isa a3 2a olaetosn o2oaniizg bady, 72il3 Toth olzeszon

aco3piing asd slevizen dorating o123 ha7? Daen azsignad 2

. the perhydzoxyl 2£zsa zadical, (C3her charactarisiiss ol pro-
‘casses iavolving IT9® Tadicala kave hesn daserized by Tastars (39),

ard frse radical and ionis mecnanisms of organic jaroxidss

havs teen compared by Tobolaxy and lasrodbian (r3f. %0, rp.57-39).
ks Y : I3 haa ta2en notad thas S13o3zom

exchange may acocapany $ha valarcs tord-br2akirz which ceouzrs

in rsactica, Thia provides andihar may of i17piiying hydrogen

‘pazoxide Teac3ivaa, indTsduced Ly 3rxowme (¥1), Tho noialsd cul

5ha3 in ac3ing a3 2aa 23idisinz a3en3 hydrogea paroxzids 2008533
370 2lsoirons, Tharaaa soze 03237 oxidizing agenis accapd only
23 alasciron, 3IToma 2324 3213 23 a Tasla Dor clazailfizasicen,
invaq..“g 3h2 %2723 zoas= azd di-dalzoizonalor,  Th2 dialirne-
tion is a2 valid oma, but the l233 cumbar: £n3— O

£ 1

!
two=-slectron change, aseen pral:e altoeration and
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8%1ffonirg of Browrss dafinition i3 also in ordar, All nod
oxidation~radustion r3actions of hydregan paroxids inyolvs $=0
olooiron chargss, bui thaese may ts inagirad to coour i1 <59
8t3p3 or a% oros, Taube (12) ka3 oia3ad a dafinition quila
d13%iz0%1y, A ra% changs, formally raprasentad a3

At es = as™ (27)
i3 zafazrz2d 40 a3 an example, Thisz rzaction 13 prasuned 9

procasd $3rsugd an activasad complex A3TT, Tha dissizesioca
tol73dn a on9 9l3sirsm changs ard a ¥ olactron chanzs i3 2ol

*. core3znad wi3h tha f1o7 of olovizons in $ha costaplox Dud maddesr

i3 323 guesiisn of chsiher oyidanca cm t3 fzurd 22 42
8xiz3ance of ta3 indsrmadiass spsciaa A% ang 3'3' 32 S23ze

0xi33 (2zd can ts Camemstzatad) 32en 3ha rsaction procsads

713 oz cloeiron changes, If ths dsmonsirasion of thair oxzisjence
cannot s aade thsn i} ia prsauzmed thal 3ha chargs i3 a 30 ¢ -
ellcizom orxs, Tauts peinzy ogk 3hat $2s insansisizidy of as%a’
£2r cuch indarmediaiass as,may cause mislaading cm:clnsiou.'

I2a2r® has consagqusnily been come diffarsnce of opinion ragarxdirg
323 $23310111%7 4had hydrogan varoxida may aot by tosh ore and

373 el2e3Tva oharges, Ui {13) maassariad $ha olaln of Iarez

azd Taiza tha3 hydzogen razoxida marvsr reacd3 widh a subsirais
makxizg a dizalaand charg®s or simaldansously wish $o9 oudsiaalas
maxizz mozdvaloanl changss in ths dizezci prodnciiza ef oxyzea oz
Tasar, Ca ihs oiher hard, both Tauve {%42,4%) and Chrissiansen (45)
havs ciisd evidsnce that two elaciron changss do indsad cocuxr widas
hydrcgen pesroxide, The exionsive discussion by Cadill and

2aune 111n33Takes the problema invoivsd hers, Th3azs authors sougis
$0 dslamminas from ocxygen isdotope iracer experimenia whether

$hs oxidaliza of farrcus ion By hydrogsn peroxids proczeded as

a ons elacizon 4ransfar to0 thay farric stata cx @ a 370 2l20irom

A

72233 22 fTe9 radisal iniazmadiatas, . on ths o*har ha.r.d ara
32 ai,ija. P axamply f\'bhz:ls.c; ard Maapodiaa (! 0)
van mathoda for d;a::mn:ata.‘:1":LA0 thelr ’orss_nce



il N i .
L]

27
transfer to the Fe(IV) stata, 1,2,, whether rsaction (23) or (29)

ratt - B0, = A & N , (23)

oocurzad in ona step involving tha formation of only one
- agtivatad complax; '

7077 + 8,0, = 7a(17) + 208" (29)

203 iaitial bonrd~bransxing stop in the hydrozan 3roxida mola-

- ouls would appaar to bl claszifiad as tha same 1in Loth cases,

$ can bs appreciatad that if Fa{I7) weras th3 ulsizaia

product of raaction, Shiz mad zomuld could ogually well o2
cehiovad by oazryinz cud racticn {23) and folloving %his by
el20379n $xan3i3z £Tom 2orriz 1on 39 hydroxyl zadisal, Unloas
ta2 1as$3ar indaraction i3 quaniiiativs, howavar, Zoms. altarnals
s720%isn of Zydrexyl zadical would vary 1ixaly changs ths
Xinadicy oz rat 23mmli, Caaill ard Taube concludad that oxidaiion
was ia Zast pzecsading by boih the ors and =0 alactzen tranaiar
mschanigms. . o

Tais matisr oas discussed by 3Zizginszon, Sutlon, ard Frighd
(47) Zrxo3 2373Tal zoind3 of 7id7, and on 3h2 Da3i3 of oxperizant

32y oaza $o0 th2 iatareslisg eonclusions aal tha rada of oxidatiea

7 aydrogen paroxida of z373ral isns of aulilivalani meials corra-
1a%3d 223332 with 3ha elactrcda podentials of 4k ma2tals for on2
elzciZon 83338 than wisth thosz Toxr too elzciTca o%23p3, Althouza
th2y adait tha corralaticon may not be walid, i3 13 suvggsstive of
pr2farencs for ona elsoiron changes, The limilaltions of a
dasoription according to elasitron ordar should te kspt in mird,
Jusi as dizcussed abovs ia ragard %o the corncepia of oxidation
and raduclion it is eftan difficuld o suggest a elaaz—cut path
of ac3ual aloceiron iransfar, Thus, as has been notad (47), tha
concand may e only equivalant %0 a3ating that na3 oxidatien or
Tadnesion cecurs, alldouzh a3 dafizad abovs tha uaunags carrias

a €371ia133 implicatioa of d23ailad knovladze of Z2elanizm,

213 dizecuszisa of S2rmiaolely and i3 dzawacks illusizaias

agzain %h2 difficulsy of orgzanilzing undar one sysiom idz2as about
mechnanisa diffaring leva2l of d2%aill, For example, the rsactloz
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in which forrous iron 13 oxidizad to ferrios iron whila producing
& hydroxyl radical and a hydroxyl ion from hydrogesn paroxida,
could ©3 o0laszaifiod a3 procsedirg by an 10210 mechanisa or o £r39
radical mechanisa, accordirg to wheihar roactica (22) or (23) ia
belisvad 40 ecour at tha approach of tha Fatt ion, I3 i3
balisved that the ionio machaniza i3 mors 1i%sly, although tha
paths f011978d by tha eloctrons exchargsd carmos ba followed 4a
da3ail, A% the same ticzs this i3 an ioporiand procosss for She
gensradion of frse radisals, ard ths subsecuent rsactions cay
te ti3 came onss po33idla followirg an initinl fr3e radical
dizszociasion, A130 ihs product iomslixsly oxiss ia asscoladicom,
Thus thers 031333 coniilazadls rocm 22 confuaiom ia dasoridirg
an 1onis Teaciion 1a7s17ing olootzon $7anafdT 49 produce a £3se
radisal arxd a co=aplax ica, Pazxrs of tha nneszsalaly of dssizna-
ti2a arizes from $h3 point of visw; 1a this exampls ialazast
i3 can3ar2d on thas hydroxyl fres radical produss, I3 i3 pox-
haps appzepriats %0 39ind out thal 799 radicals no 1ornger
dasszvs apscial slalus a3 exiraordinary molzounlas, Thay a:s
' oopscially reaciivs %0 s curs, but th2 thaory of valonce
acoounta for thair sizucdars wsll, modarating the astonizh=ent
3132 Thich 3hey mer? Togardad Then 2irad provosed (39). Alzo,
2273531a oF 322 1323, 2,3, 02 Zazro3 ida oz 31 I3 iom,
gonld Ju33 a3 5211 T3 33rmed £33 2adicals or radical-iona,
Ano3her characiarialic of lhydregaa paroxids vhisca o3
triduiss $0 uncardaintiss advoud i3 macaanioa of rea0iion then
ionia cl2avages of t13 CO bond i3 considared is tha idaniily
of 13 %20 halvas of ths molacula, With oiher peroxidas ZCCR!
or D0CE thers i3 a prafarrad dirseiicon of chargs migralica,
Aad i3 3xs8 el2zmsndary r2laiad exampla oi hydzoxylaaina dae
$sadeney i3 alaaya to dizsocia3la %v 332 azd €3 zather idaa
30 332 and €3 bacause of the gradar elsciron affiaily of £3{23)7
9432 hydacgen paroxida, howmever, $hare 13 no i2ndaney fo
chazg? 39 nizza3s ia zne dirasiisa 2z02»3 as induced By
appIs222 of 93232 =modlacunias,
Ma3ifisadiza Assatding 39 Oand Y7raiing Iweceey, TIa

d

$h3 Parrogoing discussicn thers czargss 3hd idza thal tha firxad
gtep of a hydrogen peroxida rsachion involves the foxmaticn of
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ons of the entities €3, 08", €3, or 0,4 as a mors or 13as
indopsndant intermediata, Tha dogrss of indapandanca poasasaed
by such cpaciss has ba=n digscuased (ref, 40, 5p.107-112) for
tha ginmilar 0azs of orzanis paroxida r3astions, Zldootron
e3ohangy may ooour n3azly sisullanaocusly, Tala oclasaification
of raaotiona indicatad by equations (22)$9(25) (7ita tha exolu-
sion of 023) was proyosed by Dazbyahird aznd Uatars ('19), who
wezs of the opinicn that cach of thase 8390ild3 has wsll-
dafirnad charaoiaristics allowing disoriminatica, Aa a means

of clagsificatiocn of ¢ths datailad mschaniszm of hyd:dgen pazczid@
220t 10n3 the practics will Pe adoptsd haxrs of z3farring 4
T9a0%ions inyolvirg 1ni%ial Zormaticn o $wo CF zadicals a3

. : 52038 involving fozmaticn o2 cs*
and c;" =il ve %amd A - \-=3, 3inilazly, if
53 43 bellaved %2 Ds fizad prs&ncad $hia uill te callad a

razhydzaxyl zadisal —schanismy, and i diasoclaiion %0 Oéa and
B 13 thought to occur, rafarancs will bs madz to a Egzgzg;gzza

.isn_nschanizm,’

. I4 will bs cbzerved that the 430 ionic mechanisms ars to
k3 azsociatad with 3hs concapiz of acid-vass caj§§7sis. Ths

.943 132 ill D3 T30dgnized a3 th2 anion Iﬁ"ul**“g f7ona dia-

saciati:n 23 an asid, Ganvicaicn that ¢ha €I' ion haa izda- _
s3nd2ni exisienc? cozes 1233 easily. I% has bzen sagg2siad (50)
that thare ocours tha r2aciicn :

E* + ECOH = EOCH,’ | (30)
ard 4ha% the caf ica cubsecuenily ray appear through

BOCE,” = B0+ 3 (3)
Cae a%:iki.g diffaranca teizsen tha t7o ionic mechaniama lias
ia ths £a0% that in ozs casa (£37) %h2 470 ox7yen atoms of the
hydrogen T2aroxida molacula ara z3%aratod al iza taglanirg,

Waan paraydroxyl ina i3 inysivad th2 oxy32a aions romain togzathar,
at l2asd loifially, and offer tha oppordunity for them %o ramain
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80 bound in ths oxidation to molacular oxygen, Withou} isotopilo
Jatallilag tha diflsrsros may rnot b3 apparant, howsvar, Foz
03aapla, bodh hyzoohloroua ion (310°) and moleculazr ohlorizs (012)
r320% with hydrogen paroxids +9 yisld oxyzan and chlozida ica,

In $ha former 0239 thors may bs vigualizad tha rsactioa of 010
and 03" 20 fora C1C03, 1Ia the latsar ocaga th3 1adtszastion of

017 aza 023 may yi21d azain, 010CHd, This chlorizs hydroperoxida
baa 20% tasn 13olasad, and indasd, a3 tha romarx3 of Ozapisr 6
izdisassd, i3 could s oxpsociad to T quils raastivy, Ths
pr338n09 of tha elloironsgativys chlorins shculd onhancd todh
ionization of 4hs hydrsgsn and gzeyarasion of moldculazr oxy3ea,
Thess 370 ze3s of Droposed T3astisna may vsry vsell not cocur
2230317 28 ds3ailad, Tu$ a3 a means of visualizirg $hs tond-
b=aaxing azd elsolren $manc?ar 23398 coourrirg, 3hia proceduss
i11l1nstzates how ths T3suliirg moldcwlar 0xy733m may coTe £olaly
!:oa ths hydrogsn parcxids or nay comdain a conirituiion from
ths subairate as well,. I3 assual £203, bo%a hygcchlariﬁa acd
"ehlarize have bear- .hsan 0 producs oxyzan solaly fzom $he
hydrogen perozide molscula (38), izdicating tha3 tha nechaniza
supposed above may bo corzsos for nolscular calozize, btul not
for hypechlarizo, Thich mast 12avol7s @53 02 couras ths iors
3 ama 333 naad gizaya 32303 Zurdiaze, Moy Day T2 $22 ¢2an3
o1 h7d~o:713%ian o7 of hydroxarexildy Foraaiioa dirzesly,

C3asxr chazasiariastica of hydrsgsn pazroxida z2aeiions havs
bsen pointad cul, Ths addition of oxyzen o tosh organis ard
izozganis compounds which possess unsharad olacizons frogquenily
eccurs (zsf, 39, P.2%45), Zzamplas ars?

Aa(CS)3 + B0, = Edady + HD (32)

Ry3 + 32%2 a BoZ0 +E,50 . (33?

The 707X of Halparia and Taude (51) showad 3ha3 ia aa ins3arcs
of such addiiien o7 2a ox73en asca, zomely 323 oxidadion of sul-
£1%3 %o sulfa3a, hydrogan peroxida a2dds $wo oxygen aloma v 312
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oulfite in the initial step, although the net procsss requires
the addition of only orns,

Waters (rsf, 18, p.86) has pointad out that tho organic
free radicals which attack hydrogen peroxide have a structure which
Tavors maintenaaca of a high electron dansity at thas sits of
tha odd electron, 8uch molacul2s induca chain continuation,
whareas those in which the charzs is mors evenly distribmted do
not disrupt the hydrogan paroxid2 in such a way as t0 preduce
further radicala, Tha mors commonly though$ of rsaction with hy-
drogan peroxids to preduce hydroxyl frse radicals is ths oxe in
which a metal ion i3 oxidized by a orns valornce si3p, Evarns,
Baxandala, and Park (52) found by initiating polyzerization
that chremous, mercurcus, cuprous, titanous, manganous, ard
farrous ions wers capabla of gonarating hydroxyl radicals, A
foaturs of iamportancs ragarding tha tranamission o propagation
of hydroxyl frss radicals in agusacus gsolutions 13 the fact that
hydroxyl may exchange with watar ian tha rsaction:

-

03+ H,0 = H0° + 03 | (34)

This possibiliiy (53) has basn testad exparizentally (54,655).
I$ »rovidss a m2ans whar2bdy tha hydroxyl zadical may havs an ap—
par2ant iong oxisiarnca, DIxchanz» with othar sp2olss migh’ produce
a 1233 raaotivs fre2 radical, iopairing tha efficiznocy of tze

proc2ss,
The psThydroxyl radical on the othar harnd muai be generatad

by an oxidizing agent, Th2 poasibla r3le of thia radical has
been given leas considaration than that of hydroxyl. A basis
for specuiation about perhydroxyl was providad by Baer ard
8%ain (56), who ssudied the rsductica of caric ica by hydregen
peroxida and proposed the rsacticns:

ca*t + B0, = E0p+ E%0s*3 (35)
\
ca*t +EO, = 0,+E + ca'3 (36)

The mechaniams hara are quita different from thogs involved in
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ths iron-hydroxyl radical system, Thage roactiona ars rapid
(comparad to tha slow-forrous ion rsaciion), acd no pash oxiosias
for rsoxidation of the carous icn, Tha ayaiem was astudiad a3
hiza coid coroanirations and thars was vo ovidanoa thas raa03ion
ocour>sd baswysen tha hydrogan peroxida and 23 parhydrazyl asaumed
to b3 pzaseni, 7Thia cocords with 22 hypothsala $ha% hydrogam par—
03133 73ac%a only with $he suparoxidd 103, Oy  which i3 %19
acid disseoiatiza produst of parhydroxyl, I3 oanzod ds 0ald,
howevar, %ha$ $dis odudy of ceris 103 radusiica 13 40 b2 indar-
prasad as unsquiveeal preof of a mschanisa iavolving saezaydroxyl
Tadisais, 4 %39 olsclren cechanisa inyolvirg ¢$ha complox criua
dizars ouggasied by J2id% and Caiza (37) oay also ©3 cdnzidared,

iy Digdzivudisn in Jydrezene-Sx7oim T33cizi, 79 came
2azizy and waifly Sheas idaas zogazding $33 33%naral clhazasiaris—
$iz3 of hydrogea paroxids r3aciions adtaniion i3 oallad ogaia %0
tha carlisr amarka zagardiﬁg ths aleirTonsgaiiry or olacizen
acsquirirg characlar of oxyzsn, This iz tha thread znanizg through
all %ha chamias3ry of hydregen paroxida, and it i3 oxozedirgly
uszafal %o X323 ia mind, A3 an aid ia visualizirzg $h2 aiecsrenic
envizonzend ©f 927731 12 soxme of th2 siaplax xadicall o ions of
intare33, 3h3 zapresendasion of Tizura & nay ba usefnd, This
iz 22293 se2zaailisalily 3ha proeadlil 4AlsiTitasiom 27 2lselzons
1a 3233 Q9 parpaadicular 2p orditals 97 oxysea oz hydrrga-
97320 coasdmda asd ion3 c2n3ainiag on3 or IUO Ox73IN AT
wishou3 rafazonca 39 hydridizaticm eifacia,

13 may b2 ga3sn tha3 in $he matar molacull oxra OI7SEMD QAL0A
r2c2i733 tha charz? t:an3fazrad to ii by 7o hydrogaa alimsy .
in hydz2sgen paxoxida each oxy3sn aldca has mmca l2ss3 caargs trans-
farzad 30 13, %his jrard vould ccatizus 30 td2 exy3Iaa zolacula,
05y Il 37 %29 inltazveniion of 3he circuasiances alldwizg
a3abiiization %tdzpugh formation of Shz2 $h3 tharas—2130iron tozda,
70 misconc2apiizas zagarding tha 1aliar ohoumld T2 manlictzed,
Taz 223 thal a3 ox7y3zan molacula T2ara 3T unpailred 21zeiTena has
enccus2zed Tafaranca 9 13 as a dizadizal, impdyizgz oadTuciural
8inillaridy $5 f23s Tadicala, A3 naiad dy Talara (2, 13, p.?B);

Roweyar, 303 Drasanc? of 312 370 iaz2a—elilelIon Ttands musd viii-

5 2l

a¥s %313 ceacariaoa considaravly, and k2 unmeactiviiy of oaysea
A
4 4

ra3lasivy> t0 thas of iha
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A considarable energy is raquirzd to uncouple these odd electrons
from thair thrae-elsotron bond3s, Anothar misconception, corracted
by Jalsh (15), stems from regarding molocular 0xy3an as " double-
bondad,” According to this viewpoin} ‘opaning the doubla tord”
should expose the full rsactivity of tha oxyzen molacula, and any
intarasdiate such as B0, should ehars this raactivity, I tha

two thrsa—szlectron bonda are considarsd, however, 1% will te seen
that only one n2ed bs broxen at a tizs, and tha$ one such ramain~
ing bond should coniar conszidarabla Tozalalng atability. Ths baais
for ths suggestion aboys that tha sugperoxida ionm, 02 ¢ 13 coxe
racsivs than parhydroxyl zadical, 023 13 also choan, Tha sxatch
of the elzecironic sizuciurs of 02 and 0,3 shors tha% alidovgh
each may form a three electron tond, in tha supsroxids iyn thezs
13 pzazent i1n additicn $h2 rapulsion of $wo parallal loms sair—
£1132d orbitals, Thus it i3 pot inharsn3ly nacsessazry 3o assuxe
(ze7. 13, p.7%) %t1a% upon tha formaiion of a suparoxida, 392,

from molacular oxygzen tis fuil =saoiiviiy of tho oxygea i3
ox3o3ad in a manner analogous 10 thal of othar elsmenis ia
saturatad radicals,

Raferencs to Fig.4, may also aid in considaring Ualsh's
pos3ulasa (15) thal allhoungh charzs fTansfar 32 $32 Taroxila
gToup siz:ngihans a2 rond baddzan 312 ox7zen aloma 3his pracaas
can only bta carrizd so faxy furshar chargs tranalar uUsaxans
tha bond, Tzezs ara savaral aspacis of this, and i% is urcez
tain juass how far this r2aszoning can b2 cazried For examplas,
ths fr3e paroxids ion, O2 ¢ has a struciurs iscslsoironisc nith
th2 fluorine molecul2, 75y 8nd tha rspulaion of two seis o
t20 parallal filled orbitala might bs thought to contrituia to
reactivity, The ralatively uarsactive naturs of barium paroxids
would appear to rafuie this, homswvex, 1% is difficuld 3o datex-
mine juad how far tha proc2ss of chazge txansfaz has prooseded
in this case, I% 13 claazr tha% %ne Oé' ion 1acX3 the ex3za
gstabilization of tha exiza bondirz in $ha oxyzea molacull, and
1% i3 this faci vhich pazmisa tha az3alamsnd (38) that zaroval
o€ @iac3irons fron O2 s3rangihens 3hs dond baiwesn oxyzain

a3oms,
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Examoles of Hydrogan Psroxids Roeaction Machanisms

Hydroxyl Radical Machanisms, Rsactions and dacomposition
prooasses of hydrogsn peroxida which procead yiy hydroxyl radical
mschanisms have bsen proposed for ths vapor phasa with thsrmal,
eleotric discharge, and photochamical initiation, In the
liquid phass this mechanism has baon suggaestad only for photo-
chamiocal initiation, Thoe actual prsssnca of hydroxyl radicals

waa damonstrated by Frost arcd Oldenterg (53) in a study of the
drcomposition of hydrcgesn paroxids vapor in an elociric dis—

ochargs, The photochemical dJdacomposition of ths vapor was .studied
by Volman (59) and that of tha 1icuid by Bun3 and Taube (€0),
evidancae for raaction yia hydroxyl radical baing prssentad in -
toth studias, 7Tha tharnal dacomposition of hydrogen paroxids

has been studiad and presuaad to procaad by tha saxze procass,

but tha evidanc2 is eithar indirsct or confusad by the coircidang
cocurrsncs of hateroganacus catalytic dz2composition which may
procaed by th2 gare or a diffarant mechanisa, For example,
MclLans (11) rapori2d a purs homogsnacus tharmal dacomposition

to ocour in addision to tha2 hatarpgenzous dacomposition at

500°O, and ths explosiva dacomposition of tha vapozr, which ia
cartainly provagated homogzanacusly, has b2en obsarvad (1),

Thz2z2 13 a vary d2Ziail) enargatic liailation uron th2 exlent

of hoaocgaracus tharmal dilcomposit ion, as indicadad in thaz dis-
cu3ssion of ratas of rzaciion. Thus thz tharmal d2composition
which occurrad in the experizents of Sion2 ard Taylor(62) com
corncarning photochamical ganzration of hydroxyl radicals from
hydrogen paroxids was oc2rtainly hatarcgesnesous, Th2 absencs of
any pathmay to tharmal homogens0us da:ccmpositica of hydregan
paroxide vapor at lowy concaniratiocns and temperaturas is fur—
thar .1llugtrated by the damonstration of Sicne and Taylor that
carbon monoxids would not r2act with hydrogan raroxids vapor n2ar
100°0 even though haiarcgenaous dacoapdsiiion ¥as gimulianscusly
occurring, BHomaver, carbon monsxida xzacizd arvidly wvhan the
syst23 7as illuminassd with actinlc 1lizhi., Thass rasulis shox
that no significani propagaticn of radicals rossidly generatad
oy thaz hatarczanaous dz2ccompositisn cccurs at low concsniratlon

and that tharmal activation of a hydroxyl radisal machanism
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cannot oocour at 100°0. The dataila of photochamical and tharmal
dacompoaition proosssss, both hemoganaous and hatorpzsnsous, ars
digoussad in tho naxt chapter, Hydroxyl radical machanioma aza
univarsally acooptad as playing tha imporian3 z01s in mos oush -
pProcagaas, and tha abovs disouassion indicatas tha extan3 of 3ha
ezpariaantal and thaorssical evidanos for this tslloz,
30hanismg, Only rslasivaly raocn*ly hawa
raaotiona of hydrcgan parozida tasn propoaad to ccour yiz
hydrox71 ion mesodanioms, It appsars that R03a(50) was tha fizas
to mendion this poasibility. Rosa s3udiad tha acid catalyzsd
oxidasion of %hiedigiycol and $21o%thylamiza by hydrogzon pazoxids
and suzgsstad $has $b9 0ff30tivanass of nydzsgan paroxids for
$213 pursose waz Cus to $he eazs wiih chichk the €37 group comid
Ts domadad, 723 aotion $hrongh $h3 redlaiicn of ths JOCE
ion mas bslisysd to ts faszt b2causs i%3 product was nos @
cx ion, iavolving sazaration of chargs at taa oritical aaap
o 23 rosction, This idsa haa also baen borns cut by
Cvardsrzar and Oummins (53), who succassZully explaizad ia $his
way ths r2sulda of a similar s3udy of tha formation of omifox-
ida f:ca'a, '~ dichlorodeazyl sulfids by hydzrogan psroxids,
223 £aze $2330ning was appliad by Tazhysairs azd Tasez3(19) %o
exnlala Shaiz obzarvasiona~of $ha hydroxylalioca of masilylona
by hydzozan pezoxida, Thas® aulhors proposad that 3his c—ack-
aaiga 2izhd3% alsd 1sad $o an undarsiandirg of raastions ia
which hydrogen peroxids adda an oxyzsn aloa by coordiration
$0 molgoul2s kaving atoms with a lons pair of elcelzrons,
Taia viewpoin$ was appiizd to inorganic rsaciions of hydrogen
perozids by BEdazards (64,13) in an exposition of tha mechanioa
of raction by eiczoizon donor molacul2a, In a gsnexral
approach{&+) Bdvarda ragardad hydrogsn poroxics as an oxyanion
scuros (093 ) waish shrgugh ccabinatiaa wisl oro%oné for=ed
an olzcirsn accaplexr, 1,9,, aocza , Shich hag cat as 1%a
aahydrous f3ra, Ia a specifis study (13) of hydrogen peroxids
raac3icna msh ?1*iou3 2alsgaa ionz Id7ards corrslalad a large
tody »f 232 mdasurcmania and zhomad 3ham 3o ta consisians
with tha thaoriss of genaral acid catalysis, Idwards {(13,85)
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also showsd that a high proportion of ths catalyals was due %o
golvant, the obszervaed rate bairg mora than 50 % du2 %0 golvent
.catalyais at pH grsatar than 3 in savaral casas, Jo specific
mechanism was championad, but it was pointod out that the £as%s
wars conaistant with that is hars tarmad a hydroxyl ion mechan-—
iam, This work (65) also rayoaais that tha kinstic law for a
hydrozyl ion machaniom may b2 at ¢ha sams tima consisisnt with
that for a machaniom in which no braaking of tha C-0 bond
occur3, Savaral instancas of oxidation of hydrozan paroxida fall
in this olass, for oxampla, th3a oxyzen i30%032 tTacar axpari-
mant3 of Oahill and T-ouba (49) shomad that tha oxysan darivad
. ?rom the rgacti@n 7131 hysooaloziss (oz3 of 3dvazdis 232mplas)
ca=d o9mplatily <rem $h2 hydrvlen paroxids, olloalnating C-0 tond
braaxing foom conaidavation. ?h3 oparation of th2 hydroxyl lon
radisal mechaniam in tha docompositisn of hydrsgam paroxids ia
pazehlorous acid soluiion 7a3 dalisved unliXely by union and
L1279117n(65), alshough $haiz tzacar oxparizanis and 3123 Sup~
po324 nat r3action waTs not givan in datail, Sors hydroxylaiion
:aaotlona of hydreozan paroxida, oaid 30 b3 caialyzad b7 o3rsain
. me3als, wers ougzaatad by lugdan and Tounz(6?) to b3 of ik2
hydroxyl ioa mechanism, tu3 occuring Tin z2roxy acid foraatic,

2yvaydzoryl Tdiz g Mehnaadvaz,  Th2zr2 apeiwa i L2
20 carsain insianca of a itharmally or phoszchiamicnlly initiajed
hydrozan paroxids dzcemposiiion mhich'cccu:: viy a pachydroxyl
radical m2chanisn, which ia quits T3a30n2012 vh2n th2 unfavor-
. abla enarzy raquirameni r3lativae to th2 altarnaia hydroxyl
radical path is considarad, Huni and Taudbe (&0) could find no
justification for considaration of this as an initialing
mechanism in their atudy of the choiocchamical dadomposition of
liquid hydrogan paroxids, 1I% is trua that tha problam of tha
dataction of tha perhydroxyl radical(é3d) has only rac2rily
rscaivad ationiion; on the oihar haznd, ia th2 casa of hydrczsan
peroxids tha app2aranca of parhydroxyl through antodaccarosition
also involyas th2 produciion of a hydreogan aten, a welil-xrom
and kinatically uniqu? particls, It is possiblz tha T3
hydroxyl Tadizal machanism could b2 opsratlve in Wnz
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Parhydroxyl Ion Mschaningmg, Ths perhydroxyl ion mschanisa
for the dacompoaition and rsaction of hydrogan peroxida has gainad

nor3 attentlon than tha pracsedirg onss, Whan the faoch i3 knom

‘that this dissooiation rsadily cccura by proton $ranafar %o

watar or othar colutes, and tha obsarvation has been mads thal

-hydzogen peroxida daccmposes ai on acoaloratad rats a¥ hizh r3,
. 1% 33 reasonabla $0 assume that ths parhydroxyl iom 13 pariiocun-
"lazly reactivs, In spita of this, $h3 mechaniosm urndazlying the

haightaned rate of dsccaposition ia alxalins solutions i3 a%ill
uzearsaii, A rasher dirsc$ damonssrasion of the oocurcszce of

a parhydroxyl ion machanisa i3 tha case of the surpzisirg means
wharsdy -eulfisa i3 oxidizad t2 oulfals by hydrozea paroxids (51),
Ia 3h3 12i%ial sdagzs of thia raaciion P70 oxyzsa atcas darized |
frca a hydrogan paroxids moleoculs are adttachad ¢$0 tho ouifils,
thus foraing as an inlar=ediaiaperoxyzono.sulfarcus acid,
Suabdssquand rsa:nngszent forms th2 suifas$a, 13aving ro deuds

t2ha3 ;a:hyd:czyl ian cHchanisa i3 :ssyonaibla. 4 3inilar odudy

by 3Tacer ,achniqnasli}s) damonstrased $had hypochlorila zsasia

wish hydngen persxids by this rschanisa, as meniionsd earlisz,
Bdwarda(&9,65) has treated such rlastions as thoze of substita-
$ioa o> rIpiacement on oxyaniozna, ointing cul in zariicmlaz
gha inpor3iazos o7 $h3z equilidrina of gueld ma2»33iisudion i
33373inirg Chadhar i3 may ba possidlz 3o A23en3iTall 22
»T232n03 of e3rdaia paroxidas, 2,%,, F3roxytoric asid axd aslal-
1ar diapulad eudasances, Thua, alidorgh a pazoxida mar oxis3
in aoln%ibn, a Tapidly essadlisied oquilidriua yin sudsiituiioa
(27dr917313) wild hydrogsa paroxids may raveal only the praaencs
of tha lattar, I3 has been poiniad cut (65) taat such a cir-
cma3lancs 13 liXawiss important ia affscting ths succ2as of an
analy$tical eschemeé for a mixiurs of parozidsa, such a3 discussed
ia Cihapisr 10, Hany sudbstituisd paroxidas o nod aecd as raduc—
i=g agenis, vhiocd parmiis detarmization of hydrcgen pexoxida
in thair praasncs, If 3he sudsiilution or hydroliyaia equilidrinm
13 Tapid, 2omever, advandags cannod ta taXan of sueh a diifaraacs,
3inca suod precassas ara adily inaginad 3o 2andail <ha
forma%ion of lndermadiate hydropsrcxidzs, lhus ronazing tha =uch

pldar idsa of unsiocbla peroxida inlarzediatea, tha racens TorX




e A e e e

39

of Davies, Foster, and Whita (70) 1s of interest. Alcohols,
carboxylic esters, 2-butyl sodium sulfata, or olefins wers
reactad with 90 w%,9, hydrogen peroxida to form alkyl hydropar—
oxides and these authora found support for the assumption that
tha rsactions occurrad yia a perhydrcxyl ilon mechanism involv~
ing carbonium ions, It was pointed out in particular how the
highly polar natura of concentrated hydrogen psroxids shculd
favor rsactions involving the opp2arance of charges, Tha forma-
tion of paroxy acids from oxyzsn isotope-labellicd carboxylic asids,
a$ 13ast for tha cass of perozyacatioc coid, was shown by Eunten,
La7i3, and Llowellya (71) to go forward by direot rsplacament

of tha hydroxyl group by tha perhydroxyl group. PEunion (72) bad
earlizr pudlizhed evidancs that tha oxidaticn of g~dixatonas

" by hydrogsn paroxids occcurrad through action of perhydroxyl ion,

Th2 raacticm of hydrcgen paroxida with bsnzanaboronic acid appears
to pzovida (73) an insiance of dirsct 2ddition of perhydroxyl ion,
A 123% oxampl2 of perhydroxyl ion mechanisms is th2 conversion -
of tanzonitrils to tenzamida by hydrogsn paroxids, which as a

nat preeess involves the transfar of one oxygen atom to the
gubstrata in a mannar r2quiring tha action of two molecules of -
hydrogen peroxids, This was mada the subjsct of a well-planned :
study by Tiderz (7%), vho muggestad that a hydroparoxids is

£iz3t for=ad, th2n dscomposad at the attack of th2 sacond mole-

~ tulz of hydregen peroxids. As oculinad by Wiberg tha first

r2action app2ars to involwv2 the alra2ady-formed parhydroxyl icn,
ard th2 sscond si2p could bs said to take® place by inductive -
dissociation of .2 second hydrogen peroxids molecula,
Raaction ’lschanismg of Other Peroxidas

Although it is not the purpose of this monograph to treat
peroxidas other than hydrogen peroxids with any dsgrese of com
plateness, a study of othar psroxidas can lead to ircrzased
undarstanding of the naiturs of tha parsnt compound, The facts
availadle are linmitad largely to orxganic paroxidas; inorganic
pa2roxidas and paroxy acids, with the posaible excaptlon of
2roxydisuifuric acid, have unfortunataly recsived plactically
o siudy thai 13 of immediate valuz in studying reaction

®
n
ra2chanisms, The characteristics of organic perexid2 reaction
Tae subjact recsatly of an excoellent
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T3marxa balox ars insondad %o shoy how the bonding bsiusen tha
0X7391 aloms in tha paroxids group 13 alfootad by subatituiion
and to dazonztraio how zIa0tion machanisag sinmilar to thoszs Jasd
cutlinad for hydrozea yars:ida amd alzd 4a oyazatian for oiaor
paroxidas,

P13 isporiarcs of bosh of thase toplos i3 impliocd inm $ha-
c1a33ifisasion praseniad by 20001aly axd Uasrobian (rof, ho, 9,207).
Thaos autlors guggzostad t23 291109ing $9 b2 tha predominand
charasiarisiiss of $ha 9203401 of sime $7393 of oxzanis par-
0212282 Xyl hydsopazdzilas, Aialxyl paroxidas, amd diacyl par-
0z1d23 dacompose by hrmdlydios dloscolation, 2071 hydropsroxidas
(z3r927 csids) dscempoae betarolyiically, azd $de alxyi-aoyl per-
6xidas (33roxy 033973) iz01uda o3amplas raasiizg by bosh ionds
and zadical maclaaisma, Th43 ajpeazrs 30 be a goed charzeiariza~
$10n3, bu3 shounld s appliscd wish card in zaw and wafamdllar
cazes, Th3 £203373 sucld as 5917323, cynceniraticn, and 3929613-
turs iafinszoing $ha coonr=oncs o ors Agchaniza ¢z anoile 2ar dave
bsen raviazed by Lazf222{75) o2d Parslasi(76). Aa exaapls of bow
thesd 201073 o322ai3 43 changs ths caohanisa of dsccmpoai*ion
haa basa providad by 23223>2(77), oho chowsd that th2 pechaniaa
o? diaesaposilion of rmedlnczy=n!-aijsrodanzdyl peroxidl coumid be
clanzad f:gm'f:aa.zadiqzl 39 ionis oosording $9 enrironzendal |
€92d1%31223 12 5pila o2 $ha 203 Shat $ha gymmetrical pazand com
pouxd, baazoyl paraxidy, d30oxpdses T1y 7739 radicals under a
wida zange of ci‘cnma.anoaa, ovan thos3 favorirzg ionis dis:eoia-
tioa, . :

: Au ¢cutasanding difiazenca cbgeryad bajween the reaciions

of hydrogen peroxics and organic paroxidas 1s ths marXadly lower
ensr3y recuirad for di;sooiﬁ%ion ol o:ganio,;srcxidaa into fxs
radicals by breakirg a¥ the 0-0 tord, It waa recounsd atovs

how thia ensrgy :aquizamant saricualy 1limids the oppo:tuni&y for
hydrogean perozida i éaoanposa by a homogsnaocus, tharmally
gotlvalad fras radical nschanisa, macssalializg iadarvaniion By
ca%alyata or the iniroduction of enargy elaocsrically o ph@%o- ‘
ohamioally i f222 radical daccupoai*icn i3 $o occuz, Aﬁagg

many organic paroxidas 50 far siudiad $his enargy rsquizazand i3
soma 20 kcal/moia lzss taan that nasedad for hydregsn pewoxids,
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and a3 a congzequencs tharmally initiatad free radical mechanioma
ars favorsd, Otherwiza 1% 1o prasuzsd that dooomposition would
no% b3 obgsaryad in many of tho non-polazr solwviads used, 7This dif-
foransa 13 11lus¥rasod a3rixingly by an obasrvasion mada by
Bromn (73), 1Ia studyirnz $ho homogsnsous £33 radical dacomposi-
ticn of banzoyl paroxidl $ho ra%s was nos aﬁf:otad by inorsaaing
tha azoun$ of pladinum cuxr?acd oxzosed 49 tha syssom ia condrasd
to th3 markad eff20% of pladinum on hydrozan paroxids,

Azmorg orzanioc raroxidl djocompositions preessdiry via 209
radical msohanisas escurriag by breaxirg at $ha C-D tazd $wo of
tha nos3 exdansivaly o3udisd havs ©e9m Shose of dl-3373-tuiyl
$37931d3 ard 2333271 $Ipoxida, 703 di-3)T-tulyl peroxidis da-
cozreses cullia homozonadualy, Sk3 produsis TaIyizg aseoxdizg 9
corsaxndration oad cavizsnzseald;Toeant 237107 {19) 2279 cuymarizad
3;353 Ta3ul33, 2223371 paroxidd yaara3 si:ilaﬂi;g oindies of
13 o2 paz3dionlaz 13337933 Dard o9 3hose of th3 olfzed of suwd-
asisusion €3 3h3 Ta33 of 133 doesmpesision, Smain, Jisckzaysr,
azd Clazxs (79) 2ommd $dad 3ha sy=medrisd oubdsiilaiiza el '
- 0l20370n T33911423 3oomrs o1 D3nzoyl 792931ls inorsased trs
Ta3s of dscexpoaisioa thilo alassTea aliraciizg gzonpa daorsassd
a9 :ata; 4213 z91a3i2m3hi> osuld be z3nTasaiad by a plot o
Taomad3ts oizzma frmesisa {(22), T2 ozpdala Shis Tadavisor i3 Tas
2912334 sud 3had 12 Boiazeyd zarexils 312 579 937233239133 3I0up3
em T3 erm3ldazad v ) diz7133 a33azdzd 1a zapwdaiaa {522
n23a3i73 enda balrz $533323% al 320 aroxida 1ixx), and iad tha
2ddision o2 olse3zea 3palliaz groupa would 3 oxpassed %9
exhanes 3hiz ralasion, prosjused alriady 39 ©a uasladlo, ascoumi-
ing Zor %h3 2is32 ia Ascoaposition zada, T3 Zaciaz pzassnlad
hava been yerifiod by others (31,32,33), and cuchd 2aodors a3
ef2303 of colvaald (31), validisy of 423 Iaumest =3ladiza for
$ai3 case (32,53), and z0a3ldl3 off3033 u? poaiticn of ogudati-
su3iza (32,23) havs bssn s3udisd in addidisca, Tha iatarosiing
2333us3 of 3hiz i3 3$had $ha off203 of sadalilulisa g csualad
30 322 projoszal cisaed taZore, 1.0, 3Mald n2zadive clalzs ITanie
237 32 3122 3aroxida gooup 3a3nda 3o odadilisa 13, I Dy 2
3h23 13 3713 ea3d $he Daziimua 1a Sho baaalls 22 Sals caaxm?
san3far procass haa taen paasad, Bud 3his oannod 3 v
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An intsrasting suggsstion is that of Cooper (33), who poiniad out
tha3 in mich a diacyl peroxida thars may exis$ oquivalonos of .
©Xy393 aioms such aa haad baen ddmonsdzatod for ths analogous oul-
fur compound $eiramsihyl 4hiuraa dimulfids (54), Thia ocuizalazocs
niza$ te oxz2etad to aldar tha o3adbilisy rslationadipas ol 12
p3rox1d43 gooup, Fuzthar study will b3 n2a0assazy $0 0aiadliza gueld
an affa03, 933scially 1a visy of 422 daaomstzaldicn by Blcaquisd
ard RBarsiaia (35) 4ha3 asinilar o22se33 o2 subslisuanis ars %0 bo
fouad witd tard~dulyl pezoxy Dan30ald, an asy—meiTisal, Cozoacyl
ctoponxd having the =adisal fis53iza $andaroy of todh pazoal ocm=
ponzda,

Izais rsaoéicn zachaniocas 292 organic pezoxidas anallgons
$9 %23 hydroxyl izm pash f£or hydrezsn p339xidl 4333az 45 U3
©311 essadlizasd, Rlavasod and Dard (35), 2o7 oxanpla, prososad
%223 i3 ke generalisad egualloa Ior 23 ©9-311lad asild ©l2aTage
of magymmeszioal diallyl pazoxildas $hs 0azdinnl 13 alzay3 Torzmed
fzom 3hs 2adical, R, of gT3a’’ad olze3zen al3zassing powes,®
232 1nleresiing coreluslcn was also 222033d S2a% $ha ouseapiidbll~
137 o2 hydzeperoxidas %o maod 2813 c13a72gs parallolod 4h3 22511437
wila taich sasa hyd:*«;e:azid:: =ay bs forasd vy auloxidasion o
%28 cozraspoading hydzsearbons, Ameng hydzopezoxilas uxdazrgoing
aoid ol2a7339, 4,34, 123is disszeialisa ad $ha 0-) bond, ozd
Taisza hary z2c2lv:d 223a3idaradld oidy, 2a@3 ormaaz hydmizamdxilda,
=3793x7282313 a3id, axd d2enlin ond Sa3Talia apydsoraraxzilaa, T2
a3ndy (37) of @3salia and %$33zalin Dydzonarsxidas has oo Jo7
$h2 mecdaniza of d2ccmposilion of $h238 rparoxidas may ba chargad.
fo2ca a f292 radisal oz ¢2 on2 ia which both homelysic azd hasazd~
17312 pr2cessea cocur by changirg calafly th? polazily of %23
eolvea3d, A siailar relasion holds £or onzmenze hydroparsxila),
A3 1¢0° 13 a nca-pslar solusisa a f2e radizal diascoialica
ccouzs (33)., A3 Tocom ifamperaturs in agusous solnition aa isals rasac—
$ica Ti%h farromas izoa rsadily ccours (33, 9N, 91). Ssze injaxr—
€331i23 2033 ha7? Tasa dreughi cul Ty study of this zaasiicnl
Ia 3oi2g Irca 329 radisal mechanisa §$9 a3 igads msclanliia iz
793Tiz3 Fazroul 122 323 Izvquansy 23397 was Irducsd Irea aloud
1332 33 167 and 4ha sosiTaiisa 223777 1o7arad I32a 30 3o
11 ‘33‘:.1/'.’3&33.3 {30}, Taass figzars z2ay e cozparsd wilsh ainilazn
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onsa for hydrogan paroxida: +$h3 activation enargy for a radical

docomposition of hydrogen paroxida i3, a3 no%sd bafors, ulattaia-

abla, whersas tha fzaquanoy faotor and aciivasion enmarzy £or iha

fazrous ioa r3a0%ion of hydrozan paroxida aza approxizaialy iha

. 8and as thald for oumens hydroperoxids a3 shoma ia P4z, 3. Toma

by the fraa zadical paa $ha rales ars of ocaplelaly difforsas

oxdaz3 o magnitudz} by tha easior ionio path tha hydrozaa par-

¢x1d3 d2ocaposss avout four tizes fasdar than ounens hydroperoxida,

I% night be conoludad on thia bagia that subatiiuiion of tha

cuayl grcup makxas the O-0 tond 1333 stadla with rospecs 39 ths

f>3s radical mechaniza ard mors g32d12 wilh zasreot 39 4hs i21ais

pgohanica, 83udy of the ef?3ct of fuzrshar cudbatisulion on Sha

ouzyl-gTeap (1%,92) ixdica3as 3233 addisioa of gToups of izersas-

- 123 01303201 donating pover izardases $ha rai’ of Toaodism of 403

’ cuzens hydrorarsxida, Tha3e £203%3 opypear $o ta ia onposisioa 4o
tha posinlals mentionad abvovs rogarding ths o2fosd of clhaxgs
tzan3far $0 th3 C-D group oa. 143 o%adilisy, Tud 13 13 difliould
0 30r% oud the varyirg coazziduiiong 39 the diZlazant precasges
of eansrszy tzanafa}. aotivasion, and oriomtatica invoivod, A .
gcaevhat 2o0r3 ra2adily undersiocd hydrexyl ica csclaniza gaems $9
coon> in ths raaciion ol paroxy aoida to forma eopoxidas with '
0152133, Basra (93) chowed how ia %ha oase of zaTox70231c aoid
323 addisioa of elsesToa-donal r3 subsiisdalnia 49 23 921yr¥ixa
oa2ane3d %123 33 of aliasx by s ellelrom adszacting ;33333
asil; and Talazrs (93) has givon an ozcalland Alsoussioa of 413

| pxot2adl3 cduras o shis r3actican, Ia addiiion 40 $this iatazpre-

i ta3ion Bardlads (78) has suggesiod an al ternata mechanizm which

| 13 1233 eaaily catalcged according to tha classificaticas of.

hydroxyl or parhiydroxyl ion machaniosm,

The acid dissociation of aome alkyl and acyl aydrozaroxidas
wasz studiad dy 3verast and uinkoff-(ssz; thiz is of ooursze thae
prco2ss analozous 40 tha parhydroxyl ion mechanizsa ia hydzsgan
peroxids, The rasulia of thia ajudy provida a quaniiitaiivs meagurs
of 313 acid atzrengih of the paroxy acidn, 4h258 ar2 0l3azly Tsaxar acld
taan tha parond carboxylic acids yet much sirorzaz than a2 cox—-
r2sponding nga~acyl hydroparoxidas, Tha comparabla changes ia asid
a3T2ng3h 12 going fo2m an alcoasl 190 a cazdboxylic a20id i3 of
coursa nojabla, Thasa rolationships wers explained by pointizg

R
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oud that the effacts of gubstitution on ths eas? with which the

€3 tond is brokxen rmst b3 transaitiad through the 00 1ink in the
hydroparoxides and paroxy aoida, Ia tha alxyl hydroparoxidas .
pu23313u3icn of an alkyl group for cna hydrcezsa ia hydregsn par- |
exida cauzas a clarg? ohlfs $o7ard the oxyz2:a, tul thae arvidiy
el1303ronagaiiys O-0 greup zs%ains this charzs tzanafaez, t23 $ar-
minal hydreogsa belzzg 113815 affsectzd, Ia t2a ana.legm vasaxr
alooaol case $his cdazz’d $ransfor 13 of courss slen ia $ha zeauld-
i2g ool alrorgsy binding of $ha hydzogsn iza to thas aloonol,
I3 323 goyl hydropersxidos oz parexy ooida t1a cudatisniica of $ha
2071 gzcup i3 thongdd 39 d2a¥y cdarza azay frcw the 00 group,
Zhi3 rasuits 123 th# hydreogsn ioa talaz 1233 sirongly hald, tul dha
022383 13 20% a3 marxed 23 i3 paasicg Ioom Talsr 49 ecaxrdexylis
0913, whioca lases 323 27d4rogsa in mnoed 2ITd r2adily, T2ose 2I3umlla .
07e3ar 40 Be i3 pgraszen’ wish 312s mosinlatad sirzonglhening of
4232 Deroxids 1i2x By clarzs $oanafaz 39 43, A sinilar ogidnadica
appeaTs3o cecur ia 423 Dase calalysad dlcomposision of 3arsiazy
Bydreperoxidas oilad Uy 25bolcky and ssrobian (M), T3iz ;-
B3ancs i3 theegad o oxa t23 sald ad 197 arxd hizd sedims dydoox-
132 eomosns=a3ioas, Aa in3ar=edials cp3izmum concanizasizm pariila
1onization and sudseduanld zapid dacompositiza by aa Andresd
ad3aokx of $2s hydzonaroxils,

213 Hris? 237123 0F o3hrr 2229x1d3 TIaotlon maclhanizz may
23 o2neludsd by padvidizz soaa 23722222623 5 3123 baaarior of
zazex7dizaiZazia aeid, I3 099233 3had ia commea witd orzaaic mar- .
cxidza, 3213 g1d3lancy can dAdc3Ip038 homolysisally a3 wall ad
hajazralysically. Mozzza (98) damonadzasad th3 iaisiasica of noly—
maTizaliza by persxydisuifase, Xo13xoff and Uillsr (97) ouggeasoed
+ha3 $he uncaialysad dacompoailion lavoelred formation of two
sulfaje radisala, wharsaa an asld calalyzad dacomposiliica waa
alao »0s3i2le and proc2adad yij) owlfur $a%zoxids Tormation tud 1%
haa been gnowa {93) thas 4he laiiar machaniam cannod 1avolTs
eguilidri=m beiswesa suilfa’a and parexysulfaia ions, A raladad
aad iadusirially lopordaad roactica, th2 hydrolysaia of paroxy—
nondsulfaris asid, appsara $o cccux {55) dy izamafar of 313
paraydrexyl 1oa.
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I30r0PT EXCHANCI I HYDROCIZ
PIROAIDI RIACTIOI3

Tha evidancae ragarding roactisn machanisms which i3 offarad
by studiass of tha fata of tha paroxida oxygoen in hydrozan par-
oxida roactions has a value all cut of proportion %o tha small
nunbar of such studias, justifying dizcuasicn of t1um saparalaly,
Tracsr oxparimen3a have also baan nada to datarmina tha courss
of atcms of substrate molaculos in hydrogsn paroxids >3320t ion3,
tut $h3 rosults of these azs 1233 ganaral and will bs oi%sd ia
th3 disougsion of the rsactiona of 4ha varicus elszanis,

Tracazr exparimania with 3h2 hydrogan of hydreozsa paroxids
would also ts of walu3, btul, a3 mizh%t b3 oxpsotad, 023 hydrsgsa
of hydrogan p3rozida Oxchang2as cpemdanaonily ard quiczly IiNd
5333 of tasar. Thi3 was oa3sadlisned by Srismoeyer oad Clwzar (;E)t
Tho maazzrsd $h3 daulazrimm coadand ©f 4hxsd culs Zosa 4ha Aisdil-
la3ioa of a mixsars of 07 D,0 condaialzg aoud 10 7,3,,3., D9 4iz-
£37amca i3 domdarim com3and of $13 3hres ouls wa3 gridand 47 xllaw-
anes was mads for 3h3 offze3 of distiliatiocn 43532312 1a eonc2aima-
$ing $ha ocampi23 in daniariua coniant, Iydrogen may b3 tracad 2
r3ac3ion with soms subatancs Thish dres nol cxochanzs 7ith waliar o2
hyd==3an »3roxid: i3 under conaidaratisa. Such on sxperizsnd —as
gazziad gud By Jiz33 2ad Donheaflaz (100) 3 caow $hal $h2 mallen-
132 a7drezom 2aculiing 2293 $ho zeaetisn of Zozmalllxayds oxd Ay~
dze3a pazoxida 12 alxaiiza golulion i3 Aazivd soldly o4 23
227m21d0h7ds, 23 us3 of heavy watar ia studiaz of solvand
af22233 13 disousaad below,

8%udiaa of hydrogen paroxids roaciions which hnwa taen nada
wisth oxygea 13030323 ar? cummarizad ia Tadla 2, Savaral cozolu~
aion3 ars i—mediaialy cl2ar fzca 3ha T23ulsa prasaniad, Ths $hrss
axzazizania wish formation rsactisas (103, 103, 111) ooy tdad
zolacular oxyg2a maladaing 133 indagrily ea beirg =aducad 3
h7dzrs33n rargziﬁz}zs £373*n darived fr2a watar or ealalyad ia
ineaxzoza%ad 1230 th2 Aydrszan paroxid:a formad. Ia ailailar Zaxaion
422 balanea of 3ha oxparineania providm avidazca $2ad k3 oxysoa

ia zalvend 7alor ds2a nod pardicizasa iz 22cozzoesilisa or r2ac3iom
°xida: no 2xehang2 cccura baivesn wajaT and k2
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molaoular oxygen or oxyganatad produoia formed, Aloo of izpors-
axca ars obaervadions of iso%op» fraotionatlon, thas 13, changaa
ia tho prozoriioni of {w=0 isotoras on going from roasctand %2
producyd, Tais i3 difinad mathomatioally in slizhily Aiffozand
faghions by difforsns authozs, Thars ars two ways 4ia whiod
fractionation can coocuzr in hydrogen peroxida, Ozs i3 sololy a
raja pasncmeroa ia whioch the 130%ope rat$io ia a product difors
accoxrding %0 th3 diajanca from cmlatanasa of raaction, Thus,
3on azd L13wellya (55) found 01 2ors adurdand in tha firas
=23 pcrcan-l of gas 0791vad in a dsocmposition than ia ti3 1aal,
saough thars was no n3% chargs ia izotope zatid on going fzom
r2as3and o produol, 8imoas $ha O-D tond apparsnily doas no$ braax
Fhen moizcular oxy3z2:n i3 produsad, $hi3z is intorprodsd 4o siznily
$2a% th3 zo93 procasa o aba%:r::.o"i:g two hydrsgsn asons 13 —ors
02311y accomplishad uisy 03% d3aa w42 023, Ths secozd ximd of
?rn031ionadicn $2a3 can ccocur 13 mada $oasidla by ths forzajism of
=0T3 t2an ozs produod, 2.3, solscular oxyzen and wadaxr, I3 was
found By w.a, a:ma, ac20w, axd Comts (107) 42a% aa earickzsad
oz adeus 2% of 0> econzzad 4n $he oxygen gas oblalined ca com-
plale dmmpoaitim 7132 cerlala irorganis catalyals, tharsas
€ai2da3d gars on ouel onrdchadnd, Jiaillar aindias; ohiesl izsdndad
e32313ia raducing azeada, wars Dadd by Caaill and Tazda {(I3). Ths
c2ncinsiona parmilsiad ga3ams $9 bl 3233 1a oxldasioa U3 coloenlaz
ox73>a tha O-0 bord i3 no% broXsa azd 2o fractionatlon cocuzs,’
Wasa hydrogan peroxida iz radusoed, homve:.' %h3 btord i3 cavsred
and fractionadion may cocur, Th3 various courcas 1isdad 4a
Tadle 2 zive considazabla discuasicn of the implicalions o2
ta2se oxperizents in ragard to mechanian, scme of whioch wers
dra¥a ngpon in ths $raaj=aanl abovs, Approachas havs alzo hsea
zads 9 the explanaticn of obasrrasions of frasilonatlon ia tar=s
of adaolu3s rsaction zat® 3heozy, A review by Dola (11%) ais-
cu3y2a $aia and r2latas $rT2027 exparinanis oa dydrogen paroxida
wild such sindias on oihex oxygzen compounda, '

I3 i3 o7 in3l2r23% %o ocmpars and coniraal thess ramills =il
3inilar tne2s {07 paroxromlfada and hydrazins, 4a the lasd faav
entrizs in Tabls 2 ghow, 2xchange of labslled oxygsn can occur
betwesn solvent waler acd soms of tha oxygsn in pervxysulflats or
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$ha molacular oxy3z3n rIsulting f£rom i%a docomponmition, A% tha saze 4iza

savaral ajudiza show $hat suifata doss not oxchanga wish peroxysnlfdta,'

4 and 1% 13 tharafors conmoludod tha¥ $ha paTHzi!y €3732n ia parszysul-

;' £a3%2 dcaa nod excharza with mi3sr, juss as i3 shs 0232 uith Aydrogom

i poroxzida, 1Ia tho thormal docoapoaiiion i3 gelw3ion, hovsysr, ox73sa
dazivsdl £7o1 wator doaa apprar ia thy molosular s:ygén'prsdnced, a-

793ul%d dizsizosly diffazsns dhan thad odIaiznad wilh hydregen paraxida,

Dzparizenss wish hydrazize (113) dave danonaiza’ad dda3, as widld hy-

dro39n poroxida, allazaase »a3a3 7oz 433 rioao’lisn oxis) walsca 1avel7s

aishar br3axing or prassrvalion of 23 IJ-J boxdy -whda mdlecular aidro-

gen i3 producad 1% appaazs 333 =9 I-J bond braaking cocnrs, I3 wenld

b9 oF 4in33733% 42 ©3 adla 32 ox3arnd $23 copazmizea 43 parsulfidas,

222 waisd sinllazr machaniszna hars basa suzgeasad (113),

- BIDACCIT PEROIICLI SOLUTICII AJ 4 ACRILT IIEDITA

?h3 dizonsaion of T3ac34i0a mz0danisaa a3 oapaaszizad $he isperd-
ancs of 13 iatarsodion of hydre3sn 3arozida Tith $a2 gelvard and wila
o3her soludss as 9311 a3 wis) 313 Taacsan3s, I3 Shis ozedicn atien—
4103 oay s drawa ¢4 ozme of 413 claraciarisilos of hydregen parox-
ida golu3ions whioch affles reassions i3 thza, 23 piysical nmatuxs of
hydregen paroxids cplusions i3 disenazad ia Clapsar 8, Otudiag rsfor—
=24 39 21373 omphaaizy 413 hizd dislaeiric ecasdand of hydrizen pex-
53143 aad 133 aizilarisy §) ©adaz,  Di223w3meds 4 22133, 223 a3 |
292 322 Z033 TADY 293 733 7313=3371ainad, o2 oxaapll, CTaupavesr and
Tassdama (117) poindad oud ome 3ima azo shad masar aad dydrszea
paroxida to3d disszolvs o33 radily $ho32 orzanis gubadancas Talch
azs rish ia hydroxyl groupa, tus $hal wisth ircreazing mslsemiazr
weigh3i of soluls only nora csrncaniralad hydrogaa parsziﬁ@ 2111 faze—
3102 aa a golvend, Azong inorganic solu3oa 3hars ars found sudsiances
2032 nors aad 12s3a soludla thaa in watar, Th? conduciaaces of salla
ia hydrogen paroxids soluiions, oa the2 03har dand, ars —ued tha saze
as ia waser, whersaa, 20ida ars foumd 1233 ocndusdiag {123), 1adisad-
ingz dacrsaszed mobdillly of 3ha hydregen ion ia hydrogaa saraxida, BRef-
ar3ns33 39 siudiaz of guch ghyaiaal propaTsios az soludillsy oad coa-
dusiizcs ars 3abuladsd ia Cdapdar 5, Tor 523 =233 nard jhess conaid-
araiiona 2avy rzcaized 113313 alisndican ia aludlas of 3da r2a03lcaa

-
Filo vy

L

»f aydrogoa paroxidl, =ampla, 2ljhosugl I2par3ss hava D23a gizea (229)
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Nols fz,| . ,ut.% Hola fr. Holaz
0 o 0 0
0.2 1,871 0,0103 0’.5?a+
0,02 3,710 0,022 1,120
0'03 5.517 003 1.324
0.4 0,041 27508
0. 3 0,z ’3‘5-,
0.5 3‘2‘%3 s | I8
0.3 .103 0.1013 g
0:20 12'” Rg 1;‘;}?
0.30 3475 0.2«; 35,56
0,30 o7 1.020 55.6%
0. . 1.870 21,62
o.g ?;g.go 1,967 109.2
0.79 £1.50 2421 | 137.7
0.20 o;)l 2.951 19?.
0.<0 o3 M 3,045 191,2
0.91 ' 95.02 3,423 193.6
6.92 % 3.531 15%,0
0.53 95.17 3 574 193,
C.5% 96.73 - 3,618 2c0,7
0.9 . 3 3.6 £03.0
0.5 97.3 3.639 205.3
0.97 ©3.39 3.739 e0?.
0.53 98% 3.779 1
0.99 99. 3.819 211,9
1.C0 1€0.0 3,857 ak.1

-k 3 hmgaAm ik e . S T
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of tha effact of salts on hetarcgensoun catalytio dscomposition, 1%
appears $hat in only one instance (120) has a study been mada of tha
prizary sal$ effoot in a oase of asid-baae catalysis, B8iailazly,

the ac$ivily of hydrogsn psroxids in its solutions haa geldss baea
conaidarad, Dajta availadle in Caaptar 5 afford aa opporiunisy to-
calcoula’a the soluia astivisy of hydrozsn paroxids ia acuoons sola—
tions, Thias i3 dafinad. (121) for mole fzaoction units by tha equatica
& = By (%/% ),' vhsrs the slarrsd quantiiy 1is tha liniting valus
a$ infiniss diinsica, Valuss ia both mola fractioa azd molar unilda
oalculased in this nanmar have tsen tadulajed in Padlo 3,) Tha
acsivily of 1,5-molar hydrogen psroxida in salt scoluiions tas zeagarsd
by Mvizgs%on (122).

wd:agan parozids iz a mak aaid, 3had i3 39 say, ths $hazmally
aocsivalad $rans?ar of 3 projom £222 a hydrogen paroxida melaecunla 0
a watar molsoule cocurs t0 a axall dagree:?

B0, # B0 = E0 407 (39)

Early workars with hydrogsn peroxids racezmized that 1% 13 neaxly

acidis (123), bud tha diascoiation consiant was nol marasursd uasil

1912 by Joymsr (12%), Joymar employsd classisal ma3hads, dajeraiairg

313 hydrolyaia of sedium hydronaroxidz by odsazvasisa of o333z saponi-
?isasica, =eazursment of dillzituiion c22fficiany, ard maasurimenl of
- oonductivisy, By %3238 mashods he ob3ained tha averags valms 7 x 10 33
for th2 ascid disaocialion constant of hydrogen psroxida aj 0°3, Dizacs
thermcchenical maagursment yisldad the valus 3,6 Xoal/hold 2or tha haad
of diasociasion allowing the caloulation of the valus K = 2,4 x 10732
a3 25°0, Eassential agrsement with this valua was obtainad by Zargia (125)
ina measursments with a glasa elzecirods oa 0,1 and O, 5 =olaz dia¥illad
hydrogen psroxids, which lod to the valu2 X = 1,55 x 10 —12 a3 20°, .

Ths dsterminasion of the dissociation constant of hydrosgsea

peroxids haa rscan3ly baen rapeaisd by 3Ivans aad Uzi (125) wisd dus.

reagazd f27 tha eff303 of isaie sirongih, 43 a r3sull of maaauramenia

with a 31233 elas3Teds on hydrogen paroxida soluiiocns uwp o 2 molar

{n soreeniTaiioa 3ha dizacciaiion comssant for 20°C. as zare ioails

a3ronzsh 7aa fouzd 42 ba 1.78 x 10 12, thus pX = 11.75. o
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meaguremants wers also extendod o othor temporaturas with the 7
followine resultas as 15%0, X = 1,39 x 1022 § 208,1.73 =
10-12f ?591 2,2% z 10_123 3@?. J.55 x 10“12. Trom 4hasa dasa
the h2at of diasociation may b3 caloulated to ba 4,2 koalf=ola,
‘7hage zacowrandad rasulis ars fursiar éstabliahed by th3 paaguse-
zen3a of Zveratt and Minrof? (935), vho comparad tha dissociasion
eon3tans of hydrogan poroxida with %hosa of varisus aryl ard
acyl hydzoparosxidas, |

Tho comcluaion i3 also raachad 4$had $h2 glass elacizedd 43
en3iraly adagquata 707 %hs maasuramsnd of pd ia hydro33n paroxids
goluliona, For oxampla, Nsichard and Jull (127) ccaparad 3h3 glaaas
alaosrods arnd a3 number of ¢d1orizaszio izdiocalosrs a3 oethods ef
dasarainizg ©d up 490 ooxcanizaiions of 39 93.7, aad 2ound 91a3i7aly
good agrasmeny, I3 3213 courss and ia o3dars (123){129) aze givm
S7pical 3 = concsatraitisa curyas 2oT 3223 tis53a3ion of a7dzoaa
73rexids oom3alaing ooid or dasa, Tymze-Jonas (130) 223 alsd
damonairadad shs adagquacy o7 3h3 glaaa ol203T2d3 ia Aydrozen $oToxids
a¥ o732 hizhsr conconiTaiisas and haa iavasiizasad 322 uis of
223aail 79110 a3 aa indisassr, Actnal valu2s of 23 od3aiznad ovar
- %23 eniirs conosmiratica Tazgs ara chown ia Fiz, 6 of Chapler 9.
2213 zapzrsseniation also 1lluailralas ths ef2303 of cazbon Alzxida
on She 7d of hydrogsa peroxida soluiiona, vhich, Zor oxazpla,
Sx323 328 curva 35 2211 3o ox3rapolads 39 »3 7 a% zawo crmeaaiza-
31, T23 pra39ms9 of oazkon dinzida may Furiiiz—ora makxs i3
1Zpo3sidla 39 Cuplisads a 33 $137a3ism ourvd by calculaiisa, 0.7h
© $23 T33ul3a3 of Daicdart ard Jull (127) b7 the metheda cullizad
by 2271 (129). Ca $hs oihar hand, i3 is seldom dasiradla 3o
a¥somp3d caloulaiion of pH accordirg to tha complicasad equilidbzria
in nizad asid soluticnsj even though the prasence of caztea
dizzida at ordinary asmoapheric conditions may maxs a chargs of
gsvaral %endhs of a 33 unid ia the A of hydrogen paroxida solu-
$ica %he presciaisa of t22 usual measursmenia i3 seldsa baisor
$2an20,1 unii, 3ulfar syat2ms havs cccasionally baaa uzad ia
© 2xparinendal worx wilth hydregom peroxida, and thair advaalages
Zay @ell 28 %aXen 1ato considaradicn, Soms quesiion 2ay ariaa
13 T2gaxd 59 $ha compadlidvilisy or rasislares 30 dagradalisa o
ruff2r3 12 such a r2a0iiva 973%22, Tuld no syadzmasic ajudy on
hic

2 30 base racommondations la 3his ragzard 323m3 to b2 availablo,

]

Py




Tha curvos in Fig, 6 of Chapter 9 also illustrats the super-

aoid qualisios of hydrozen paroxidas a% high conceniratica, I3 i3 ovi-
d3n3 %hal ths hydrozen ion notlviiy bacomass vary high 23-ths solasiea
approachaa tha anhydrous o3al¥a, Ivana and Url hava cozmmen’ad oa 4$hia,
guzgzsoding shat tho squilibriua fox:

%

0, + 29 = 5D, * 339+ | (40)
mugl3 113 9311 30 $ha rizad; thoy ezdinatad ths oquilibriws ooaadand

49 b3 obond 107, HMi3chall, Zack, cad Uyane~Jomas (131) ava siatlarly
shom boF hydrsgsa razrdxidl 13 oued 1203 Tadis thaa wasaz,

My2834973 43 Tamamal 9317933

Aa vndazslarndirg of $ha madurs of $ha of22933 of golvadisza azd
93227 133372031ion3 ia oolulisa ean b2 of c2niidaradla ald i3 dajszaix-
in3 3272 =3skanisa of raasciica, A nmmadar of oiundias ocdoding a9 offzels
of 7azialisa in nalurs of s30lvead hava bssa rTigordsd, tul oaly da a
237 o2 423 =973 Tooen$ hav? 31939 Taza iadyzyzeded oadiaZasddwily

Per2aps tha 12a3s dras3ic changd 1a 5217ans 43 afloxdsd by ocad-
gsisulica of 3ax3 or all of tha solvzal walar by Raa7y Tass2, all hongh
$hi3 preoadurs doas carxy $ha drawdack o7 indzodusing a changs gimile
3anaonsly in toth gsolrent and solniz bzoansd hydrog2a oxchangs goocurs
TwidNly, Tuea 3iudizz hars oadsm $2ad h2darszanions A2023wp231sisa by
pladizma (132){333), 2233, ond %213 {13%) i3 01233d By 323 923337283
o2 23a7y malar, 279 razorsa (133) {133) 233 Shal SRy Aomoganasus
daconpesition by icdida 13 alap aldowed, vUherzas ia a $aixd sindy (133)

3 wa3 fzand Titdeus influsacs, 722 raductiscn of paraarzanala by
hydrsg2a pardoxida was found considaradiy siowsr ia heavy tasar solu~
tioa (135)(2137), ye$ the catalyais of 3his rsastion by manzanous i2a
7a3 nor? vigorous,

J23371 and e3hyl alcoaol hava ©33n -invesiiza’ad on a aunber of
ccoaaiona for $haiz effaols on hydrogen peroxida raactions (133), Por
exaapl2, thesa gubdalarcses have besn found %5 12hidil ealalylis dagen
72313121 by capper or nanganesa (139)(1%0). Tha raactisa Tith farsonma
1s1 Tas 3imilarly sapprassed (1%1), 723 acaion2 and 2sa3iic acid ghowed
con3idazadly l2a3 affzed, Tha affzcd nay alao dIpaad mackadly 9a com
an¥zasion, In 3he case of 13did2 cajtalyais inmercasing prosoriisas of

b7l

ar 23271 aleohol o pyridizs in tha2 selvand aleadily dsoreasad

e
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tho ratoy w@ith n—propyl aloohol, on ths othar hard, ha raia
shovad a pinizum with corcentration (142), 1Im condrast, iso-
bulyl and auyl alooaola, glyoerina, and othylers glyool izsroasad
$ha rajte of 1odida catalysis, althouzh Walton and Fonsa (1%3)
poiniod ocu$ thad ocuch solvan3da ars s31l1l 1lika water i3 a ¢nall-
323ive may., Aa a rasuls of a3 adudy of sulfida oxidation ia cmei
8017end3 a3 o3hyl and 130prop7l alcohola, diisopropyl othar,
aoadoniszila, azd preprioniszila, Cvarbarger and Cumming (63)
oam9 to t23 conolusion thas tha oxidasion was promotod ia solvania
¢23a919 e hydrogzon bonding wiih hydrogan paroxids and thal 13
13 $233id13 $has waldser azd aloshol may b3 equally oZfsotivs 4o
391vating kydrozan paroxida,

03337 50179033 invssiizasad iaclnds asaiona, Uhioh wa3 chom
52 i2hidi3 easalydis dacomposisica by platizma (1%4) azd 3o onp-
57233 $h3 $hazmal daecapositioa at 40° mors tham o3hanol, diox—
an3, or 3o3zaydzofurm (7%). S3oner and Dowghersy (1'5) Zouad
333 oxida3ioa of diosumlfida aoids Uy hydrogsea paroxida %o Ts nsid
©a3aly33d azd a3 susd $0 be accalarated by raplassmens of wa3ar
v7 diozana, which prasuzmadly offsst hindaring solva3ioa offasia,
33371 othar s #7und 40 Teduca tha rasa of dacomposition om
plasima (1%3), azd sha reacsion badwsen Hilanima $33rachlorids
azd aydregan piTozidy in aadydzons 03hyl acetalz hAal Tiea aszdlicd
{1%?). 237 nydrogan parozida 13 adaydsons hydsizon £lvorila
223 T20an3ly Ti3n mIporsad (113) 32 %3 an offzesive z2203imm
oadiua 297 special puryoses, Vazriona o3hazr oxperinanii nizhd Ta
ronoriad haza, bul dhare is gome haaitation ia clazaifying thaa
azong unusnal soivaonta, eithar baczuzs the proporiiosns ara ao
s2all or b2causa mora or 1233 enarzeiic reaciion cccurs diraelly
with hydrcgen parozids. Ths sudbjeot has a special pariinenca in
" zegazd 30 the stadilizalion o hydrogen peroxide, and furihar
dixrazotisn 42 s3udiasz which nmighd ta inderpradad ia $terma of
3917203 322033 D27 ©3 found 1a Chaplar 9.

-RIACTICIS FITI IICROANIC SUBSTANCES .
2 3213 3203102 13 givan a2 briaf axposiiisn of $ha zajuze and
2 izorzanils
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periodic table according to the system used by Latimer (%), The
closely ralated subjcot of desomposition processes is discussad in _
Ohapter 8, and organic and biological rsactions are dealt with in fol-
lowving pectiona, Iluch of the material prosentad comes frecm quite old
or multipla sourcos, and no attomp¥ has basn mada to give complode
raferencay $0 such 01dar 1isazrasurs on this subjoo$ aa i3 oited by
Mellor (1%9) and Triarxd and Taiasa (150), Some less comprebanaivs bus
mora reoent cummarias of tha inorganic raaction3 have bzen givea by
Bancrof$ aad urphy (20) and Siome (151). The rsaciions of hydrogen
pezoxida to fora inorganic psroxides ara discussed in Chapter 12, Al-
though the material pr3sanisd hars comprises a raviow of a rasasr con-
sidazable tody of availabla 1i%arasurs,it will be apparend tha’ oushori-
$a3173 and coapradansivy siudiss of thess roastions ars few,

In thi3 disonszsion it sheuld ba raccgnizad thad zeacilion may te
with oithar tha anion poriion of a molelcull, with the cation portion,
or with bosh, Thus, fragaentary ascounsa of oxidation reaciions of
dersaia anitmy 8.3, 3ha$ of sulfida or sulfi’a, havs been ofianiizes
raporiad in tds 1i33rasurs chers ths focus of adtantion was rather ea
soxe o3har pary of ths aoieonla. Consequently svery insiance ol guoh
rsactions has not teen ciiad, The action or'hydrsgen peroxids as a
me$al solvan$ via oxidizsing actica 1s also widsspraad, in facs, an ascid
goluticn of hydrogen paroxids rivala acua ragia in this rezazd, By
prop2r 2a0i23 of 0id 23arl7 all $h2 n332l3 can e dizzolvad, aad savaral
gtudias of 312 scora of $hi3 asticn are availadle (152). Tha2 oxidizirg
action of hydrogaa paroxida i3 also of iatarast in corrosion, sirnce
1% pay ba formed as an injar=ediate in tha raaction of oxyzen witd
various metala, as discuszaed in Caapier 2, Intereéting aspacts o:
this topic ars tha influencs of hydrogan peroxids2 upoa the fora of
oxide formed in corrosioa (153) and upon the regularity of corrosiea,
e.%., it 1s reporsad (15%) that zinc may be corroded to an especially
smo03h surface ia thas pressence of hydrochloric acid, Other ajudies
of general intarss$ concara tha effeccda of 1ligh$ and the magneiic
field on hydrogen paroxida r2actions, Dhar ard Ehattachazrya (155)
found tha absorpiion of 1ligh% by carsain raacting mixiurss to be
graatar than thad of tha saparate ingradienta, Collins and Brycs (155)
d2monatrTated thad, a3 thay expsct2d, a magnatic f1214 of 12,000 ganss
had no eff2ct on tha rate of thermal decomposiiion of 1 10 3 7.5

hydrogen paroxida a3 SOOC.

ot ot s suistonn e oo M 301 4700 R,
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All the roaotions disoussed aro dosoribed for hydrogen per-
oxid2 in the 1iquid phafe,B8%udisa of roactions of hydrogon paroxida
vapor haza boen limitad to a fow with carbon monoxida (62, 157),
ozons (153), magnaatum matal (159), and sodiul posadsiua
amalgaa (160), Posaibla solid phasa raaciions hava no% baan
in7astigatod at all,

O0x733n, Hydrozan

In aquaous aoid solution an excass of hydrogen paroxida raacia

with ozon3 according to tha ovar-all equation? o
B0, + 0 (n)

e 2

3

@isth gmallar proporiion3s of hydrezan paroxida $h3 93923 dioaprpears
nor3 rapidly shaa $ha hydrozan paroxids, 922 s3szantial Zaaduzas
e? tais zsao3ion Tara3 euslinad by Doth-und and Surgsiallor (1561),
ard $tha Xinalisa over wida ranga3s of variadlas, oif2033 of com-
3313073 cnd 12aidissr3, ard o3har fo033 r2lating %o tha mechaniom
hays bsan inr33sizated by Taud2 and 3Bray (152). Tha raastica
preeaeds yia £729 2adieal indarmediaias arnd has besa ragarded by
scze a3 0332ntially a ca3alysis o ozona dacomposlilion ¥y hydrezan
peroxids,

Tha imporian’ quassion whether reaction occurs batasen hydro—
g2n pa2roxida ond hydzszan suparoxida {parhydroxyl, 309) or thy io3a .
of it3 acid diaszociatioen, 0;, na3 not y23 bara 3233124, Gaors (153)
concludad that reactica did nod cccur wish eilhar a3 a ra2suls of
studies of potassiua sup2roxid’ disparszd la hydrszen paroxida
solution, The validisy of 3his conclusion has baen called iado
quastion (1€4%) bacansa th2 cxperizment dzald with a haterogenzous
ayaiem, and mechanizna iavolving raaction of hydrogzen paroxids
and parhydroxyl, i.o,, hydrogen suparoxida, continus to be sug™
gestad, The supposition that parhydroxyl is a rathar sirong acid
ard that reaction is in fac%t with OE ifon is widaly held, A
somewhad unusual r2aciion Thich kas baen pul foroard conecsras
the disproportisnation of poiassium paroxida dihydrzsparoxidaia
in3o po3assium supsroxida arnd wmaser (165), Th2 coursza of reaction
of aydrogen peroxida wmith eltlhz2r aicmic hydrezen or ajonic oxygaa
has besn discussed by CG2id (163).
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The Halogansg

Resaotions of the halogens and thair compounds with hydrogoea
paroxida may bs liated among the most intonsivaly studied in chemis$zy,
Tha gtudy of the rats and mechanigm of a numbar of thase r2actionas
with ohlorina, bromine and 1odina:§§%aived repeated attontion, yield-
ing a raliabla undarstanding of tha prooasses involved, - Two raviews
ara available which summarizs this work{ on2 by Bray (167) ia 1932,
providas dirsotion to the earlior 1iteraturs, and a mord racent ons
by Baxarndalas (163) brings the subjsot up to data, Tha kinatic dasa
available ars summarizad in the Dational Buraau of Siandards Tables (3),
0f particular imporsance in tha disocusaion of the mechanignm-of thase
halogan r3actions ars 470 papers by Zdwards (&4,13) meniionad abovs,

Ths raactions with fluoriza compounds do no$ parallal those
of tha othar halogens, Th3 oxidation of fluorida ion 13 tThazmodr-
nanically unfavoradla, and clomensal fluorins dbrings abcul a dacom
po3ision and production of several producita, no% yat wall chazaciar-
13ad, The effeo$ of hydrogen peroxida on various mizad fluoridaas
waa cbaervad in an early ssudy (169)., Maaes and Hasohar (170) found
elaomensal ochlorins ard i10dizns $0 ba not vary soludbla ia anhydroua
hydrogsn psroxids, and observed thas bromida and iodida Fsrs much
mors raactivs than chlorida with hydrogen psroxida, The eff30%3 of
ohlorida and broaids in mix3duraz har? alss t2en ajudisd (171),

Bo3sa slomsntal chlorina and i1%s hydrolysia producs,; hypsoalor-
132, ar» rducad %o chlorida ion by hydrpgen peroxida (172).
Caloratas aTe unaffzoted even at th2 boilirg point in alxalina oz
nsu3ral solution, but in acid hydrogan parozida, chlorins and chlor-
ine dioxids are producsd (173). The hydrolysis of the chlorina dioxida
i3 in tura, unaffecied by the presence of hydrogen peroxids (17%).
Perchlorates are likxswise unaffected, making parchloric acid of par-
ticular ussfulnsss in adjusting the pH of hydrogen paroxida soluticaa,

The oxidation-raduction ra2lationships of bromins with hydrogan
peroxida are similar ¢to those of chlorine, with the excapiion taal
bromats is raducsd %o bromids and alamenital brominz, Th2 most exians-
ivs dalcgen studias have been carriad out with iodin2 compounds,
Rafarenc2s 30 tha early 1isarature ara providad by Talton (175), aad
sha ex3ansiva contrivusiocna of Arel (178) must ba acknowledgad,
Jorzan (177) has recently reviewed these reasciiona which ars sum

marizsd by Tabla ¥ ta¥en from Bray and Liebhafsky (178). A dash




Andicates thaﬁ subgtantially no reaotion occurs,

- Table %
Raactiona of Iodina with Eydrogen Paroxids
) _ Sneoias
¢ Ié Iy * Io3 ‘ 103
5 | I I, —> 1" — 10, "> 1T
1 I~ I, - I, —> IO.J, 1’33 —> 1

Several siudias of opacial aspsota of iodiza-2ydrogsn paroxida
rsaciions may be mansionad, Ruap? (173) has raporied a opeciToy
gzaphic siudy of the 1cdids rsao3ioa, and ths pH chang2s cocura-
ing 1a the oys$ea with icdids and 3hiozulfate havs tesa pudlisded
(120). The cxidasion of iodids for=s th2 basis for a ''cloex!!
raac$ion (121). The reaction i3 ca3alysad by the prasezcs of
irts, and sevsral siudiss (132) have teea mada of this so—scallad
'12chdatein'a Raaction,!!
Sz, -Is1oina, TMNinzina, ~ad P9izaina

Zl2:2n3al sulfur 13 quis? uns2aciira with hydrogea paroxidy,
T7ish o3har valonc2 aglalas s3apzisa ozidaltica cocours, coa3izmlcg,
undsr suilabla condisiocns, up $0 th2 haxavalead staie ia tha fom
of sulfata or sulfur irioxids, EHydrogsn sulfids ia acid aguacus
solution 43 oxidizad bus only to elsmental sulfur, A r2c2n3 oludy
(123) has shown tha rats of this reaction $o bs invarsely pzopor—
ticnal to abous the O.% or 0.5 power of the hydrogen ica coacenra~
$ica and firat ordar with raSpeot to hydrogen paroxida concenizatioa,
In alXaline solution sulfate rssulss (13%), This raactica ia
catalyzad by iron, even to the extent that tha purily of tha sol-
ven3 water used may bs of considazrabla imporiarca (135), Tha
related reactions of the metallic sulfides have also baen studied (12%),
- Suilfita is raadily oxidized to oulfate ﬁy hydrcgen paroxidlds, and
$wo tracar studies (51, 10%5), alroady diacussad abovs, havs
increased considaradly the undsarsianding of this rwaction, An
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interesting featuras of the sulfita oxidation i3 ths concurrond dimeriza-
sion t0 form diﬁhioz;se, ) 06 , which ocoura to aome exbeny (136),
Glazascna and Hickling (13/) havs contras$ad this to tha stoichioxsirio
foraaltion of dithiora;s in tha eleotzolyasis of pulfita, Thay astrivuse
4h2 01203201y3ic roac3ion also 40 $ha in3armediass fozmation of hy- |
drogsa poroxida undar tha expeolally favoradle oircunagtancaa of hizh
1ocal concentfation on tha andoda curfass, 8imilar ooxplications coouzr
in tho reaocltion by which hyd*ogan paroxida raplacss tha ''culfidat!
gulfur alom in thiosulfala, 5203 y 7131 a3 oxyzsn asom to producs cul~
fass (51). Ia *hi3 6339, apparda’ly $rilhiomale, 8,0¢, azd ta3za-
$34oaa%3, a;os, may also ba fozmed (123), Zizs%ically, tha raaciica
baas beea raported (159) +o ba bimolscular, and the offcots of varicus
ca3alysss suoch as isdine aad nolyrdass havs been iarassigzasad (159),

I3 13 of ia3aras3 4o compars and cox32a3ld ths ocmpounrda of oml-
far and oxyzea, ospecialiy ia xogazd 4o 323 1a3ighd this mag provids
ia3o $he mechanisa ef ths r2actions juss discuszed, ESullur and'ozygra
aT3 allxs 13 having {ths caae a,g?cu $az olasizon g$raclury, making thair
valancs zslationshizs similaz, A% the séze tize thars i3 a coasidax-
abls diffaronce ia thair elcoiromegs3iviiisos ard ia $hair fandancias
%0 hybridization., Another dAif23resnmcs which may be of cudsianding |
iapordancs i3 tha possidbility which exi3%$3 o2 sulfur 0 maks nas of
d orditals 12 go'd or qpldZ hybrida, an emergstically improbdabl
situalica o7 037353, T0 ba con3idarod ia Sh2 1izx3 of 31332 23833
ars t22 vzy sdord 1i233ias of $ha hydrozyl zadisal, CF, csaparsd 39
323 :ia3ive uar2a9iivsness of tha sullhydryl radical, &3, tha dAlgpro-

| poriionatioa undar car3ain circumatances (191) of sulfur monoxilda, 20,

to forma sulfur dioxids and elsmen3al sulfur (analogous t0 o30n3 forma—
tioa from moleculaz oxy3gen), and tha ayyarantly complets lack of oy
hydridization in Bas with a btond anglz of 90 Of pariicular iaporiancs .
13 the questica of the electron structure of sulfur in ths hexavaleas
a3ade, 1,7., whether agix _gz_ hybrid ozrbisals ars presens, taus
involving the presencs of @ bonda 'ia such a siruciura as sulfale, A
nuzber of raferences (192)-discuss 3his topic azd may be uszaful ia
eonaidaring the possidilisty thal tha raady oxidation of suiiar com
pouads by hydrogen peroxids 1a ralated to th2 ease with which 1% can
caua3d the formatica of thase hybrid struciures, In this reapecl HJoward
and levisi (193) have commentad on tha fact that the presence of
al=oircn astracting groups on a sulfoxida or suliids slowed $ha2
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oxidation of these Ly peroxysulfate and hydrogen peroxida, respeo-
$ively,

Tha raaotions with hydrogen pesroxide of tha romaining mambera
of ths chalcogan fanily have rooaived lass aston$ioa, Salaonisas.
ar? raadily oxidized by hydrogén peroxida %0 salonatas (194),
although rsaction with selonicas aoid, HQSaO s k33 basn zsported
to bz an excspiion, Elomental salonium i3 slodly oxidizod to
seloniuxa dioxida (195), and 1% haa also been raportad $o te con—
7arsod 39 salanis acid, 828904. Eydrczen aalsnida i3 2apidly
atdacked, Zlomanial talluriua dissolves 1a eufficiosnsly coa~
canzatad hydrogen peroxida to yiald dalluris soid, 3,730y (196),
This raaciion oconrs alao if $slluzium elscirodas ard asiad on by
an elas3zic ¢urrand ia hydrogsa paroxida golusion, wiia svidance
3ha% hydrogsn 331lurids may b2 an indar=sdiats produss (139),

Ia zz2znaral, ¢3lluratas rasuls 2rom hydregaa paroxida asiisn,

alihough $31lnzic 20id may be for=med undar suiladls condilions (197);
2313urina diszids is raporsad o be inzolubls in hydrogsn paroxila
(57) alshough $his impliss that ozidasion to %alluric coid, eozras—
ponding %0 T*OB doss not procssd yiy 730, vhich by 1%3 inaoim-

" bilisy womdd appear liksly 10 indexZozrs width furihaz r9a0310a,
BElamensal polonium has tsen roporiad (193) to dissolva in acid
hydrog2a naroxids,

Ji3Tem, PhoscasTia, Arasais, Aatizeay, 3iimaty

827273l sources (199) deserida t22 courss azd kimaldics o 423
2203102 of hydrogen paroxida with nitrisa, 7Th3 ezd produsy 13
ni3zata widh paroxyziizous acid fraguently meniiorad a3 an iadtax—
mediata, Hitraia 13 unrsactive with hydrogsn peroxida uniil high
cozcenirations ia acid ars resachad, BHNijrate ia nauizral solution
13 essentially unrsactive, Masscn (200) fourd cyanase and car
tonata $0 rasults from the rsaction of cyanida with hydrogen
pazexiday ao oxyzen appearad as lorg as excssa cyanid2 was presen$,
Schustar (201) rsportad thiocyanasa to producs inilially azmonia,
3h2a nitzads on raactiion with hydregan paroxida, Eydroexylanins,
zhich bridzess the gap struciurally beiween hydregsn p2roxids and
h7drazinz, 723 observed by Wuraiaer (202) o te oxidizad by hydre-
g9an paroxids 3o niirmala,
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The rsaction in acid solution of hydrogan peroxide with hydra-
zina (203), N Hy, was roported in an early study by Browna (204) to
produce hydrazoic aocid, Hﬂj. Mora racently, Corden (205) raportad
only moleocular nitrcgan and watar to rasult from this raagtion ia
aquacus solution, Tha raia of raaction was found to be groatest ad
pa 10 ard no hydrasoio acid or ammonia could be datooted among the
products of rsacticn, Furthar rocent work (%7,206,207) has demonsiratod
tha varialions ia $ha cour3as of thia reaction which can ba broughid
abou$ by ohangas of conditions, Of particular imporianca i3 the oxtza~
ordinary aznsit$ivily of tha rasaciicn $9 calalysis, and it has tean eug-
geasad (37,208) 4hat raaction does not procesd betwsen hydrogsn par—
oxids ard hydrazina in diluia aguaous solution exscepd a3 inducad by
catalyais. Siailarly 43 has b2ea obzervad (203) that thass sudadarses
are e7an carable-of coaxisiercs for some time in $he vapor siala as
10090, and a2 227 o=a,33,. Adaizsurs of concantzatad hydrogen paroxids ard
hydraziza fzcm common scurcas, howssvar, will ordinarily rssult in ex~
ploaizn, althongh thare may ts an induciion paricd of variapla lergih,
d2pardizg upon conceniraiion, $2mparaturs, method of condaciiag, and
. pregepas o7 other gpeoias, ECubstancas which in cardain forms have
bsen sindied for dhair calaly3ic effzct on this rsaciicn are cobals (205),
ti13anima (%7), icdida (205), cepper (206, 139, 209, 210), and iren
(139, 209). Islyrdata and vanadala hava 293 raporiad in32fas3ive (£209),
and 1% D38 found (2¢5) 331513 %0 1nhid1s 4h2 calalyaia wiih a oom-
plaxing o3amd, 33123% ia $h32 raactisa wiiad hydrazina and hydrozea
paroxida has alsd taan asimulaied by applications to prerxulsion sysienms,
Tha raaction beiTean elemenial phospaorus and hydrogsn paroxids
@was dascribad by Teyl (211) as producing phosphine, Pﬂég and paosphoric
acid, Phosphata is quits ina2ri in hydrogsn peroxide, and may be used
a3 a stadbilizing agsn$, as disocuasad in Chapsar 9. Other valence stales
of phosphomus, 8,%,, phoaphorous acid, ars ccaverted (212) 4o phos-
phata, Elcasntal araanic has baen rsported $0 be oxidizad by hydrogen
peroxida %o arsealc acid, H;Asz0y, Ba; %2> undarsiood is tha oxidation
of arasalts, 430.%, $o arasna%s, As0y , vhich 13 quantidativa (223).
Ha3allic aniinony 3nd i3s3 oxida2s ara rather iner$ {oward hydrogen
paroxid2, alihough %ha sulfida has baen dascirbed (21%) as diasolving
in ammoniasal hydreg=2a peroxids to forn aniimcaiata, Some radhar com
plicated effacis on the crystallographic properiies of aniinony $ri-
oxids, 3b,0,, have bteen dascribad (215)., Moser (216) observed biscush
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trioxida, 31203, to ba oxidizod +{o blomuth totroxida, Bl Og,
ohich could thon ia tura bs roducasd, In 2lkalina golutioa bia~
muth ai$raia, 91(303) y haa bran fourd (217) %o b2 opavariad %9
a yallaw-dromn biszuth hydroxida, Bi(OH),, plua a psozly olarac—
torizad sscond conmgponand,
Cazhon, Ailissa, Gitmaniva, P41, Loind

Jtoichiomatric zoootion of hydrogsn paroxids wita olosmendal
6az20n has not bsan obsazvad, aldhcuzh tha dioczmpo3sision whiled oconrs
alas ontails geme podificaiisn o th3 cazxbon surfasa, Jupp azd
Schilsa (213) zoporied thad hydoozen p2roxida oxidizad oazhonads %9
formic asid and formaldsayds, dud lazar (219) discovsrsad 5hiz assisa
$9 ha73 Toan brough3 abeul by iovuridios prassal, O%isr Jaxa
3733 (220) of adasrpiica aad pazazids Parmasisa {271) no o3haz
ias3anoa33 of raactliza of hydrsgoa zazoxids wish silissa cozpenndl
aypear 39 hars basa Toporisd, Carzanima matal has Tssa Tapordsd (222)
%0 t3 23%shad Dy hydro3an perosxidsr, Tha indrinzss of ~a3allis 3ia
ha3 bsan commaniad upsa iz 23 disenaaion of handli:g procaduras ia
Chapsar 4, Ia solution, s3annous 4ia 13 comyariad 32 sdzanmis {223},
azd tha hydrous asannic oxida i3 quita inert aaz o211 23 ?alnabié
a3 a g3abilizar, T2 r21a3ivs i23rinass of 4h2se 2lzmends i3 nod
gnarad by tha 133% meabar of a2 group, 12ad, vhich 13 a 7a17
28ti72 LDCcﬁpbji 102 82521733, - 2dluldina of m3371lis 1223 coenrn
ia ozid hydrsgaa p2roxidly oa izoraasing 32a 3 22 2xid2ls
apraazr, 7i%h 1zad diozidy elcarzrly dh2 producs urndar alkalind coa-
disions {22%),
C1iliuna, Tadim, TH3iica

In this group only th2 x2nstions of thalliua appeazr to havs
bzen 3studizdy 13 being raopor3ad thal thallium matal i3 conversad
%o thallous hydroxida, 71Cd, and that thalloua oxida, ?12p. ia
oxidized to thallie oxids, ?1203 :
Zine, Cadaina, "laroury

3inoc medal oan bz convarsed 3o zinc oxida, 220, by tha a20iion
of hydrogan paroxida, I3 haa also basn reporiad (225) 3hal hydro-
gen paroxida will caus2 z2inec 30 diszsolve ia alkalina alcsholic 331~
$ica, Anoth2? uausual aff20% was raporied by Stone |
found 3%ha3d addiitiocn of hydregen paroxzidr %o sulfuric iu1 in wTaich

amalgamated zine 7as producing hydrogen, causad gas olution 0 csase,




then later begin agaln, A posroxida i3 rsadily formed from divalend

: sing, an old rapor$ asaeriing that this rcaction occura explosivaly
{ with the carbonate, Mejallic moroury d1s530lvas in acid hydrozsa par-
§ ox1da, oxidas appaaring when 8ho pi i3 raised, @Ho rapors of a cadatua

reaction appaara availadla,
O2op27, ilrye, Gold '
Ha%allic copper may b2 di330lvad in aoid hydrogen parozids,

: Zhia has baen gitudicd from $ha s3andpeiad of oorrosion by Glaunase

and Olcoxar (225), Cxidation may alado osour,,di~, $7i~, ard quadri-
valons s3a3ss, dapending upon the condiiions (227), Eydrogon par—
oxida 1a hydroshloric asid i3 raporsad to disasolva masallic gold, and
oxidas of gold ars zaduscad by alxalins hydrcgen paroxida (223)., Ths
@303 of alloying gold on $ha zalda o 133 aitask by hydrsgsa pax-
oxids-szodina chlorids mixluzss has al3d b2 atudisd (229), Zlomsnial
31173> 13 siailarly diszolvad by acid hydrogaa peroxida, oxidasioa
b2ing 30 tha unirvalant a3ass, Lirxavisa ia alxalizns seolutiza raduolioca
$o the ze3al coours (230), although formation of the oxida has oftea
baex conaidared (231).

7hs aotion of hydrogaa paroxids upom silvar oam;ounds brinzgs
12%0 conzldaraiion offocts encountersd in pholograpay. In alxalias
solusica hydrogsa paroxids will davalop a la3snt photcgraphis iaags
(232). I233 (233), 42 Taviading $hiaz cud)zcl, has commea’od, as
a2 9a21y iavsalizadors did, oa h2 stmmoliural sinailarisy of hydro-
322 p270x1d3 %0 guca a sudbalanc? as hydroguincn? ia ralasica 3o
photogzapalis daveloping aodicn, Also mendioned (233) ia th2 roason-
adla coaclusioa that the aciive entildy ia tha davsiopmend by hydrozea
peroxids i3 ths perhydroxyl ioznj Romsyar i3 would bs of considaradbla
genaral inisrsst to eslablish thia by the experimsntal $2chaiqus
devalopad by Jamea {23%), Hydrcgen peroxida oan aleo darkenm a
phosographic emulsicn dirsctly, aa effac3 observed as early as i8l2,

Bscause $his pheaczenon is sensliivs encugh 4o r23pond 3o minuls oon-
can3Tasions of hydrsgen peroxida 13 has besn used 7B mashed of dstaos-

izg %320es of hydregen paroxidsy, as dascribad in CGhapler 2, 0F
paTiicular iaporiances in- essadlishing an undarstandinz of 3hia
*'3u32011 32f2c3'! hag been ths diaoisditing'of tha 1d2a; advanoad
aven rzea2nitly, 3had hyd-ogen peroxida sxarss this action by
gnisting som2 mysdtavlous radialion or radicactivisy,




Hickal, Pallndiun, Platinug

Hydrogen poroxida acidified with hydrochloric or sulfuris
acids, bul no% asatic, 13 capable of disscolving matallic nickal,
0o aoctiloa of hydrogan paroxido on moid nickal gulfasa waa obsarvad
(235), alshough daccmposition coours oa $hs nickel hydroxida formad
i3 alxalins scolutica, MNesallic platinrs i3 quisa raaisdand to
a$$ack by coid hydrogen parozida (235), Bffoots of hydregen
paroxids on pladizmum guch az pasaivasioa (237) and produssioa (233)
of platinuma vrioxida, P30, in ralation $0 elssizoiylisc badavioz,
bavs bzea dazoribad, Bivalond platinma ia complex coapowmnday
0,30 (T3y), P301y, 13 oxidisoed (239) to the quadrivaleat siale,
a3 1n (I3), 23014(C3),7
€913, Madima, T2idls

Tha rate a3 vhich covaldt malal dAizsdlvos 1o hydrozsa paroxids
$0 »roduca catallous ica was raporsad (24%0) 4o b3 £iz33 ozdaz
wila razzecd 9 Jhs diffarancs tajwasa $hs moman3azy ¢oball oo
con3ratica i1 $ha solulion and tha galdurasion coball c@ns:n&:i%ian,'
for thas par$icular ;3 and hydrogan paroxida corcanirasiona, 43
highar p3, co2alions aad laiter codaidio oxidas ars producad, Ia
amoniasal soluiion hAydrogaan paroxids ha3 baea zoporiad $o produoes
a ooaplax such aa [( 1) 030203(53 )e] *5 con3aining bo3h 4zi-~
aad $337270313473 oodall” (2%1) (3237 Canpsaz 12),
Iz, Tvasnadaa, i

Oxida%ion and raduciion in $23 pr2aanca of hydrozan p2rdxildy
of tha forrons-Zerric iron s73t2m das receivad in3anaiva study ia
coanaction 7ith the asscciatoed disccmposiiion precosa, Oxdizarily
i% i3 tha cxidalion of farrous ion to tha forric s%ats thicl i3
predoainant in aoid solution, with preacipiiation of the 60llailal
hydroxid2 at highar pH, The possidbility of oxidation to othar
statsa haa alzo bean considarad (242), and Zvana, Caozgs, and
Uzl (243) studied th2 formation of a complex bat¥asm parhydrexyl
ion and farric ion, Undar suitabla conditions tha tr2alzsnd of
s328l with hydrogen peroxids can yi=2ld a polisnzd and corrosion—
re3istand surface (244), In%araciion of hydrczen paroxids with a
numbsr of iron cemplex compouands has raceived study (2#5). Acti-
vatlion by 1lisht has veen observad in certain of thase roactions,
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Hanganesa, Technstium, Rhenium

The chief attention 1ln the reaoction of hydrogen peroxida with
mangan2se compounda haa been centerad on permanganate raduction whioh
proosads $o mangancus ion ian acid, manganase dioxids in alkalina solu-
tioa, Tha for=mula of thes margansss dioxids so obtainad i3 ravar fourd
to0 corraspond exactly to Hnoe. arnd gaveral investigations of this aaspsot
have been zada (246), Tha reaction of hydrogen paroxida with parman-
ganatd i3 exoasedingly fas%, especially when catalyzad by tha prassnce
of marganous ion, navarthalass, kina¥ic measursments have tasn mada (247).
Mars, 8%afford, ard Watera (243) hava discussed tha mechaniza of 4ha
reaction, Only one invastigation (249) of rhsnium appaars to havs been
recordady $his showzed solutioa of rianiua hsptoxida, 83207, $0 cocour
in hydregan paroxida,
Chazoains, MolybAanua, Turzitsn

With this group of elemenis thars i3 bagun considaration of $hoas
elamsnts which raadily fora well-knowm peroxy asida, ¥For 2 mors ada-
quass considaration of thase ccmpounda, rsfersrce should bs nada $o
Chapiar 12. .

~ Chromium me%al i3 raladivaly insrt ia acidic or basic hydrcgan

parbziﬂa, only a sloz solution jSakirg place, Asids from study of
psroxychromates, most attantion has been dirsctzd $oward tha raductica
of chremic anhydrida, Cxd,, by hydrogaa peroxida to0 fora %rlvalen3d
cardalua (250). doly»dzaua in all valersa stales is sinailarly cox~
varsad 32 a paroxids (251), and phosphomolybdata cannot ba pracipi-
$atad in $ha pr2asncs of hydrogen peroxzida (252), Molybdenua sulfids
rsact3 with hydrogen peroxidz to form sulfat2, barring tha usa of this
subs3ance as & lubrican$ in contact with hydrogen percxida, Tungsten
may be dissolved ia hydrogen peroxida to form tungstic acid, 82304.
and may be further convsried to peroxytungstates,

¥Yanadiu, Niobiuxm, Tandalua :
. A nunber of s%ages have been postulated t0 occur ian the reactioa

of mesa—-vanadailas, V0, , or vanadium pealoxids, v§05, with hydrogen
peroxida %o the paroxy fora (253). Niobium »nd tandalum affaci each
otherts solubiliiy in acid hydrogen peroxids} apparently thay fora
¢0110idal aolusiona (25%). The actual aolubilities diffar considax~
adbly, %an3alic acid deirg only partially soluble whereaa nlobic asid
ts gquits solublz in hydrogen peroxide, The metals also diffax (255),

$antalum betng viriually inex? in aclid hydrogen peroxide,




71

Ti%naninm, Zirconium, Hafniuzg

Tha y21low complox compound formed when a titanium sald ia
mixad with hydrogan paroxida is of oconsiderabls intorost since
thia roaction 13 tho basia of a highly spoocific mathed of analyz-
ing for hydrogen peroxida, as racouaied in Ohapiors 10 axd 12,
7h3 raaction of hydrogen paroxida with $iianous ion, ?1+++, haa
baan roportad (47) %o produca frae hydroxyl radisals, and tho
furthar conversion to the paroxy atasa' 710,, ocoura raadlily,
An ozy3ulfa%s has also taen desorirsd (256), 213anis hydroxida
haa also been reporiad to form a cvlldidal solution o2 391 42
hydzozan peroxida (257). Tha formation of a tiianiu-2luorids
cozplax iom may aloo b2 casalysed by hydrozsn paroxida (253),
Zircoaium, olthar a3z thz =adal or a3 th2 suliada apraars 50 29
quia 1nazs ia hydrozan paroxida (239),
Doz, Aluadzes, Toandiwa, TY5Tina
C2lloidal elomental boron 13 convariad to boris asid, 33203, o7 hy-
dzcgea pazoxida {260) with ao Zurthar action obisrvod, a3allis
aluaizum 15 2o0s2d oa to a vary c=2all ox%an3d by hydrsgsa parexidd
30 form alumizin hydroxida, Tha formation of an odlyraal laysr
of th2 hydroxida on %h2 surface undoudiedly accounis for Jh2 ond-~
s83anding iaerinssa of aluaiaum as a siorage? cemdalnar, I% is n27ax~-
3h231333 po33idia for corrosion 45 cccur 1a $ha pr2a3ansa of olaaz
sud3¥angay, no%adly cialoril:, and fuis2 a3 pumtsr of 3%udiosa ol
3hi3 Sopis 2a72 b2ea ravorsad  (251), Th2 rol2 of %22 chlorid
has baea ougg2sied to ©3 a 1oo32ning of thz aluvainma hydroxida
fila as w»ll as inorzazirg the elsoirical conduciiviiy of tha solu-
tiona, That elecirolytic corrosion actunally doea occur has teea
damonstrated by AXimov and Olaahlo (262) using colorineiric
indicasors,

Rars Earshs ard Actinidag

Few of ihess elexents havs rzceived attaniion wisth raspacd
40 %ha2ir zeaciions wilth hydrogen paroxids, Aan exida 3309 i3 zaid
40 te2 charaoitarisiically produced f2em tha zaze eazshi and this
apr2ara $0 have bean damonairaled for lanthamm and aazaricay
a2 raaciliza of caris ion —i+h hydrogen paroxid: 30 nHrsducs ¢33
ion i3 quaniilative and 183 uzs 1n 21 analyiical prasadurs faor
ter 10, Amonz the acd

nydrogen paroxids is discusssd in Chap
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thoriur has been observed to form an oxids Th 207 (263), and uranium,
beaides forming a peruranio aatd, i oxidized from the quadrivalen$
stada to uranyl ion, 002++ (264),
ha Alraling Marthjy
Hatallio magnes‘nua is s8lo’ly diasolvad by hydrogzen peroxida to .
fora tha hydrozidzf tha othsr alkaline earth elamenia appsar nod %o
have bsen oxaminad in thiaz rsapecid, but would be expacted to bshavs
sinilarly, 7Tha ssaldus of the system in solution 1s fized by the
equilidriua bsdvsen paroxida, bhydroxida, and hydrogen pernxida,
0.%,1 a3 oxa3inad by Abagg (265) in ths caze of barium hydroxida
(328 aloo Ohapyar 3), Raporss have bsen given of the raaciion of .
2adiua halidaa oa hydrogaa paroxida which on examination provs to
havs d33l3 13 faos with ths effoota of ths radiation tharafrom,
33 i M3313;
Jusi a3 with watar, tha alXali medala rsaos violeasly widh
hydrogan $2r93ida $0 produca hydrogan gas, Ia tha cazs of sodirm »
an3lzaz 2aXa? aad Parksr (266) raporsed Aiffarznces ia tha raastivisy
7132 vazious gamploas of waler 30 bs caused by the prasercs of hydro—
g2 p3ro«£ida, Tha paroxidas of thase eloxensa ars dascrired ia

Cihapiar 12,

RIAQTINY3 OF FYDRACCIT PTROXITE IJ ORGATI0 CHTUISTRY
Th2 graajea’ usafulnsss of hydrogen peroxids has teez i3 tha

ax2a of Taaciion3 with organisc sub3zlanca3, For the mosy pary sha
bazic n2cnh1anisns of thase ro2action3, suod a3 i dbl2achizg, hava baaa
113310 urndarsiocd, bul sha oombination in hydregen paroxida of pousr
ful oxidizing potsn3inl with eificlioncy and specificilsy of action a3
well a3 ta2 faet thad i3s3 raaciion by—-producta are innoccuous haa
favored 133 use, Mora ravenily thers has teen an incraaze in ita
applicaticn to well-dafinad steps in organic syathesis, for example,
epoxidation, hydroxylation, quinore formation, ring spliiting,
polyxerizatl on, and paroxidation, Such reactions ars beirg used .
in the production of waxas, rssins, polymeric matarials, plasticiaers,
drugz3 ard nmedicinala, inseocticidas, ard many organic intarmediaias,
I3 s2em3 safe 10 3ay thad guch applicasion and tha study of the
reactions iavolvad i3 liXxely {o undargo outatanding growih,

Iz many insjano23 hydrogen peroxide form3 an organic paroxida
oT a paroxy acid, either orzanic or inorganic, in the rsaction mizjurs
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and it io this specles rather than hydrogen peroxids as such which
is the activa agent, Buch formation may ocome abou$ naturally
through tha choice of a non-aquaoug solvent or tha apecific paxr—
oxida may be d2lid2rajdely chosen in order to attain an incre2ased
reaction rate or high dagrse of gpecificiiy. Tha raasons for thd
difforencss in bahavior batwasen tha differant peroxidas wars
davalopad above in the ganeral discussion of mechanism, Because
of such diffarances in bahavior it is of imporiancs in intezprating
tha rasulta raporsed L tha usa of ''hydrogen peroxida'' as a raazand
$0 ascaeriaia vhas peroxida structur? was actually tha trus rsasiani,
Froquantly 1% 42 cp3ioral whethsr the peroxida is added a3 suca o2
whathar 1% i3 formad in s5idn from hydrogan paroxids, and ia gezs
in3tanca3 th2 same rasulda arz2 adtainad wish diffzreny paroxidas,
In o231 62323 in which hydrezen pa2roxids i3 nominally 1isiad as
tha 23n03%an3, dud i3 in fae3 nod, 1t will a3 fourd thas the

actual poroxida i3 on2 of tha paroxy aolda, eilhar peroxyforaic

Or paroxyacadis, lasa fraquanily one of tha highsr homologuzs o
p3rox7banzoic asid, Psroxy acida of soms of thz h2aviar malals,
gucd a3 osainz or nolytdarua ars aém?n aisn, Stmetimes a
raaction 13 dazerided a3z involvinz hydrcgan p2roxida vhen tha
aslnal éaagent addad i3 an orgzganic paroxida; for exampla,
%3731ary budyl hydroperoxida and banzoyl peroxids ars tha conmon—
@33 non—as7l or dl=sudasisuiad paroxidas 5o dizeritad, WA 3T
©31d33 o3h2r $han 3h932 Juss maniiozad ara usad, i3 13 muech 1233
1iX21y that ¢tha raootion will b2 aldridbuiad to hydregen paroxida,
To this 1133 ouat b2 addad those subsiancaes which fora free Tadi-
cal3 on ra2zstion wilh hydrogen peroxida, $3%anding in this
r33p20d is the gysiam hydrogen paroxide~farrcus iron, kxnom as
Fonion's roagent (2§7). A% low hydrogen paroxida/farrous ioa con-
caniration zadios ¢this i3 an exc2edingly active oxidizing systen,
and a survey of the $7ps3 of organic subsiralss affacted by i3

ha3 b2en mads by Naxs and Waters (283).

Th2ss fac3ora maxs the rsaciions of pezxoxy aoids aad othar
p3r03x7 compounda of ind2r2at in an account of $h2 orzanic reaciions
o hydrogen pazroxida, Th® prasan’ dlacussion has taea anticipatad
ia 3his T23zs0¢% by tha outsianding review by Svern (259) of peroxy
acids, which containa 700 rafsrences tc $he literasura Ciher
nd paroxy
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Friassa (272), Budlicky (273), and Teata (274%). A useful table sum-
marizing repressentative rsactions was pragentod by Shanloy and
Gzreenspan (275). The following 13 a briof guida to litaraiurs das-
oribirg typlcal organic raactiorna of hydrogzen paroxida,
Alkxanss

The sasurated paraffina ara found (275) to ba inart to $he aotioa
of hydrogsn peroxids, either concon3iratad or ia tho prasencs of medallilc
catalyata, although emulsions or mechanical disper3isns in conocanirased
hydrogen paroxida can bs dstonatad, Alxyl Grignard ogom$s T320% %0
fora aloonola (276).
B2h71l-mic fubstancasg-—-Tgpoxidation ﬂng_ﬂzdragzlgtiap

Oompounds contalaing an unsaturatad cazton to cazbon boand,
RCH = CAR', can ba convsrsad to tha expoxy or oxirana form ﬁDE\-IOHB:

aad furihar t0 tha polyhydroxy or glycol form, EOZ(0F)CH(0F)A!,

through tha action of various peroxidas, %ha iijeraturs daaling

with thase rzactiona haa basn r2viswad and discuasion of tha mech~

anism and experimsntal procaduzrsa, inoluding lengthy sabulationa ef ‘
substances und2r3oing the rsaction, has baen given in tTo papsrs by
Swern (269,277). Othar less comprahanai7s ravisss daaling largaly

with practical asgpects ars also available (273). This reootion is
gometires knoon as tha Prilaschajdw raaciica (279) and has tsen carried
out with aliphatic aryl, alicyclic, and haiarseyclic olafias, unzasur
atad fa%ty acida and oatars, fads aad oila, and uzsaturatad alcohola,
Ordinarily hydrogea paroxid2 alon2 is inafZectiva, 2,2., l-p2nien? was
unaffected by 90 wi, %ohydrogen peroxids even in tha prasencas of iron

or vanadiun (275)., In ordsr for raaciion to procced it is genarally
required that a peroxy acid be present to offar a mors elsctronically
unsyzmetric peroxide group than that existing in hydrogen paroxids,
Whether the reaction is readily stopped at the epoxide or whether it
continues to the glycol depends on the conditions, gentler trsaiment
being required to obtain the epoxide in high yisld., Inorganic catalysts,
which operate through a peroxy acid form, have also been davaloped for
this purpose (280,67); that using osmium in $ar3-budyl hydroperoxida has
been referred %o as the iilas rsagent, Peroxy acids ars not effective
ian epexidation of ketones and acids having a deouble bond« § o the car
bonyl group, Here alxalins hydrogen peroxids does rzact, howevar (279).
Study has also been mada of tae photochemical addition of hydrogsn peroxids
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S (281)

to tho double bond, Oonsidsring alloyolic substanods in par
ticular, a number of studies ars available, Cyolohaxana alons
does not react (275), The hydroxylation of oyolohazanona and
143 oonveralon to odipic acid haa tien studiod (232), Othor
work has baen conductod with tha torpenas, oadalona (233) and
brasilein (234%), tha torpin, cinaols (235), tha $orpen2 alsohol,
sabinol (226), and an indena darivativa (237),
Alcohnl3g

Ethanol does not rsiet with conoonizasad hydregan pazoxida (273)
in tha cold mixtura although mizduras i3 cordaia concaalraldion
rangas can datonaia with tromendous vimlonsd, Ia tha p=iysazes of
farric ion, howavsr, raaction Hrco2eda to $ha Zormalion of 20a3is
asid (233) or ovea %9 carbon dioxida (273)., Tazsiazy allkyl alog-
hol3 can ba oonvarsad %0 alxyl hydzsperoxidis (70), and a musder
of producis ars ovlairad £ron $3rsiary aromatic aloolsls (239).
Tish tha polyaydric alcchol, zlyezrol, Zoraic coid 13 oblaizad
diracsly wish hydregsn paroxidd, glyesris aold amd zl7ysollic asid
baing insermediatas (250). Ia tha prassnca of farris ioa glyceral-
dahyds is for=ad, arnd calciua carbonata favora £ozmaldanyds aad
acid formation, Th2 mechanisa of thase ranosions wilda alconola
has been siudi2d by Hers and Jasaza (291).
Oyaoz7iic And T3 Aaidy, Al 7zdli, aad T3l

?h2 reaction of hydrsgoa paroxida with 323 3im9l2r cazdboxylis
.acid3s is a fraquanily ugad roula for tha praparasion o paroxy
acids, Further oxidation can also occur (292)4 4h3 loazaz chaia
acids being least suscepiible to this, In th2 oxzidalion of tha
dicarboxylic acid, oxalisc, acid conditions wars found 3o proz=ole
the conversion to carbon dioxida,basic condltiona 39 =223axd 13 (293).
Hesozalic azcid behaves similarly (25%). Tha2 prssano3 of hydrozyl .
groups was found also %o inorzase the raia of oxidation, 2,%., 12
the ssries succinic, madle, and tarsaric aecid (293). Tha
unsasuratad fumaric and maloic acids hava also bal2a invasiizatad
(295). Oxidation of maleic anhydrida with hydrsgan paroxids i3 ia
usa a3 a commercial ms3hod for %ariaric acid manufaciur: {(z97),
Reactions with Xeto acids, such as glyoxylic and asa3cacosia, hava
basn situdiesd (298); mechanisms mhich may accoun® for the odsarved

basa catalysis have also been discussad (233). Reactions of hydrogen
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peroxide with the dicarbonyl, glyoxal (300), the reluated glyoollio
acid (301), and triketones (302), and other katones (303) have also
boen studied, :

Tha aldshydas raact dirsotly with hydrogan paroxids to forn
hydroxy alxyl peroxidas, ROZ(03)CCH and RCA(CI)0L0Z(CH)A, and thasa
in turn reach furiher to form ecids and othar producis £3C4), 7Tho
resacticn i3 acid catalyzod (305), and tha kirasica of tha rsaciiond
with formaldahyda, acajaldahyda, and propionaldabyds have basa studiod
(306). Tha product of oxldation of formaldahyds is foruio asid,(307),
buz 1% 43 nolable that undir alialina condiion3s molacular bydzo332a
i3 also a product (303), Ursa-Zormaideshyda rasina xr3 also daecompoaad
by hydregan peroxids (309),
Ozzais Ti%rezan Osmpormdy

Prinary aaizaa, 2332, ara vigoronaly dacomposad by hydraiyla par-
oxida, cacondary aminos, 2233, 732035 onazgaiiondly o fozm hydroxy—
1a3ines, R,ICH, and $ar’iazy aainas, 333, a3 sluzgziohly ozidizad 4
oainag ozidas, R,I0 (273). Ia 423 preszncs of ascozdic coid and izsa,
aidrozanzan2 i3 sinilazxly convariad %o nitICphanylhyd:ozylaaiza (310).
gijriles, ECJ; ers convarsad 10 amidaa, I00TE,, b7 $33 ootion of
hydrogan parexidas 3h3 roaosions of tanzamida (7%) and adiponiizila (311)
in this fashion hare t3en atudiad, Saponificalion of nilirilas nas alco
baea raporsad (312), Amino acids raas3 with hydrogon pazoxids ia tha
pra33ncy of farris ion 42 produca %330 acids {313), Azowenzana i3
r22d117 conTsrdad 33 azoxydoniowd (311), and coupliag o Lom Szisu
39x7 @d7i7asivas has als» baza zeporiad, Thars has alad 3
inserasl (315) in $h2 blzaching of $ha $riphanylaethans dy2, nalacalla
graen, Of injerasi for th2ir spaciascular quality arz the 1uainascans
r3actiona of hydrozen paroxida with caztaia niirozen compounds, E233
¥nown i3 that with luninel or 3-aminophthalohydrazida (316), which,
vhon observed in thse dark, shows lighi r23smbling that of ths firxaily,
Bun3rass,. Stanley, and Parker (31?) have daseribed in d23ail tha conm
dition3 for carrying off this reaction in most efficiant and shovzan-
1ix2 fazhion, Othaz luain2sceny rsactiona have beea daseribad wila
Butsar YTallow (313), pyrszallsl (319), azd a mumber of oihar dyaa (320),
Lunminascand reactiona”}jpiaarganic compounds have also btaan raporizd (321),
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Organic Sulfur Comootindg o

It 1o reportod that hydrogen parozide in a mixture of nodiun
sulfide and banzylchlorida can produca msroaptana (322). B8uoch
compounda con%aining sulfhydryl groups, or marcaptanl, c¢an in
turn ba oxidized to disulfidos, 2.3., o%hyl marcapion, 033_23,
13 convertad to disthyldisulfida, OEH SQOEB_, althouza oa*alyaig
is ganarally raquizr=d, An outsoanding example of this i3 'ha o2n-
varalon of oyalaina to oysiina (323)3 tha $ripapiida, gzlulathion,
ast3 sinmilarly (324), Thasa disul?fidas, which may also ba tormed
parsul?idas, can ia tura ba convaried %o producis cuch a3 RI0Z0R (395)
(223 discuasion of wool t3193), Cyssina i3 roporiad (396) %0
r2203 $0 fora Saurina, OSulfidas ars oxidizad %o sulfoxidas, 2:3., |
dizansyl culfida, ‘°635532):23' produc23 didanzyl oulZoxida, :
(9,7-030)a29° Tanors3 of tha d2havior in this fashi«n 2373. 23353
Fiven o7 alkyl and chloroalkyl suiZidas (327), azyl 4risy7l oul-
£1d3s (323), ard an anmino oulfida (329)., Further o:idatien %5 oml~
o023, Bﬁtog, ¢aa %han cocur, ' o
Oazhoaydzaios

In th2 adsznos of a catalyat th2 carbohydratas ars-laiiraly
unraactiva, althouvgh datsnabla mixzduzres can bs for=ad, Ulta izoa
a3 a ca3alyat thars cam ctcur a2 v2ll-xnomm rs2actioan for tha pra-
paTasion of a lower aideas ZTom $ha aldonic asid, a.%,; G-amaisais
acid, OF,CI{CACR). 300, 13 coavarsad 33 d=3z75aT0: 2,01,03(0701) 010,
21977211 2nd Crsf3l (3350) z2poz3a2d exdanaiva studics of carzohydrass
oxida3iza; 2zume3032 (331) and 1-zhaomosa diacetat2 (332) hav? alad
P22a siudiad,
Azomasic Comconndsy

Bz2nzare and 3olucne do nod r220% with hydrogan paroxida ia 322
ab3snce of a catalyss, If an iron compound is add2d to tha paroxida
layar and the mixiurs stirred, oxidatican to phaenocl tak2s placs, If
furthar rsactica is allowed, dzepar oxidation cocurs with tha forma-
ticn of iaderastinrg dari-colorad and colloidal subsiances (333).
Bottomlay and Elackman (33%) suggssted a possidle r2lalion of thia
raaction to $h2 formation of paay and coal. In the prasance of
acatic acid other subsiiiutzad benz2nes are -oxidized, a.g., anilina
i3 convarizd %0 nitrobonzane and azoxybsnzana, and taazaldahyd:2
producas teznzoic acid, Th2 polynuclear hydrocarbons y*e1d quinonaa;

ning ecccurs, a3 in the oxidation of
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phonanthrene to diphenlo aclid, Haphshol is similarly converted tc the

quinona (335) and ring splitting aloo ocoura, for elampls to give o-
oarboxyoinnamic acid, Hydrogan paroxida does not aid in the sulfona-

tion of napdynol (336). On the othar hand, hydrogen peroxida doas
pronota haloganation of a number of ocompounds (337), 2.%., p-banzoquinons
providas chlozraail, ’
H3%ar90701is Canopundy

Oon3idarablo attantion has baean paid to tha-rsactions of hydro~
g3a paroxids with hotorscyclic compounds, BExamples which may bs cea-
$1o33d aTa furfural (333), Shiophans (339), nicotinic eoid (3%0),
$hyaine (3%41), prrasins dorivatives (342), piparazina (3Y%3), phanazines
and quizozaiines (344), and uric moid (345), Many of thase aras of
biolozical intarasy, ard addisional matiar in this raspscs zill bs
found b3loy, Tha compouad d-hydroxyquinoslina. i3 also of concara in
$h2 p3abilization of hydrogzon peroxidl, Tha rlactiomm»f a largs numbde
of nlxaloids with hydrogsa paroxida, have also b2en inrasiigatad,
e3p30ially by Sohaar (346) and by Fornandas and Pizzazssq!§;47). ‘Tﬁ
thase cust b9 addéed oludiaa on nicotira (343), narcotinézéhd
cplchiscaine (350), o _ . )

ﬁéﬁi"sﬁudiaa of amorphous and pol?merio organic subaiances. ..
thair in%azactiona with hydrogen paroxids hars btesn carriad out, huoa
of this work holds intarast in raspsct 40 tha use or bioleglcal sizni-
£ilcanca o2 hydros3:n peroxida and 13 rapordad ia th2 dizcusaisns of
thoa3a $opisy, T9o thzsa may b3 added atudiaiz of tha elfzess on natural
aad syashadic zudbsza (351), coal (352), and sphazauwa nozs (333).

CHGAYI0 PIROXIDTS
‘ Tha field of organic paroxidas is so largz that i3 damands s3pa-
rata tresalzend, and 1% has not baen attemptad %0 cover it in this mono~
graph, Abundan$ ovidence has been furnished to ladlcata tha ralatica-

shaipa of hydrogen paroxida $o organic peroxidasy this has eatarad ths
discuasion parsicularly in the seciions on nomenclaturs, formaiion,

sal2%y and haadlinrg, structurs, reaction machanlam, and uses, Attan
tion may b2 dirsctz2d t0 = nuabsr of books and reviews which will givs

a comga3ant entry to this subjsot, Refersncs has alrsady baean mads %0
the consant of tha raview by Svern (263) and th2 book by Teboldaky and
Yasrobizn ($0). A convenient intToduciion to the fiald has baen
providad by Milas, Nargulies, and Shanlay (35%). A very adequaia trzad-
ment of preparative methodas, valuable also in showing thz us3 of
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hydrogen pesroxide in forming orgunic peroxides and for emphasizing
gomes of the dangers inherent in thase substances, is givon by
Criegae (355). Several othar rovicws (356) have appaarzd racently
and will ta found usaful for thoir varying content and approach,

HYDRCOTY PTROIINT IY BIOLOGICAL PRCCT3ST3
It has baen pointad out that an importan:t considaration in 3ha
chemistry of hydrogan paroxid2 is-1t3 position as an oxidation-
roduciion intarmzdiate batwasn molecular oxygen and watar, Tha
utilization by 1iving organisms of atmospharic oxyzan to oxzidiza
various puiriants t9o carbon dioxida and water aa tha mean3 of pro-
viding energy nmakss this ralationship of particular indarasi 1a 3ha
vital processas ol violozical oxidation, I% 13 elzar that hydzozan
p2roxida 13 a m2¥abolids normally producaed and dasiroysd by a wida .
722123y of planis ard anizals, dul only a baginnireg 223 Ha2n mada
ia o3%3dlinhing tha mechanisms, limilations, and i=zpordtancs of this
aspact of diolozical oxidztion, Ia addition $o playiang a pard ia
tha procass2s vhich provida onaxrgy to $ha2 organism, thars ars odhar
prseas3as, for exampla gynihasis and datoxication, in which hydrogan
paroxida zaziicipatasz, A1l thaza ars norm=l and psrhaps3 indispena-
abla aoc3i7i’ias ocourring in 1iving tissua, in which hydrogsn paroxida
$a%23 pars a% oxtromely low concentrations, To considaratisn of
$h332 2ust T2 nddad concaen adboul the eff2e3s oHn 1l proc23s33 Unla
aydrozaa pazoxida b2coz23 prasind abt abnormially hizad comcendrallon,
aitihar Shzovrza malfunceiion of the organism or thirouzh da2liberats o
acoldan3sal exposura, Sinca hydrogan paroxida i3 normally prasend
in pnaturz ¢rly in minuta proporiions, thea lattar situation ariazes
only during manufactura and use, In this division of the chapiar
all thass asp2aets of hydrogen peroxids chemistry ars discussad, an
excaption taing that the discussion of the mechanism of cajalyiic
daccmpoaition by endymes has baan placzd ian Chaptar 8, Thase are
subjaets having a larg2 and somzvhat diffuaa 1ijaraturay foriunataly
this is offz2>3 $0 some dagrze by the avyailability of a numder eof |
axcallant r7i2v3, For thasza resasons this discusaion should nod k2
davandad upen for complata diresction to the lijaraiure,
Ji0193ic) Ozidaiinn
In sizpliried fashion the process Jnar
22 gcag3zag 13 regarded as
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whercby a substrata is oonvertcd_by oxyzen into water and carbon dioxida,
This ocoura in stapa dr2aling with a few atoms of the ambstrate at a

tiana in nsar-noutral, water solution at temparaturss ragardad as low by

the ohamig$, tho catalysis for tha sieps baing supplied by biologicul
catalyats or enzyzea, From tha standpolnt of intarest in hydrogan por—
oxida thars are thras kinda of raaoctions to ba considarad, Thase ara
the atops in which hydrogen paroxids 1a formad, those in whioch 1t acta
a3 an oxidan%, and those in whioch it i3 cadalytically docomposed, A
brief ocutlina of tho mannar in which it i3 prasantly baliaved thaze
stapa ccour may ba given as followa,

Thas fizx3t stop ia ¢ha oxidation of opubstrais 13 usually a dahy~-
drogenasion, Ia this raacticn an enzyma, tarmad a drhydroganagze®
and usually activs unith only ona spacific subatanca or claszs of sub~
gtancas, aoiivqias t30 hydrogan atoas of tha cubstrala in such a way
$h2a% thay ars ca3ily tmansforrad 30 an accapior molecul2, Such losa
of hydregea i3 eguivalon? 4o oxidation of tha subsiratay oz exampls,
1actic a20ld, 03, 03CICCC3, Day ba conyariad to pyruvic cneld, 0330cccca.
A pumvter of cubdbsltarcas can asct as aoccapiora for th2 hydregsn zamovad
from the subsiTatap fraquenily th2sa accantors ars rafarred 42 as
carriais, since thay ccoupy a plase in a chain of staps through which
hyhzcgsn i3 carriad 30 i%3 £inal z2action with oxyz2n to form water,
?he dis3irciion of impor3anca hara is vhathar the molecul2 which accapis
$h2 aydzezen froa $h3 oubitrai? i3 nolacular oxyzgan or stxe other sub-
g3ancs, IZ 1% i3 wmolzcular oxyzea, Sa2 r2ull of 3h2 hydrozea itransiar
13 thz formation of hydzozan p2roxida and $he enzyma2 caldalyzing %ha2
t2ans?ar i3 $27:ed an aarodbic dlhydrogzsnase, Thz dehydrezsnasas vhiech
ca3alyz3 tha tran3?ar of hydrogan td accapior3 or carriar3s other than
molacuiar oxygen ara termed anaaroblec dehydrogsnases,

Subsequant ataps in tha oxidation of thz substraia may involva
decarboxylation, hydration, and furthar dahydrogsnation, In the decar-
boxylaticn a carboxyl group is removed to form carbon dioxida, this
acfion taing mediatad by a carboxylase, The hydration stap may also
r3quire iatarvention of an enzyme, a hydras2, Othar si2ps of imporiance

Yfhe serainology of enaymes is stild davaloping, and a consistend
usag?2 has not ye$ besn esltavliznad} carlaln of th2s32 dzhydrogenases
may b2 found o0 b2 oallad oxidases, for sxampile, Tha problam of
noasncladura in this fi21d4 has rzcenily besn approached by Hoifnann—
0stennof (357). According to his schema all thz enzymes of interest
hara ar2 cxidorsductaasas,
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in thig chain of suvstrote dogradation are ropulated by enzymas
tarmed oxidases, Those enzymes activate molcoular oxygen, onabl-
ing it to oxidlzs spacific substrates without any action on tha part
of a ddhydrogenasa or of hydrogen ocarrisrs, Water is tha raoull

of oxidase action and hydrogan paroxida formation has not basa
dateoiogd,

A parallsl to tha action of tha oxldasas i3 found in tha
class of enzymas callaed paroxidasas, Th2s2 enzymes have tzen found
ia plan3s, milk, and blood and astivate hydrogan peroxids to parmis
1t to taka part in tha oxidation procass, IY appears thas +ha
subaz¥ratas a%taciked in this fashion ara certain phenolai and aronatis
amin23, Thara ars, howavar, a nuxbar of bioleozically iaporsant
coagounds ia tha33 olassas whish do nod app2ar 49 b3 aflaesad by
$arexidasd, and zathar 1it312 i3 knom r2zarding th2 imporianca of
¥ais aotlion of hydrogsan parsxida i1 ¢h2 ovar—all oxidation scohroma, .
Tha products of th3 r2rsxidase action arT3 th2 oxidizad subaiTaia
and 7a%aT; no molzcular oxygan 13 producaed, Bacmus2 o2 thia
~ charastaristic, any stoichicme$ric raaetion of hydrozza paToxids
procdeding in $his mannar and thersforz2 not sesuliing in oxygan
genaration can ba rafarrad 3o as''paroxidatic'', and th2 t2m i3
sonatimas used in non-diological sysiems, In textila tr2atmani, Loz
2x23pla, 1% 13 Aaairadla and econcmical for $h3 2otlon 02 hydrszen
p2roxida 3o ba paroxidasie, confinad to offectiva hloachizz, nad
ap3 wasted througa catalytic dacomposition, |

222 3vask of catalytically dacoemposing hydrogsn paroxzida and
th2r2by eliminating it can ba carried out in biologzical aysizzs by
an enzyns callad catalase, This enzyma app2ars to cccur in all
plants and animala, excapting only a few microdrganisas, and ona
of its purposes seems to be to pravent the accumulation of hydrogaan
peroxida to a toxioc level, Oatalase is outstandingly effoctiva ia-
thiz proc2ss, being activa at very low hydrogen peroxidl concantza-
- tions and capabla of carrying out the dacomposition at a rata far
exc2ading that of most of the othar known catalysia, Thls dacompos-
iag action ias sometimas called ''satalaticp'! a term which is
intendzd to be distinzuished from and conirasied with paroxidatic
acticn, It is posaible that confusion on this scora may arisa in

the future, gincz it has now been showm 5that catalase may alao




activate hydrogen poroxlide to oxldlzo certnin alcohols to aldehydes,
This has been referred to ac a coupled oxidation as well as peroxi-~
datio action, Tha importance of thia funciion of catalase i3 not yet
establishad, but goma investigators are of tha opinion that it may be
of equal or graater significance than tha essentlally wasteful, cata-
lytic scavanging aotion of ths enzyms,

Th3 procassas outlinad abova and othars assoocialed with thom
ar3 discussed in ditail by standard sourcas, for oxampla, tho taxioook
by West ard Todd (353), or the raports on raspiraiory ensymas editcd
by Lazdy (359). Frca tha etandpoint of siudying tha r3la of hydrogsn
paToxidl thars ara t=0 aspacts which 1imit ¢tha material availadla ard
tha intorssl in 135, EHydrogen paroxids is a siopla structurs, univazs-
'ally encouniarad ia bilolcgical sys3ems; thisz rob3 1% of infarast aa a
unizus m93atolida playing a special pard in c211 chamisizy, A% 322
gams 3izs 1% 13 quasiiornad chathar tha 7312 of hydrozan paroxida i3
232117 a vi3al on2, %$has 13, vhathar 1% i3 involvad a3 a 1izk ia $ha
pain currant of staps in dislogical oxidation, o dacision avous $hia
appears po3sidls now, but a discusalon (3£0) of i3 has brpugds cul ths
fa0% that tha pain current o7 oI3n33 nmay ba surrsundad by a pzoiaotirs
syatam of chackxs and balances which parmit th2 vidal g3apa $0 b3 car
ri3d ous withous inderruptiony hydrogan peroxida may play a pars 12
bo3h 4h2 main and cubsidiary furciions, It should also b3 poindad
ous $ha3 th2 qu23tions razarding thz formatiocn and raaoiion ¢f hydrcgon
pazoxida ia biolozleal oxidaliisn ware of conzidaabla iopadiansy ia
much oarliar invaastizasion ard th20ry which pracadad k2 0332abD1isacans
of tha gohaze oullinidd abova, Culslandirz ia thilas sarlioar TorXk wary
tha coniradictory thaories of Tarburg and Tialand, Wardurg prool2dad
through the davalopmant of th2 coacapt of oxyzanm aciivation, visuallz-
ing rsaction of molecular oxyg2n and enzyme-bound irom a3 ths prizary
ac% in respiration, Thiz viewpoini, best appraciated frcm a book of
Warburg's (361), preoludea tha formation of hydrozan paroxida through
accapiance of hydrogsn by oxyzesn, Tha opposing thaory tuild up by
Wisland emphasizes the aciivation of hydrogea and conaaquanily 323
formation of hydrozen peroxids through action of oxyzaa a3 aan acsapioer,
This thaory emphasizing tha dzhydregsnation ha3 2l3s baen $r2atad in
a booXx by 13 author (362), Tha currani opialon providas a o012
both kxinds of action 1a bislogical oxidaslion, Thas2 arnd oikar 22
$heories of oxidation ara raviawed by Copenhaizmar and Siterzn (383).
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It is worth noting that much of ths thinking about blological oxl-
dation han'?aen developed with refersnce to a number of !'model
raactions, that i3, in vitro systomg having ons or moras propar
ties similar to that believed to ba poassessed by a living systom,
8.2, iron present and capable of catalyzing a rsaction of a typ3
conzldared to coour in an organiasm, Euch comparisons have baen
usaful in giiding and daveloping biological investigation, bus oan-
not ba dependad on ccmpletely, For oxampla, Dakia (3&%) 1a 1311
pointad out on the ona hand that hydrogsn paroxida alona azonz t223
oxidizing ogents was capablz of bringing about tha sama tyrpas of
raactions controlled by enzymes and that this suggzested a z81a foz
it in blological systams, On ths othar hand Dakin cau3ion2d againas
acoaptance too rsadily of tha 1daa that catalase might alzo parsici-
pvatad ia tha oxidation schema, A3 mantionad in tha discussica abova,
this old id2a has only rscently raceivad additional exparimenial
~oupport warranting furihar considaraticn,
T3 Tatuzra of Hemonzo3ain nzymag

The gtruciure of tha enzymes which ar3 of concarn in $h2 bio-
chamiscal rzaction or dacemposition of hydrogan paroxida is ralativaely
well undarstocd and providas considarable inaighd inio thair noda of
action, Useful iantroductions to tha naturs of all enzymess hava baen
prasentad by Summer and Somers (365) and Laidlar (366). Howsvar, for
th2 purpos3 of understarding tha2 inlzractions of hydrogza paroxida ‘
wilh ecanzynes, only a 23 of the 2332n%ials and nomanclaluzr? d2allng
wilh a group of enzyaz2s aand r2laited compounds Xnomm ad hlerxdi2ing
nz2d b2 discuassad, Catalase and peroxidasa are the enzymes of chiaf
concarn, These ars made up of a protein bzaring an activa, o2 pro-
sthatic group typifiad a3 an iron protoporphyrin, These enzymes ar2
closely similar to the oxygen-~carrying componsnt of thz rad bliocd
cells, hemoglobin, ard thae related oxygen—storing constitu2at of
mascle, myocglobin, Thers 1s less comparison of these substiances with
gome enzymes, 2.2,; the protaolytic enzymea of digasiion, whiela,
althouvgh of complicated proteia struciure, do no% besar a haavy matal
porchyrin as proathatic group and frequently exist in tha orzaniaa
in the form of pracursors requiring activation to becoms eff20tiva

as enaymes,
Althouzh broadly similar,

in respeci.to the blechzmisiry o
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peroxiduse, hemoglobin, and myoglobin, dlffer slgnificantly from bne
another, thus accounting for thelr differant actlons with hydrogen per—
oxida either in the organism or under experimantal conditiony, Thesa
differancas are found in the molecular weight, in the ralativa propor-
tions of tha constituant amino acids making up the protein part of
the moleocule, and in the numbsr cal accassibility of the iron protopor-
phyrin groupa attached to the protein, Thase differsnces ars discusaed
in dotall by Georgs (367); of speciul importance is ths fact that
catalasze and hemoglobin carry four protoporphyrin groups per molecule,
wharsas paroxidase and myoglodln carry only ona,

Ths structural foramula of the iron protoporphyrin tormed heme 1is
shoon a3 follows.

H

H,C=¢H C CHy

HLC CH=CH
HC "~ Fe CH

/ "’\
HC CH3
HOOCCHER, C EH,CH,COOH
2 2 H 2 2

T82 IRON PROTOPORPHYRIN, HIUD

This structure is related (368) to that of chlorophyll, in which the
coordinated metal is magnesium, and also to that of the phthalocyanines,
As indicated, the central iron atom lies in the plane of the 16 memter
porphyrin rirg, and is held to the pyrrole nitrogen atems by four of
tha six available valsnces, leaving two to complete tha ocitahedral
complax, these beinz above and below the plana of the page in the modeal
indicatad above, In addition thera must te considered the oxidation




_ g5
state of the lron; when it ls in the ferrous stata as pictured,
tha protoporphyrin ls termed hema, or more clearly farrohens,

When tha iron 1s in tha ferric state tha porphyrin i3 termed
forrihoma or moras specifically hemin or hematin if 1t is wishad
to dasignate specifically a coordinated anion prasent, With hems
in frze solution, not bound to any protein, it is prasumed that
two watar molecules are coordinatad in the fifth and sixth valanca
positions of the.iron, Gaorga (367) represents this forrohame as!
H;0.705:350, Upon oxidation this bescomes BEO-?§p=HQO w7ith on3
positivae charga, This ferrihama may coordinate chlorida ion thus;
SQOe?Qjoﬂl, and 1% i3 than taerzed heming with hydzoxyl ion ccor—
dinatad; 5209?;j'03, tha farriheme i3 hamatin,; althouzh theass
43143 pay ©3 usad 1233 spacifically only to iadicata tha prasa2nca
of farzis iron, 4har molacules may ta2 coordinated as wall, a3
in3ianc2 of hydrsgan p2roxida baing, of courss, of pariiculaxr
intar233, OCoordination of nitrogancus basas, 2,%,,; p7ridics,
with fazrohome ocours r2adily, givirg hamoohromogena, 3'3%5‘33
such a ceadinaiion with £arrihenma, Bp?ab-B, is tarzed paranamaiia,
Dhan cuch an iron protoporphyrin is atiached %0 a spcoific
pro3ain, thae enzyma proper is formed, The mods of altachzent
app3ars to b2 through on2 of tha iron valencies and addilticnally
throusa in%sraction of thz2 »rotzaia 7ith tha 79 propionis noid
group3 of the prolopersayrin, Ian the casz of cakalasa, Jour oz
£ixon2 or homin groups ars aidachad 30 a protein moleculs of sucha
siza that the o311 iTon content is abous 0,17, by weight Fa (389).
Ca3alase from difforsnt sources or specliss, g.z,, bacterial, liver,
or r2d bloed c2113, may show different activities, The sourc?
of thesa diffarences is not yat entirely clear, tut it may involwvs
diffarsnces in accessibility of the hemin groups or the replacament
of on2 or more hamin groups by biliverdin, an open ring darivative
of hame (370), Tha farriheomes of catalase are not easily reduced
to farrohemey 1in fact it is oaly rscently that it has b2sn found
possible to do this without desiruction of tha ensyma, Th3
enzyme peroxidase is similarly formed by linkage of ferrihanma %o
a protain, A very apparsnt differance lies in the fact that only
tein molaculs

[47]

one farrineme group is present psr melscule, The pro
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mangnnase protoporphyrin without loss of peroxidatic activity, Peroxi-
dace 1s further distinguished by being less susceptible to inaotivation

by heat than catalase,
The hemoprotein enzymes catalase and peroxidase are oftan compared

with hamoglobin andmyezlobin in regard to behavior towmard hydrogen per- .

oxida, Although such study is instructive, it is not clear that ths
interaoction of hamoglobin or mycglobin with hydrogen peroxida in ths
organiom is ordinarily significant, Thes2 two substances ars formed
through the union of a protzin termed globin with the reduced iron pro-
topoéphyrin, ferrohame (370), Hamoglobin bsars four ferrohams groups
and:jpglobin baars ons par molecule, The izportant physiological funo-
tion of thase substances is to coordinata molecular oxygan, In this way
hamoglobin funotions a3 the agent for transporiing oxygen from the lurgs
to tha tissuas, This wmay bs raprasented in ths follouirg way:

v

eb.?e?.ﬂgo +0, = cb.?ap.'og + E0 (32)
" Hemoglodin Oxy7h2moglodin

The farroheme of both hamoglobin ard myoglodlm can be oxidized to ferri-
ham2, for exampla by peroxidas, to give methemoglobin ard meitmyoglobin,
respactivaly, Both of thess substances, but not their reducad forms,
pos3233 the proparty of deccmposing and directing peroxidatic activity
of hydrogen p2roxidr to a small dagras,

This brief introduciion does nol exhausi thz 1ist of hamoprotainsa,
Othear enzymes, such as cariain of the oxidases and thosa termed cytochromes
app2ar to have similar or reladad structures, but thay have not yaed
b22n as w2ll charasterizad, and fow studiezs of the2ir interaciion with
hydrogen paroxida have bz2en rmads, Th2 matiar to be emphasizad by this

dascription of hemoprotein structure is the possibilidy which exists .
for hydrecgen peroxids to cccupy ons of the coordinaticn positions on
the central iron atom of the iron protoporphyrin group, A4s Rawlinson .

(371) pointad ou3, the iron atom in these hemoprot2ins has teen damon-—
gtra%33d to b2 the sila of aciivity, the proiain and protoporphyrin -
parta of tha molacula performing tha function of condiiioning ths iron
t0 play this rola, fraquantly in highly specific fashion, in a medium
shar2 simpler iron compounds would be totally insrd or unspecific,

I+ 1s this union of hydrogen peroxide with the iron which aciivates

- it e
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the hydrogen peroxido, making it susceptible to docomposition or
reaction with other moleculeg, The problem of understanding the
machaniom of hydrogen peroxida—~enzyma rsactions 1s thus largely one
of elucidating tha naturs and fzts of these comploxes, Thasa
proceases may ba comparad with thoos occurring with othar substances
whioh join with enzymes, e.7,, carbon monoxida, and espacially othar
xygen ocompounds related to hydrogen peroxida, molecular oxyzgan,
hydroxyl ion, and water,
Ranctions with Hemoorotaini

In 1iving systems the source of hydrogan paroxids is tha ra-
duction of moleoular oxyzen by asrobic dahydrogasnasaa, An garly
r3liable study which establiszhed this was by Thurloy (372), and
moT3 racent work by Xa1lin and Harirae (273) and Xent2n and
Mann (37'%) bas exiended cur undarssandirz of biological forzatiom,
Cf particular interesst is the isctopic tracar study on glucosa
oxidas2 (in fact a dahydrogznas2) mada by 32ntlsy and Jeubergar {103),
Zhis enzyme has raceived particular atteniion in regard to hydro-~
‘gen peroxida formation (s2e Chapter 2), and this tracer work estab-
lishes that the oxygen in the hydrogen paroxids formzd i3 derivsd
solely from molecular oxygen and dozs not exchanges with solvend

~watzr; Once formed in a llving sysiem hydrozen peroxids reacis or
dacompos2s, and Chanea (375) estimatad thalt ths st2ady stade con~
ceniration of hydrogen paroxidz maintalnad in this way in 1lver i3 a
£27 micromolar. Conaidaring that this minuiz conceniration exisds
in the near-n2utral pd of the tissue fluidas, it must bz concludzd
that the hydrogen peroxidz is virtually undissociated and must

react initially in this fomm,

One epproach to tha problem of establishing the natur2 of the
interactions of hydrogen peroxidaz and hemoproteins lies in the study
of the free iron protoporphyrin group in one or another of iis
oxidation states or complexes. This approach has bezen taken, for
example, by Haurowitz (376) and Kikuchi (377) and the facts have
been reviewed by Haurowitz (378) and George (367). It is found
that free hematin, HQO-Fe?.OH, forms a complex which may b2
repregentad as 3202-336~OH: wharsas ham?, HEO-FeanEO, doas not
form such =2 complax, Similarly the paranematins rsact with  hydro-

it

) . . a3 . B R . In¥ A . ¢
2n caroxide, tut the nhemcchroncgons do ok,  For sexemplae, the
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pyrldine parahematln, (PyoFep-Py)+Clm, can be substituted vuccessively
wlth one and then two hydrogon peroxide moleculesj with tho hemochromo-
geng attack on the porphyrin ocours, '

The complexas formed by hydrogen psroxide with the hcomoproteins
have besn studisd more ex%enslvely, at first by visual spaotrdscopy and
mor3 racantly by spsolal rapid spaotrophotometric techniguas, All
these complexes ars 8o labilas that they have not baen 1lsolated, Eoth
paroxidasa and catalase have bsen found to form three ccmplaxes
m3thamoglodbin and medmyjlobin form only on2 complex. Thasa are dis-
tinguishable according to thair colors, and both Chance (375) and
Ceorzs (367) have dascribasd the differences in thair raviaus of this
subjec$, Chanca charactarizzs thass complaxes as primary, s2condary,
eto,, acoording to tha character of their spesoiza, It 13 cartain o
thasa complaxaes which taka part in th2 enzymic action, arnd ouch effors
has b2en davotad to undarstanding thair raspaciive rolas. Chance (373)
has poiniad out that prinary complaxes cccur only wita $h2 enzyaicaily
activa hemoprotaina and not with the catalytically inaciiy3 hemoglobin
and oyoglobin, Taare ars also diffzresnces ia th2 equilibriua constants
of formation and disscciation for ths two typas of complexas, Alzo
related to the mechanism of c¢atalysis by thesa enzyz23 13 the fact that

the primary complexes arsg, relatively speaking, stabla in th2 abssenca
of excess hydrogen peroxid2, Thia parmits titration of th2 hamoprotains

with hydrogsn parcxid2 by spzcial tzchniques, and such asudlizs have sinomm
that on2 hydrogaon r2roxid: molseuls is bound par irom aton, Th2 coursa
of these resactions and the form of the rasulting compla=xz2s i3 not yai
certain, Chance (375) and Georgz (367) poin% out the effscts of rd

and foreign lons on the process and discuss some of thz possibillities,
For example, 1t 1s not clear in each case whether the hydrogen paroxida
exists in the complax as the undissociated molecula or as the perhydrox-
yl ion, 023-. Thus, three pathways to complex formation with the hesmo-
protein may be visualized:

Fep Hp0 # H0p = Fap.Hy0, + H0 (43)
Fe,«0% # Hy0p = Fap .00 + H50 (44)
™ - ™~ A - - -
ﬁ%'deo '.é' H202 = & 'O\Jd -+ H - 320 (“2‘9)
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Chance suggests that tho enzymically active complex moy ba tha ona
with the perhydroxyl ion, '

Whatover tha form of the active complex, it appaars that tha
courze of its rasaction with a subatrate occurs ascording to tha Zol-
lowing staepas

Enzyms # H,0p = EInzyme.H 0, (46)

EnzymeH0, + Substrate = Enzyme + Products -  (47)

In this simplifisd viswpoini all tha2 enzymic actions ars paroxi-
datioc, tha catalalic action being a spacial casa in vhich a s2cond
mol3cul2 of hydrogan paroxida is tha substraia,
Paraxidatic Tnzym3 Aciion

The action of paroxidase was fir3t obssrvad in 1353 by
Schdnbain (379), and tha enzyme was nared by Limssaier (320) ia
1393, 1I%t ooccurs widaly in plant tis3u2s as vwell a3 in 2ilx and
blocd, but its preserces in most animal tissuss is not y2% corsaln
although evidance for it-has bzen advanced, Besid2s asctivatirg
hydrogen paroxida, p2roxilase can alzo function with coriaia olhar
paroxidas, Tha w312 of paroxidase in bislogzical prec23323 has nod
¥23 ba2a e33ablishad 31%h carialanly, bud conzidaradliz r232arth 223
baen davotad to daiarmining tha natur2 of its astions azd oa indica-
tion of thz scop2 of this work may te given hers, 3I1liot (331)
invesiigatad in 1932 the rzactions with hydrogsn peroxida caialyzzd
by peroxidase and 1listed trypiophan, tyrosine2, a nuxber of paznols
(but not resorcinol). gseveral diaminzs, nitrite, and icdida as
undergoing reaction, Some of these, 8.%,, iodida (332), kad taen
praviouzly studied, but thaz work included considesradbla conirozersy,
¥Mora racently studies have been made of the peroxidase action on
thiols (383) (4hioursa and dithiouracil), ascorbic acid (334%);
heteroauxin (285), diphtheria and tetanus toxins (335), arcmetic
amines (347), mangansse compounds (3%8), and amino acids and
proteins (339)., Most of the work rsported in these sourcss has
been aimed al data2rmianing the blological significanca of paroxi-

dasa, For exampla, Randall (707) raviews suyg tiong that it
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have given evidence for a rBle in the function of manganese as on essen~
tial mloronutrlent of planta, The work of Sizer (389) has addoed 0ys$ina
/ia?dttfgafit&?i?aof amino acids acted upon and has domonastrated th2 high
dagroe of geleotivity of peroxidass action on the biologiocal aotivity

of guch proteins as hormonaas, toxins, antibodies, enzymes, fibrinogen,
casain, and globulin, It was suggested that peroxidass may exart a
regulatory aotion on such protains, Balls and Halo (390) have shomn
that peroxidatic action i3 responsible for the annoying formation of
broan pigzent on freshly cut apple surfacas and hava disousaad maans

for suppressing this aciicn, |

Ths enzyme calalasza alzo exsris paroxidatic aotion, alihough iia

cutalanding capacliy a3 a dz2composition catalyat had lorg odbioured and
divaziad intarest froa this property. According to tha scchams of
raaction3s (48) and (47), $his persxidatic ootion 13 quiia undarstand-
adla, but thera remain marked diffarances in tha characitar of ths
pa2roxidatic actions of catalasa and paroxidasa, In th2 studizs of this
action of catalasa (373) 1% has bsan odsarvad to dapand on a continuous
supply of hydrogen p2roxida, such as ganarxed by a da3hydreganass,

Thers are also differerces in subsirats specifioity. Catalaze exerta
peroxidase activity on primary and sscondary alcohols and on nitrita,
The rate of such r2action has been shoma (391) to vary with alcohol
chiin l2ngth, Pa2roxidasa, on thz oih2r hand, rzacts with a wida variasy
of sudstanc2s,; a3 notad abov2, Taus tharz s223ms to b2 no group for
vnich p2roxidass is spaciiic, whare2as caltalasz2 in 21l ii3 r2actions
Teacta only with the hydroxyl group as in RCHCH, ENO(CI),, or H,0,;
subsiitution of tha hydrogen prevents catalasa action., Thus tha cata-
lasa—-aydrogen peroxida complex can rs2act with hydrogan paroxids or an
alkxyl hydroperoxide, but not with a disubstitutzd hydrogsn paroxida (375).
Thars are also diffarences in the kinstic ordar of the peroxidatic action
of catalase and paroxidasea, OChanca (375) suggests that small corcentra~
tions of hydrogen peroxida may be regularly disposed of by the peroxidatic
action of catalase ard larger concenirations may bring ianto play ths
catala%ic action, I% has also been found (292) that when both catalase
and paroxidase are present in a plant exiract the catalailc aotion 13
suppressad until subsirata oxidation is complata, It has alsd been
pointad ocul that peroxidase is primarily a plant enzyms, caialase an
aninal enzymes, and the primary r8las of tha two enzymes may be similar
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in the two kingdomas, Othor subutances,.QQth certalin alde-
hydes (393), carotens (394%), and ascorbic acid (395), havs besn
reported to exhiblt peroxidase-1like activity,

Physiolozical Action of Hydrogan Paroxida '

A substantial amount of work has been conductad with tha aim
of learning the effects of hydrogan paroxida on biologically sig-
nificant substances or prcoassas, These studiss vary oonaidax—-
ably in thoroughness and method of approach, Soms arad frankly
model systems with the advantage of clsarly specificd oonditions,
but somatimzs of doubtful pertinance to 1llving sysisma, Olhazrs
ar2 basad on organic substances or ig yi79 siudiss, bairg moxd
r3alistio, tut unoortain in rogard to the influenc2 of sidy-
r2actions and enzymes, Colonies of bacteria ars £raquz2nily chosen
£or such studiz3 and in such a sysiz2m unocarziainiiaaz nmay ba inlzo-
duczd by tha variation in hydrogen paroxidz concentration during
different growth stages, caus2d by diffarancess ian thz partial
pressur2 of oxygan prasent (3956), or influancad by a growth
factor (397). : .

The action of hydrogen psroxida on a number of typical carbe~
hydrates was studizd by Payn2 and Fostar (393). Tha products were
oxyzan, hydrogen, carbon dioxida, carbon monoxida, formic and othar
acids, ard aldshyda2s, The hydrogan, darivad from Zormaldaayda,

723 2 characisristic product, Paotic subsdtancas, oth2r polysaccaar—

idas, and glycosidas arz also daganaratad by hydrozon paroxida (399).
Th232 procasaas are affected by tha prasenca of alkali (%00), iron
and copper (401), and ascorbic acid (402), A study (%403) of
various sugars as bacterial nutrients showed tham to vary in
their influence on hydrogsn peroxids formation, Th2 related sub-
stanczs, riboflavin (404) and streptomycin (405) also influenca
formation of or are affected by hydrogen peroxida,

The effect of hydrogen peroxid2 on fats has been litile
studizd from the standpoint of biological procasses, Tats and
0ils are ralatively resistant and most studies (408) have been
carrizd out with concentrated hydrojen peroxids or in the presencs
of hzavy mstal catalysts,

The most extensivs studiass of the effects of hydrozen peroxids
on substances of tiolozical interest have been mnde with proieing,

The natura of such 2ffects can vary considerably, MNora or less

L3
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drastic treatment with hydrogon peroxtde on albumin, gelatin, or tlsuoue
axtracts oan produce come aggragatlon (407), gelation (403), or even
dagradation to ammonia, kotonss, and aldohydas (409)., Laus drastic
treatment produces mora sudbtla affcots suggaestivs of aotual payaiologi-
‘cal aotlon, 8tudizs of thia kind have baen mada of erffscta on fibrin
and fibrinozan (%10)(tha tlood olot formar), and globulin (#11) (of
importanca in immun2 raa~+‘ons), and pyosin (412)(a muzcla protain
requirad for contraciion); tho siudias of paroxidasa ootions om pro~
teins by Sizar (339) are also of intarast hara, A cexiain dagzae of
specificiiy appaars to exiat at this laval of r3actiony for axample,
it has taan obsarved (¥13) that traaimant of casain with hydzogan paz-
oxid2 da2priv23 i of th2 Zood valu2 only of tha cethiosniza ard $xypio—
paan conlainad, Tha33 prolaian rsactions oppaar 30 b2 of pariicular
iaporiarnc2 ia =za3lation ¥0 ensynus, nany of thich ar2 aflaetad, S%udilas
of gpamm suryizal {#1Y%), onaka venea atiaruwation {¥15), intoarmadiates
in nitrczan fizadicn proeaszasas (M15), and imactivation of Tasiarial ard
y2ast dohydrogenasa ($17, 113), of papaia (413, ¥19), o2 phoopraiaze
(420), and of fig prod2asza (#21) as affzcted by hydrozen p2roxida hars
bean racordad, In zost cazas (not includirg urscaaa and haxokinaas (#13))
ther2 13 in¥erforanca wlth ensyma activily, ond 13 is intersating in
this ra2sp2ct to nota a raport (422) of the asimalation of ca’alasa forma-
$ion in a 2old on $T2abuznt with hydrozan paroxida, Oitsx nivizin
mazeriala vhich are dlizriosrased by bydrezen parsxids ard hormonas of
$h2 hypopayais (#23) and r2d dlood c21la, This ladter homolysis of exy-
thTocy323 has bzen lonz knowm}] only racanily has it besn obzervad (424)
that g-tocopha2rol, or vilamin I, has a significant 2ffac’ on this process,
0f pariticular interast in raspsct to the iniaraction3s of hydrogen
peroxida and proiains ia considsration of th2 effacts on hair, wool
and skin, All these substarces ars composad of protein matarials,
which although of varyirg amino acid composition, ars quita similar,
Oan the vhola it must b2 said that thes2 substanc2s are rz2laiivaly
rasiatant to hydrogen paroxida, p2rmitting i%3 controllzd usa, as for
bleaching of w700l ard hair or ia thz oxidation of praviously appliad
dyes, Attack of tha2s2 subaiances navariheless do2s ocour and tha
gaverity 13 dapand2ni on tine of cenlact, tempesrature, concaniration,
0 heavy metal ions, It is appareni that the pars of

T of
thasge protains most suscaptible o rezaction with hydrozsn peroxide i3
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the disulfldo bond, R38R, carried by the amino scld, cystine,
Thiag faot assumes particular importanca because the strunture of oya-
tina endowa it with a special rOle in crosa linking tha long chain
anino acid polymers which make up ths protain, Attack at othar
bonda, such as that betwesen carbon and nitrogan in tha paptida
1ink, ROOZER, or at salt or ester linkoages, applara also to occur,
but this i3 1233 vigorous and has raceived less study, Attention
has baaen dirzcted chiefly toward iavestigation of wool, and th3
chemical and physical results of hydrogen peroxides treatment under
diffarant conditions have baen dascribad (425, 426), Practical con-
sidarations of ouch traatmant ars dizcussad in Chaptsr 11, Ths
widaspr2ad coamatic u3a of hydrozen paroxids makes 153 aoiion on
huzan halr of gspsoial indardad, Hars azain thae attack i3 cenitarad
on cy3%ina, t3ing 27zn ror2 intens3 if anydhirz, sires human haizr
13 outstardinzly rich in this amiro acid, 8tovea ('+27) has
pr33antad exparizanial work and o r27iay on this oudbjlss, pointirg
ocut tha many-fold ircer2asza in aaverity of asinck by aydregan parox-
id2 as p3 i3 ircroaced and how this iopairs tha o33tinz propertias
of the halr, 8%ovas roprasaniad tha disul?ida atack a3 produoirng
RZ3 and D2CH grouna, and Coffaxs (%23) z2poried hydrogea paroxida
$0 coadina reveraidly with oulfhydzyl groups forusd ia tha gkin,
73132 and Jazzis ((425) had 2azliar suzgeadad s3ap3 of oxyzin addi-
3102 as 1ia RIC3R, D303C7, 2302303, a@%c, A¥52ekx of th2 halr 1o
¢asalyzad by eariain m23all, such a3 nmay raamain f7oa nrarTiosna $3as—
manl, 2.%,, 472ing, Teluars (429) has roporizd charriang of th2
hair and scalp burna causad by application of hydrogan paroxida
in th2 prasenc2 of coppar. On the othar hand, wh2n hydrogsan peroxida
i3 used to oxidizz hair dyes, thare is little damage to th2 hair
sinca the dyes ars prefarentially attacked (427).

The use2 of hydrogen peroxid2 to blezach the hair is concerned
with the dacolorizaition of the pigmeni, melanin, M2lanin is a
hizh molecular w2ighd darivative of {yrosins, and it nmay t2 of
giznificance in regard to tha superior eifectivenass of hydrogzen
" p3roxida in bleaching melanin thal tyrosinz2 has t22n shom t0 ta orn3
of the faw anino acids r22d4ily attacked by hydreogan paroxida, Tha
ain ia skin to occur

3
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to the daeper layer of skin contalnlng the pigment, Along with the
bleaching of the hair, thera 1ls of course a caerfain amount of weak-
aning and daterioration as discusgsed abovaj othar possibvle contribut-
ing factors, such as aotion on natural oils or plasticizing fraciions
of tha hair appaar not to hava basn studioad,

Tha exparinmanter saldem notlcos significant effoots of hydrezan
parnxida on taate and omell, As with water tharz i3 no flavor appazr-
ent, hovavar, hydzozan paroxida doas induce a senszation of asiringency,
gomatinas dasoribad as !''matallic,?!' An efforvascernce similar ¢$o0 that
of soda water occurs a3 ths nydrozan peroxida dacomposas, giving a
pTiocklinz sensation, A% high concaniraiion all thasa effa2cis ia tha
mou3l ara kaigddanad $9 tho point of paizfulniazi, 30 say nothing of
th3 hasard of bura3, and such covaiacd, asz in the usa of a pip3sia, i3
$0 b2 aroeidad, 2h3 »rolongzged usa of logver concznizaiions in tha moudh
fo0r ma2diociaal purposss may 13ad t0 a condition of the torgus desoribad
a3 ''haizry;p!! fortunately this i3 r2versibvle and saorily disappaars,
It 43 difficult %o charactarizs tha 02211 of hydrogen paroxids, 1In
2as3, it 13 provably 4o b3 quaationad shathar 1% affecta the olfaciory
c3li3 o> =a2r3l7 atimilalas tha genazral n2r73s of the nasal oucous =am—
brans, Oorcaniraiad hydrogan peroxids mani?asts 1i3ile odor unlasa
oocc13ion 13 d21iv27ma3217 %.%2n 49 inRkal2 n2ar th2 surfas2 of a2 liguid
ina a esasaicar or undass 1% saonld B3 3»illzd exiaasivaly. Th2 sanca-
3103 parcaivad i3 thzn aominiszcant of ozone2 or of tha halogens, Tal
lattar ca32 is o7 interast in Tespect to the ckzmical characterization
o? hydregen paroxid2 as a ps2udohalogzan, If circumsiancas aris2 to
caus2 th2 diaperasion of considerable hydrogen paroxidz in tha alzr, as
in a mia3, there ensu2s after a shori time considarable irritation,
Prolongzad br2athing in such an aimospherz induczs gaspirng such as ia
encoun%arad with ammonia or sulfur diczida, This is accompaniad by
a sharp, durning sensation in the nasal passages on inhalation and
exhalation,

Toxicity Studiag
I% i3 Tortunate that such a raactive substancs a3 hydrogen par-

oxida tears a minimal toxicit, hazard; as recounted in Chapter Y%, the
the clothing
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/effects are concernod the organiom i admlirably adapted to with-

stand treatment with hydrogen peroxide, the skin being relative inet,,

and the tissua flulds having an efficlent maans for dacomposing
hydrogen peroxida encountered internally, Thare is 11ttla or nona
of the denaturation, solution, or charring encounterad with othar
prizary irritants, This is not to be taken to mean that hydroczanm
peroxida can b2 handled without concarn, howavaor, and tha principias
of safa hardling, ocutlinad in Chaptar Y4, should bs adhzrad to
striotly. In this s2ction the r2sults of some gtudizs to establish
$he naturs and 1linmita of toxic effact3 of hydrogan paroxida will ba .
raportad, Becauss such effsots ars rarsly to ba encouaniarsd ia
pracstica, thasa gtudizs ars basad largaly on aninal exparimantation
in the laboratory, An insfancz of tha occurrazrea of asthma arnd
eczama among wWorkaers in an Italian manufacturirg plani, for exmmpla,
was tracad to s2n3itivity to ammoniuxa paroxysullate, ard was rod
causad by hydrogan paroxida (430),

?ha toxicily of hydrogan paroxida to lower foras of 1ifa i3
familiar ard has been much investigatedy rafersrces t0 guch work.
arz givan in the discussion of medical uses in Chaptor 11, Ons
charactaristic of inlerast is the fact that a thrashold concentra-
tion appears to exist, bslow which thers is no effaci, Tesis (#31)
cn y21s% at 3 §,5 9ith paroxyacedic, parsxyohihallc, aznd paroxy-
nalaic acids and hydrogan paroxida showed cach to hava a charactaris—
tic tarasapld, hydrogen pesroxid2? having thz highast and in addition,
pexmitting the highest survival upon incrzasing concaniration abova
tha thrashold, A similar effect was observaed with fingzrling
trout (432), With higher forms of life such a result is also
observed, but the much greater differsntiation of function requiras
the effect to be specified clearly, Animal experimsnts have bzen
dividad according to tests on surfaces, such as skin and cornea,
tests to show the effect of breathing the vapor or an aarosol, ard
studies of intarnal application, With rabbits it was obaarved (%33)
that applicdion of 50 ut.‘y, hydrogan p2 roxides to the2 shaved skin
allowed absorption and caused dsath by gas embolism, Housver,
thera was a marked species variation in this resgpsct, Cats, guinesa
pigs, rats, pigs, and dogs were much less susceptible in this man-

3 3 N ~ Ny $ - . _— [ Wy ]
ner and showed a correspondinrly greater reaction on the skin al
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the slte of application, Other factors are the sroater susceptibility
of the rabbit to emboliem and differences in catalase content of the
gkin, In a study of the effect on human ckin (434%) the differences
between the effect of 90 wt.ﬁ hydrogen psroxide on the pulms and
fingertips and on ckin elsewhera were dasoribad, On the palms and
fingertips the keratin is thick and nerve endings abundant, Hars a
4hin smear of concentratad hydrogen paroxida causas strong priciling
and formation of opaqa white patches, Undar tha fingarnails this 1is
exosedingly painful, Tha whitsnass i1s agparantly brought about by
rafraction in the gas formed by dacomposaliion undar the first layer
of okin and retained by tha thickness of this layer hars, More
intense trsatment may cause reddaning and appearanca of papulay
po33ibly folloved by thickening, On othar skin arsas whers tha kera-
tin i3 thinnar, irrilation occurs, but wish la2ss itching and ¢h3
whita appearance 1s confinad to a fa¥ araas at tha baza of haizrs,
Thers is no evidaencs of penatration dszeper than tha firsi layaxr of
sxin, or stratum corrzum, and all thesa effeois dizappear withoul
trace, Mores sevars effa2cis have besn observed on contact of the
corn2a of rabbita with hydrogen peroxids (Y433, 435), Azounis near
ons cc, of SO wt, /4 hydrogan peroxida produced (433) effoois 1ika
that on sxin which wers reversibla, Greatar amounts, nzar 3 og, pro-
 ducad pernanent opacity of thz cornea, These results indicate a real
n22d for concarn that any hydrogen peroxida introducad ints thes eya
b2 prompily washad out with water, Ta2st3 of the lnhalatiosn toxicity
of hydrcgen paroxida asrosols have baen conducted (433, 435, 437)

on mice, rats, dogs, and rabbits and includa extensive records of
blood and urine analysis on dogs undargoing such exposurz (437),

Such exposurs causas burns of nose and paws, corneal damage, and
pulmonary congeation, Th2 corneal damage in rats was obsarved io
follow an insidious course, developing sloaly after exposur2 in ths
survivors of doses l2thal to some animals, Dogs showed chronic irri-
tation on exposurs to 7 ppm hydrogen peroxids for six months, and 1%
was believed (437) that a concentration of U ppa.could be borna by
men for lorg pericds wmithout effect, In these experiments %iers 1s
difficuliy in detormining the dispersed concsniration, since th2 hy—
drogen peroxida so roadily condenses and dzcomposes. The effectsa of
intravenous injection have been studled with several species (533 ,438),
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In snulethal doszes llver ontolase and bleod methemoslobla levels
nre nffeated, The does of 90 wt,% hydrogen peroxlde found lethal
to 50/ of injected rabolts was 0,015 oo/kg body wel ht. It has
been obsrrved (439) thut this decreases with deoreasing concentra-
tion, e,g., to 0,003 og/kg for 4 wt, /;. The reason for thia
lnoreasing toxiclty of moro diluta materinl appears to be that
the dilute hydrogen peroxide penetratas the system moras deeply
befora decomposing and blocking clilrculation, Concentrated materi-
al tends to be mora completaly decomposed at the sita of injection,
An instance has been raported (440) of the daath of a person causad
by inadvertant injaction of hydrogen peroxids, Anothar gross
effect to ba observad on the internal applicaticon of hydrogen
peroxida 13 neocro3is of musclas s0 exposed (41), Inzz3tion of
dilutz hydrogen p2roxid2 has baen found without off20%] mors
concantratad solutions cause irritation and blssding and expos—
ura to the dangar of rupiturs from violent gas evolution,

Thers has alao besn much interast in the physiological ef-
fects of hydrcgan peroxids at the molecular laval, It has baen
- found that hydrogen paroxida can induc2 mutation, and a number of
references (442) dascribs the conditions and naturs of thisz effect,
This has somatimes baen referrad to as a radiomimetic effeot and
is of special intersst in connection with the formation of hydro-
gan paroxid2 in livinz systoms by ionizing radiation as discussad
in Chaptar 2, Th2 machanism of such mutagenic action has by no
m2ans bzen established with certainty, and ssveral viewpoints and
opinions aras of intersst, The mutation processes are clossly
relatad to carcinogenasis, and it has been pointed out by
Jenaan (Ref. 443, p,159) that there must be distinguished tumor
genasis and tumor groath} factors of importance in one may not be
go in the other, The mutagenic action of hydrogen peroxid2 also
varies according to the accessibility of the cell nuclei to 1t
(Ref. 443, p.116), Possible varistion in catalase contant through-
out the cell muy likewise influence the process, Schneider
(Ref. 259, p.2¢3) reports catalase to be nearly absent in the
cell rucleus and to exist in soluble form 1n the cytoplasn;
oplnions diffar on this, however, (442), It has nevertheless
beren a2stabliched (H44) that catalase is resistant to x-radiation,
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A loizical synthosis of the facts that x-rays both affect tumors and
gonerate hydrogen _.eroxids 1is the idesa that hydrogen peroxida might

be of benefit in treatment of cancar, Tests of this have bsen made
(Raf, 443, p. 149, 445) and are continuing, but so far no positive
rasults have baen noted, It is possiblé that the peroxida formad by
radiation i3 an orzanic peroxida or hydrogen peroxide in tha form of
an addition compourd, and tha possibillity has been suggosied (Ref, 443,
p. 149) that these eludz dacomposition bjloatalasa. Much of thz cur-
reni opinion saems to be inclinad to the idaa that the effects of
radiation ara to ba ascribed to fraze radicals formad and not to hydro—
gen p2roxid3a as such which can also result from intsraction of these
frse radicals (413), This doss not alter the fact that hydrogen par—
oxid2 by 1%z3l1f is carabla of causing mutation undar suitadbla circum—
stancas, but as Oray (446) pointad ocut, ia spita of tha sinmilarity
bataeen this prooess ard that initiated by radiation, 1% i3 tru2 that
X=~2ays braax chrozoscmes alorg thair entira lergth, wherzas chemical
action br2aks them only at ona bord, The chain lengih in proc2sses
involving radioals may also b2 of importanca (Raf, 443, p, 159), Few
other untovard effects of hydrogsn peroxide at the molecular isvel
have been suggested or investigated, A 812 in virus formation has baen
reported (%47), and it has been suggesated to play a part in anemia (448),
Brain tisgue has besn demonatrated (449) to b2 raadily poisonad by
hydrogan p2roxids, 723 ths injaction/%%drcgsn paroxida into thz whilas
of egg3 did not impair tha davalopmant of tha embzyo (450),
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ARPPITIDIX
Una and Sienificance of Tlectroda Potentialsg

7or those not familiar with eleotroda potentials tha follow—
inz briaf expostition of thair uso and significanes with particular
rafarance t9 hydrogen paroxida may bs usaful, 3y convention (4)
thasa haif-cell reactions ara orititon with th2 eloctrons on tha
rigat, tha roduced form of tha cubstanca on tha laf¥, and tha
poiantlals ara countad atova or balow that of hydrogen, thesa raac-
tiona for which ths raduced form is a batter raducing agent than
molecular hydrozan baing givan positive valuss, The elactroda
rotantial valuas d2signated 3° rafer 4o th2 potential ohich would
b2 obd3arvad in soluiionis contalninrg r2actanis and piroducts all al
unii aciivity, Gasasous subslancszs arz nmaazurad ia ajmospharss,
solutas in molal uniti. Thus 3h2 valuas of 3° 2or r2astions (§)
and (10) would rafar %o r2aciion of hydrozan paroxids ad a con-
caniTalion of approxinatasly ona nmolal and a% »3 = 07 valuas of
3° for z2actions (3) and {312) zafer %o 33 = 1Y,

Giv2n a 1ist of such half-coll reaciions and thair potentials
it i3 possidla at inspzciion to daiarminz vhether it 13 favorabla
for a particular raaction %o prece2d to 2 marked dagraa, Thers
i3 a t2nd2ncy for th2 roduc2d Zorm of a subaiances 0 b2 oxidizad
12 $h2 polontial for 133 hadld—-c2ll z2aeitlon i3 rox2 po3iliiva Than
th2 half=c2ll x2ac3isn of th2 oxidani, Ia othar words, ravaraal,
i.2., procadura froa rizht 0 128%, of any hali-c2ll rz2action, a3
uriiten accordirg to tha adova convention, will caus3 any raaction
of more positive poiential to procsad as wridtisn, i.2., go left
to right, ‘ .

As an exampla of the oxidizing power of hydrogen paroxida
it is sgen that the potontial of

28,0 = 3,0, + 24" + &7, 3° =-1.76v,
i3 quite adagquat2 %o causz th2 oxidation

22,0 + b7 = Pr0, + 4E 4 227, 3% = -1.48v,

b e
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may proceed from left to right as shown, with conolderable potentinl
avallable for the converslion of piumbous ion to lead dioxida, In
tha scheme of chaemistry lead dioxide is gaenarally thought of a3 a
reasonably powerful oxidizing agent itself, and the faot that hydro-
gen paroxida poassesses the ocapability of producing it from its
reducad form illustrates the oxidizing pomer of hydrogan paroxida,
Thers ars, in fact, only a few oxidanta which exceed hydrogsn por—
oxida in oxidizing potential,

To 1llustrate the rsducing action of hydrogen paroxida, tha
potential of

- -y 6.
01" = 1/201,+¢7, E° 2 -1.34v.
13 sufficionily 1less positive than the potantial of
H,0p = et o 0, + 22, £° = -0,67 v,

to insurs that ths reaction

+ -
H0p + 01, = 28 + 201” + 0,

will preczed,
Cn she oihar hand, thz potential of thz half-c232 razotion

27 =P, + 2, E%a -2,65v.

2

is sufficiently negative that tha oxidsition of fluoridas ion abcording
to tha resaction :

- +
Ha°a + 2F + 2B = 2820 + r2

cannot procaed apprsciably. Similarly, the reversal of ths rs2action
Fe = Fa'' + 2e, B = +0,44v.

#ill not permit the r2action
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that is, hydrogen poroxilde 1s not a sufflolently strong reduocing
agent to oonvert any considerable amount of ferrous ion iato
metallic irenm, '

The confliot betwsen the convantion established, which
raquires the writing of each half-cell raaction in a particular
dirsc¥ion, and the tendency to think in tarms of hydrogen par
oxida as a resactant, that i3, eslways appearing on ths left of
an equation, may maks for confusion initially, Thus it may seem
artifiolal to write as abova,

R0 = HyO, + 2H" + 287, E° = -1.76 v,

instead of

+ -

However, 1f the conventional procadurs is followed no urcertain-
ties will ariss regardirg the significancs of the sign and
magnituds of ths electroda poteniial for a reactica, This pro-
toool will also be fcund to aid in maintaining a conaistent asti-
tuds toward the direction of a particular rsaction., For example,
the emphasis, but not tha procsdurs, is changad in thinking of walazx
a3 a r2ducing agan% or of oxyz2an as3 an oxidan% inst2ad of hydroegan
paroxida as in the r2actions given avova, Thase invertad attitudas
of cours2 come undar the categories of formation of hydrogan par-
oxida or of its r8le as an intarmediate in the conversion of
oxygen to water or vica versa, Both these topics ara considared
mora fully in Chapters 2 and 3,

The examples given above show how half-cell rsactions may
be added to yield a complete resaction, In this procedurs the
potentials may also be added to give the potential for th2 com-
plete reaction, that is, the poitential which wmould be realizsd
if an electric cell were construciad in which the reaction oc-
curred, It is to be emphasized that this potential refers to a
reversible cell operating as written, If certain of the stepa
in tha reaction are not reversible the potential =ill be differ-
ent, Or the proposed reaction may not occur bscause of an impos-

sible 1atsrmedinte reaction,
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} Half-cell ronotions may also bs combined to give a third half-
3 cell reaction, This is illuotrated by the procsdurs in which tha

hydrogan paroxida~water couple is obtalned from tho known values for

the hydrogen peroxida—oxygan ccouple and the water—oxygen ooupla, viz,
Mo = ha* + 0, + Ho E = -LiZ3V.

*. - ;
B0, = ZE +0,+ 28 z2° = ~0,69v.

& [N

, - + 0 o 1.7
:nzo B0, + 2" + 22 1.76

Tha procedure for'calculating
2% [B(-1.23) ~2(-0.69]] /2 = -1.75v.

111ustratas that vols~aguivalants must always b2 addad when hall-c2ll
pot2ntials are combinad ian any way,

The elsctroda potanitials can of coursa bs convartad injo free
energy values through tha ralation A7° -n .29 F havizg
the valus 23,040 cel/voli-aquivalont, The fres emergy ray then ia
turn be used to caloculate the equilibrium conatant for tha rsaciion:
Ag? a =31 1n X, or at 25°O,62? = -1364,3 1log X . For example, th2
potantial for tha oxidation of plumbous ion by hydrogsn persxidé mas
givan abova as 0,30 vols3, Th2 Zr3s enargy chargs for this r2action
3 1s than 872 = —(2)(23060){0,3p. = ~13,3%0 oal. This Tesul’ also mighl
1 have bzen obtainad directly from a tabulation of frze energies of |
formation, The equilibrium constant is then calculated as X = antilog
(-13,340/-1364,3) = 1.4 x 10 0 phus if the difference between con-
centrations and activities may be ignored, the concantrations in a
hydrogen peroxida solution in con tact with lead dioxids stand in
the relation (8')2/(3,0,) (36%*) = K = 1.4 x20'0. At unit 3 then
in a ons molal %“ydrogen peroxide solution (abdout 3 wt.fo) 12ad diox-
ide will ar-.cur after the concentration of plumbous icn has been
raised L et 7 X 10-11 molal — providad the reaction goes at all.
i At - '3 the plumbous ion concentration which will suppori
4 - artdion of lead dioxide becomes aven mors ninula,

Jatalled discussion of tha use and significonce of elzsc-

Aral, as mell ag numerical valusas, is given

\.«.x... .
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CHAPTER EIGHT
DECOMPOSITICN PROCESSES

The readiness with which hydrogen peroxids may bs decomposed
into water and molecular oxygen is a characteristic which has been
familiar since the discovery of this substance, I% {8 a proparty
both useful and troublescme and one brought about in many ways, It
has baen studiasd long and intansively, yet the undarstanding of 1t
1s even now r2latively limited in many raspects. In Chapter 7 tha
okaracteristics of hydrcgen paroxida vhich datermina ita tharmodynamic
and mechanistic behavior ars diecuésad. The processes under discus—
sicn in this chapter are governed by tha same principles, but for
the most part the understanding of dacomposition is lass advanced,
Thers are several factors which contribute to this state of affairs,
Decompositicz pfacesses are alike in that they all deaal with the
net rzaction,

2H,0, —> 2320 + 0, (1)

which clearly includas both oxidation and rsduction of hydrogsn
peroxide. Many of the pathways whereby this procazss is accomplishad
are believed to involve chain reactions, 1In the case of hatero-
geneous catalysis the manner whereby the action of the catalysi

is exerted is understood only in a qualitative way, Although these
bars to the development of satisfactory mechanisms for decompoaition
processes exist, the description of decomposition processes at a
less sophisticated level can be given more completely. The davel-
opment of & survey of this kind including direction to the litsra-
turs is the purpose of this chapter, The problam of hydrogan
peroxids stability is basgically that of minimizing decomposition
processesy this subject is treated separately in Chapter 9 becsuae
of its great practical importance and because the rates of dszcom—
position of concern there ars of a quite differendt order of

magnitude, The use of decompositlion processes for the generaticn
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of oxygen or power is considered in Chapter 11, The subjcot of
hydrogen peroxids decomposition as a whole has never been reviewed
adequately, In a few instances there exist outstanding raviews of
limited aspects and thase are mentionad in the appropriate sections
below,

'VAPOR PHASE DZCOMPOSITION

It is only relatively recently that some undarstarding has been
gainzd of the facts aegarding vapor phase dacomposition, particularly
in regard to explosive decomposition, 1In this section the expsari-
mental work and thaoriss dsaling with decomposition of the vapor arsa
reviswed, Experimental methods for generating hydrogen peroxids
vapor ars discussad in Chapter 4, Decomposition of the vapor
initiated by radiation is discussed briefly on pags 153.

Exverinentil

The vaper-phase decomposition of hydrogen peroxide was first
investigated in 1923 by Hauser (1), who observed decomposition on
a number of surfaces of various types, ard by Hinshelwood and
Prichard (2),aho raportad 1n a briaf study that the decomposition
in glass bulbs at 75°C, mas a first ordar surfacs reaction, Elder
and Rideal (3) in 1927 reported that the rsaction care to an end
when about 209 of the hydrogen peroxida vapor in their quartz
vessel nas decomposad, although complete decomvosition was obtained
after heating the quartz bulb to about 300-400°C, However,
Kistiaxowsky and Rosenberg (4) in 1937 reported complete decomposi-
tion on quartz, and no other observation has been reported in which
abrupt cessation short of complete reaction was noted. Gigudre (5)
has mad2 the plausible guggestion that Elder and Rideal werxe actual]y
measuring the wvapor decompositionAin the connscting tubes to their
vessel, While the actual rata in the quartz vessel itself was
negligible,

The above gtudies araz primarily of historical intersst, Mors
recent situdies (5, 6, 7,8) have now established that at temperatures
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up to about 400°0. and partial prescures of hydrogan peroxldo

of a few millimeters of marcury, the reactlon is completely
hatarogenaous even in vessals made of the most inart surfacas
studied, such as Pyrex, . At temperatures in the region of 470

to 540°0, and at partisl pressuras of 1 to 2 millimeters of mer-
cury (total prassura of ona atmosphers) there 1s evidenoa that
at 1loast a part of the dacomposition is homogensous in glass
vesseala which have baem trzatad with borio acid to raduca tha
activity of the surfaca (9)., Very racent studizs (10) at partial
prasaures of gseveral millimeters of mercury (total pressurs of
one atmosphers) in a !'Pyrax'' glass flow apparatus at $empera-
turas of 120 4o 490%0, oshomed an abrupt chang2 from hataro-
g3n2o0us t9 homogenaous dacomposition at 425°0. At atmoapharic
pT235uT3 VapoT containing 26 molz per cent or mora hydrogen par-
oxidsz (193 mm.Bg partial prassurs 5202),tha remaindar bsing en
inart gas, may be explodad by contact with a catalysic nr hot
surface (11), thus demonstrating that at sufficiently high con-
centrations, a completely homogenaous rsaction can te pioyagated.
The partial pressure of hydrogen peroxidas in the limiting explo-
sive composition decrzases as the total pressurz i3 dsorsased
btecoming for example, 22 mm Hg at a total pressurs of 40 mm, ths
lo7est prasaurs studiad, (The explosive characteristics of
hydrogsn psroxida vapor ares also discussed in Chapler 4.)

The rate of tha hetesrogeneous vapor—phase decompositibn
is characterized by an extraordinary sensitivity to slight
changes in the physical nature of tha reaction vesszl surface,
as w2ll as its chemical composition, Because of this, it is not
surprising that considerable variation has baen found batween the
results reported by different workers on the magnitudss of the
reaction rate, activation energy, or the effect of water vapor
or other gases on the resaction, Salient observations of rscent
workar3 are summarized balow,

Rondrat 'eva and Kondrat'ev (?) passad moist air contain-
ing 0,01 to 0,4 mm Hg of hydrogen peroxide through a !‘'hmolytdanum
g1la33'! fube at temperaturss from room temperature up to 1?500.
Thay raportzd the reaction under thase condilioas to be second

2
3 iy b . PR . . ~ - - . 7 .
ordar aith an activation anergy of 3.5 kcal/iole, Rinsing tas
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reaction veasel with potagsium ochloxrdle orIOOppcr nitrate solutions
activated the surface to the point that considerable dacomposition
of hydrogen peroxide vapor was observed at room temperaturs,
Mackenzie and Ritchie (8) studled the decomposition by a mano-
metric method in silica vessels at SOOG, covaring a thrae—fold varia-
tion in partial pressurs range with the initial total pressures
varying from 0,6 to 1,2mm, Hg. The procedurs involved evacuation of
the rsaction vessel, folloued by introduction of hydrogen peroxida by
vaporization from a guantity of highly concentrated liquid, Ths rates
of reaction was followsd by the pressure risa, They rgported water
vapor to have & pronocunced ratarding effact, High ratios of oxygen

‘or nitrogen partial przssurs ts that of hydrogen peroxids also resuliad

in somewhat sloger rates, which may well haves b3en caused by thasa
gases raducing th2 ratz of diffusion of hydrogen peroxids to tha
veszel surfaca, From these studiss tha dzcomposition rats was formu-
lated by !lackenzie and Ritchie as second ordar wlth ra2spsci to hydrogen
peroxids, with a term to account for the retarding effact of water
vapor, | o

In a similar type of apparatus, Baker and Ousllet (6) used vapor

containirng initially about ?0-?52§hydr0gen peroxida, thz r2maindar baing
watar vapor, at pra2ssuras of 10 to 20 mm, Bz and at tempsratures from

70° %o 20090. Th2y found the raaction to b2 first order up t0 13133
809 Qzcomposition, at temparatures up to about 150%3, Avova 1409, 1a
their apparatus, the reaction was of irreguldéforder, and the tempara~
ture coefficient was very small, Studies in the temperatura rangs of
80° to 130°C.shoued that the decomposition ratea was selower in fusad
Pyrex than in ordinary Pyrsx, and faster in lime soda glass than in
either Pyrex vessel, The rate inocreased with surface-to-volume ratio,
but adventitious variations between vessels of supposedly the same
nature caused a several-fold variation in rate., Apparent activation
energies for different Pyrex surfaces varisd between 13.4 and 19,0
kcal/g mole, Additicn of small quantities of air, oxygen, carbon
dioxida, or water vapor did not chang2 the rsaction rate,

In a continuation of the above work and in a similar apparatus,
Gigusre (5) made very careful and extansiva observations of the effecy
of surface treatment on the rsaction rats3, at total pressurss of '
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sbout 5 mm.Hg, the vapor being produced by evaporattlon, wlth
some fractionation, of 95 - 99} hydrogen peroxides, 1Ia each
case described below, the reaction was studied in a 1 liter
spherical reaction vessel, and the first order rate expreaa-
sion was formulated in terms of the partial pressurs of the
hydrogen peroxida, The variation in activity of diffarent
surfaces is lndicated in Table 1, To have a unified basis for
comparison, for each case thers is quoted the approximate
temperature at which the first order rate constant (sec )
equals 103, as interpolated from Gigudre's data, and also the
apparent activation energy he reportad,

It is seen that fusing a Pyrex surface was found to rsdusce
gr2aily 1ts activity, but trzaiment with hot chromic acid destroyed
tha inertness, Posaibly tiny amounts of chromium oxid2s,vhich
ara catalytically active, are left on the glass surface, altbough
it is known that chromic acid trsatment also subatantially
increases the surfacs arsa of glass, which could also caus2 an
inorsased rate of descomposition per unit of supariicial ares,

(It has been found in other work that chromic ecid trzaiment
produces & glass surface which i1s mors active than .that pro—
duced by other cleaning methods, The activity persists even
aftar numsrous washings.) Re-fusing restorad tha surfaca to
n2arly th2 same® low activity and the effect of thess altsrnates
treatments on activity could be repeated at least a fey tinmes,
Washing with hot water or etching with hydrofluoric acid
increased the activity and coating the glass surface with a salt
resulted in a surface which was substantially more active than
that produced by any of the other trszatments, Temperature
extrapolation indicates that the salt—coated Pyrex vessel gave

a rate of decomposition about 109 times that in the fused Pyrex
vessel, Two similar soda-lime vessels of the same make, given
identical treatments, gave several—-fold different resaction ratas,
Transparent silica vessels of two different makes were greatly
diftferent in thair activity, Fused glass was found to bacome
more active on'aging until it reached a kirnd of equilibriun state,
The activating effects of washing with hot water or acid are
generally attributed to a selective solution of the more soluble




Table 1

Activity of Bome Burfaces in Causing
Hydrogen Peroxide Vepor Decomposition, from Gigudre (5)

R ey

Approximate '
' temperature at Activation
Surface which k (sec,~1) Energy,
¢ kca;/mole

equals 103, %

1, Pyrex vessel (III) | 140 12,6
2, Vessel III fused ' 240 | 18,7
T, Vessel III cleansd with hot . 125 7.8
chromic acid - .
4, Vessel III, fused again 210 15.8
5. Vessel III, washed with hot water | 157 » 16.1
6,. Vessel III, coated with ' 65 21.6
- trisodium phosphate .
7. Vessel III, etched with 170 - 8.4
hydrofiuoric acid _
8. Soda-lime vessel (V) 100 11.4%
9. Soda-lime vessel (71) €0 10,5
(superficially identical with V) -
10, Transparent silica vessel 125 12,2
| (vitreosil) (VII)

11, Vessel VII, fused 150 | 11.6
12, Transparent silica vessel 70 ~ 10.3
(Amersil) (VIII) ' |
13. Pyrex flask coated with tin .70 13

~ surface (IX)
14, Pyrex flask coated with . 90 12

aluminum surface (X)




componants of the gldan, leavling a spongelike struoture, | After
coating vessels with puve tin or eluntnum mirrors deposited

by an evaporation method, rates oompa:able to silica and soft
glass vessels were obtained However, Gigudre points out that
such metal surfaces may have far different activities than
those formed in other ways on massive metal, It is seen that
the most inert eurface was obtained vy fusing Pyrex glass, The
graater activity of the silioca surface over Pyrex is probably
caused by its having more porous surface, In a two~liter Pyrex

- vessel of low activity, the temperature coefficient correspondad

to an apparent activation energy of 7.5 to 8,0 kcal/hole at all
temperaturea up tohEOOO., the highest studied, indicating that
no homogenaoua reaction apparently occurred

There was no consistent correlation between the apparent
energy of activation and the reaction velocity. Gigudre atiributes
this lack of correlation to a variation in the mumber of adsorbed
molecules, related to factor A in the modified Arrheniuas equation
k = Ae =(z- ?)/Br, where E 1z the true energy of ectivation and A -
the energy of adsorption of ‘the reactant. Gigudre (5), Baker and
Ouellet (6), Mackenzie and Ritchie (8), and Tamres and Frost (12)
have all observed adsorption of vapor to occur upon its 1ntroduction
into the reaction vessel under some circumstances. as evidencszd
by en initial decrease in pressure or induction period followsd
by the expected‘pressure increase due to decomposition, Various
other tests have confirmed that at least a part of the vagor adsorbed
was hydrogen peroxide, In the studies by Gigudre on silica, the
phenonenon was observed at temperatures up to 1?5°O " The adsorp—~
tion could presumably still occur at much higher temperaturea,
even if not detectable in the particular apparatus used. As
would be expected, the phenomenon is more pronounced, the olbéer'the
partial pressure of hydrogen peroxide approaohee the vapor preasure
which would exist above the condensed phase, For example, at
Toom temperature and initial vapor pressure of 0. 5-0.7 mm.Hg
and using highly concentrated hydrogen peroxide vapor, Tamres
and Frost (12)”found abcut three times as much hydrogen peroxide
to be adsorbped as was present in the vapor phase, in a vessel
packed with scft glass wool, The amcunt of adsorption occurring
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will also vary substantially with changes in the character of the
surface, Thus Gigudre found that his ''induction period'' did not
occur in a silioca vessel if it had been fused, Presumably the fusing
sealed up the pore structure of the aﬁrfaca, thus greatly reducing
the area available for adaorption, as well as possibly changing tha |
- character of the surfacs,
The patents of Gook (12) diasclose that a coating of boric acid
- or varlous combinations of boric acid, borates, and caortain oxides
on the surface of reactiun vessels retards the rate of decompositionm,
particularly if the ccating is fused at a temperature of 300°Ogor '
higher. It is belisved that the effeot is due largely to the pres-'
ence of boric acid or boric oxids as 5311 as to the smooth surfaca
providad by ths fusing procass,

McLanz (9) reportad that coating & Pyrex vessel with boric
acid followed by fusing in a furnace at 500-520%0 overnight gave
a far lowsr rate of dacomposition than was obtained in uncoated
Pyrex, confirming Gook's work, and he also found that it was pos-
sible to obtaln ‘consistent results vl th different vessels or with
tha same vessel upon cleaning and reooating by this msthed, In
such vesaala. HcLane studied the decomposition of hydrogen per—
ox1ids vapor at partial pressures of 1 to 2 mm, Bg in the presencs
of on2 atmosphers of oxygen or nitrogan, using a flow systzm and
temparaturéa of 470-540°0, Two series of vessels wars used, on2
series having a surface tc volume ratio of about 7 om 1, the other
‘abou$ 3 om ¥, The reaction rds was found to follow a first-order
relation, and the rate constants in the vessels of higher surface—
volume ratio were generally from about 0 to 5QZ higher than those
in the lower surface-volume ratio vessels, The reaction ratsa were
about 30/, greater in nitrogen than in oxygen, The apparent activa-
tion energies were 40 kcal/mole in the vessels with surface-volume
ratio of 7 om * for both nitrogen and oxygen, and 50 kca?lmole in
the 3 om 1 vessels, in the presence of niirogen, Insufficient data -
on oxygen were collected in the latter vessels to calculate an
activation energy. On the basis of the effect of surfaca-volume
ratio, and the magnitude of the activation energy, it was concludad
that probably a portion of the reaction occurred in the homogoensous

gas phagse,
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The recults of a brief study by Harris (14) are consistent
with the information reported from other sources, Harris bub~,
bled & stream of nitrogen at one atmoaphere through about 654
aquazous hydrogen peroxide held at 52 0 and then passed the gas
through a heated quartz reastion tubs, The fraotion of peroxida
decomposed was quite variable and was inoreased by coating the
tube with potassium chlorids, adding mercury, or packing the
tuta, In the clean unpacked, experimental vessel, the half 1lifas .
was about 0,5 seconds at 505-525°03 this compares falrly oclosely °
with half lives of 0,7 and 0,9 seconds reported by MoLane for |
hydrogen peroxide in the presence of nitrogen and oxygen resspec-
tively, with the use of vessels at 521°0 coated with boric acid,’
Considering the largs variations observed in the activities of
various surface2s, this surprisingly good agreement in the reac~
tion rates reyorted_aeyarately by Molane and Harris at this
temperature levsl 1is consistent with the conclusion that a sub-
‘gtantial portion of the resction was homogeneous in both cases,

Very racent studies by Stein (10) show clear evidence of
a transition from heterogenszous to homogeneous reaction as the
temperature is raised, A vapor mixture of water and hydregen
peroxide was passed at one atm, through carefully cleened "Pyrex"
glass tubes in a flow apparatus, the partial pressure of tha hy= -

drogen peroxida being several mm Hg, end ths rate of decompositioa:

was datermired froa enalyses of the inlet and exit gases urndaer
st2ady~-stats conditiona, The reacticn rate was, found to be first
order in the heterogesneous range and second order in the homo-
gensous range, Figure 1 shows the observed rates of decomposi-
tion as a function of temperature, as expressed for a partisl
pressure of 0,02 atm, The abrupt shift from heterogenesous to
homogeneous reaction at about 425°0. is very evident, Further
evidence of the shift in mechanism is shown by the fact that
two different reaction tubes showed substantizl differences in
reactivity in the lower temperature region but more in the

‘high temperature region,

Additional studies on the decomposition of hydrogen peroxida

vapor, which are rather difficult to interpret, have been reported
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by Mizuwatari and Nagal (15) and Suito (16). The very few studies
reported on photochemiocal deoompOsition of tha vapor are sum-
mariged on p, 153 .

| If a concentrated aqueous hydrogen peroxide solution is heated
to a temperature at which the vapor produced lies within the
exploaive composition range (see Chapter 4), it is possible to .
ignite the vapor and produce a continuously-propagating flame,

For example, on heating a vessel containing concentrated hydrogan
peroxide to a temperature near tie boiling point, the rapor can

be ignited by a spark, hot wire, or catalytically-active surface,

- or even may become ignited from the vessel wall itself, Once
ignited, heat transferred downnard from the flame causes contimu~
‘ous vaporizaticn of the liquid, and the flame will contimue to
"fburn'' quite evenly without supply of any external hzat as

~longz as concentrated liquid hydrogen peroxide is available. Flames
of this type have been observed by Hart (17) at total pressures

of 20 mm Bg or higher and they have also been obse:ved at atmos—

- pheric pressure in studies in other laberat ories, Thais phencmsnon
is a striking'one to observe, For instance, if e beaker of 90 wi.7
hydrogen peroxide 1s placed on a hot-plate the 1liquid becomes

«.2rothy and throws out mist and steam as boiling ensuzs, When

ignition of the vapor cccurs the mist instantly disappears, the
" gurface of 1iquid becomes quiescent, frothing ceasss, and the volume
of 1iquid diminishes at a very high rate, )

The ignition limits of vapor mixture of hydrogen peroxida
~and water at atmospheric and sub—-atmospheric pressure are presentad
in Chapter 4, Figures 2 and 3 show the effect, at (300 mm, Hg
total pressure, of varying the nature and concentration of the
inert gas present (18), Substitution of helium, nitrogen, or
oxygen for a portion of the water vapor has no effect on the
ignition 1imit, whereas carbon dioxide has somedampening effect,

The interpretation of these data is uncertaln since the role of .

the inert gas may be through its heat capacity, which affects

the adiabatic reactlon temperature, throughﬂits thermal conductivity,
which affects the rate of heat dissipation from the reaction

zone, in its effect on the rate at which free radicals formed

in the reactlon can dis.ipate by molecular diffusion, or in it
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effectiveness in transferring energy in three-body collislons,
The heat capacity effect is probably the most important, The
adlabatic reactlon temperature of the limiting ignition composi-
. tion for the system hydrogen peroxide-mater is, for example, 780°o;
at one atmosphere pressure and 880%0, at 200 mm Hg total pressure-
values that are much lower than those encountered in most fuel~
oxidant systems, | | o
Mechanism | ‘

' In many cases it has been found that the relative activities
of various surfaces in causing decomposition in the vapor phase ' :
is about the same as that observed in the 1iquid phase, Thus in . z
both phases, Pyrex glass is more inert than soda glass, and :
acidic surfaces tend to be more irert than basic surfaces. With
both phases, treatment with either chromic acid or hydrofluoric-
acid increases surface activity. Rolter and Gaukmen (19) reported
the same conclusion with catalytically active surfaces. they
stated that the rate of decomposition increased in the order; -
lead dioxide, manganese dioxide, platinum and the relative activi-
‘ties of these three surfaces, as measured by them, were about the
game in the liquid as in the vapor phase, Theee various observa~
tions suggest that tha heterogensous decomposition mechanism 13
the same in both phases under some experimental conditions, The
amounts of adsorption reported to occur in vapor nhase decomposi~-
tion correspond in several cases to an adsorbed laYer many mole-
cules thick, which could behave in many ways like a liquid. This
analogy must be pursued with caution, however, - The amount of hy-
drogen peroxide adsorbed must decrease with ilncreased temperaturs,
probably with accompanying changes in the mechanism, Also liquid
phase decompositions may frequently involve solution of ions into
the bulk of the solution, thereby contributing a possibly unsus—
pected reaction to the observations made.

The mechanism of the homogeneous gaa4phase decomposition can
be inferred from energy considerations, The initial step, Tupture
of the hydrogen peroxida mblecule, can only occur in two possible
ways —— -upture of the 0-0 bond %o form two OH radicals or rupture
of an O0—H bond to form an HOe radical and an H aton, 'The first i
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of thous possibilitics requires 52 koal per mole as compared to 90 koal,
per mole for the splitting of an O-H bond and would therefors appear
to be far more probable, This initiating step ie supported by the work
o! Ursy, Dawsey, and Rice (20) who studied the emission spectrum of
hydrogen peroxide when it was streamed rapidly through a cool discharge
tubs, They found water bands caused by OH radicals but no molecular
or atomic hydrogen, -

The energy changes for all possible chain carrying steps involv—
ing the apecies that may be present in this system may be calculated
from the values and sources cited in Chapter 5, All possible branch-

ing mechanisms are accompanied by unfavorable, 1,e,, endothermic,
energy changes and thersfore the homogensous rsaction is probably

propagated through the gas by unbranched chains, The only straight- o
chain mechanism involving exothermic reactions initiated by the acti- |
vated CH radicals from the initial step is .

HOp + Hy0p, —> OH + B0 + 0p - - (3)

These reactions involving free radicals probably proceed with 1ittle
or no activation energy.
The chain-consuming steps arz one or more of the reactiona

205 + 4 —> HO, + U N C))
2HO, + M —> H,0p + Oy + M | ~ (5)
OH + HO, + M — H,0 + 0, + M (&)

the wall, inert gas, or hydrogen peroxide molecules acting a&s the
third body, In the case of gas—-phase flames and explosions, the
heat generated by the over-all reaction is presumably sufficient
to cause the liberation of further OH radicals from H 0, molecules
and thus bring about a propagating reaction which ig essentially
thermal in nature,

The above machanism is consistent with observations made on

on the iznitton llmits of hydrogen peroxide vapors, discussed
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above and 1in Chapter 4, The fact that tho partial pressure of ‘
- hydrogen peroxide at the 1gnitiob 1imit inoreases steadily with
the partial pressure of the inert gases present also suggests an
explosion which is essentinlly thermal rather than branched-
chain in nature,

If hydorgen peroxide vapor is flowed past an active catalyst
surface, the poesibla rate of decomposition on the surface oan be
much greater than the rate of transport of hydrogen peroxids to
the surface, thus producing a situation where the actual observed
rate of reaction is limited by the rate of diffusion of matter,
In such é'case a further increass in catalyst activity causes no
charge in the measured rate of reaction, The decomposition rates
‘0f hydrogen peroxide vapor have been studied on passags through

a oylindrical tube, the wall of which was a very activs catalys$,

and also through a bed of catalyst spheres (21), It was shown
that such a system is diffusion-controlled and the rates of da-
composition observed agreed closely with those predicted from
correlationa of mass transfer data obtained from non—reacting sys-
tems, In such a diffusicn-controlled reaction, the surfacs of

the solid reaches a temperature aabstantially above that of

‘the bulk of the gas flowing past it, and this temperaturs oan

be estimated by considering the characteristica of the simullana-
ous heat and mass transfer baiween the bulk of the gas and th2
solid, '

 DICCYPOSITION BY RADIATIOV

The reactions induced by radiation are commonly divided into

two groups, photochemical processes, which are usually caused by
- ultraviolet radiation, and zadiochemical processes, which proceed
 from the absorption ¢f higher energy radiatioa such as x and ¥
radiation and that consistinéaparticles such &8s protons and a and
p radlation, The latter group of processes ls characterized by
the appearance of fonization, Refersnce should also be made to
the discussion on formation of hydrogen peroxide by radiation
‘processes in Chapter 2,

Photochemical Processes

There 1s a large aumber of fragmentary and qualitative reports

in th» early literature of the decompoaition of uydrogon peroxide
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by light and the effeots of varlous solutes on the observations made,
Systematio investigations began in about 1510 but correlation of the .
data of various investigators is rendered difficult by the fact that
earlier workers frequently have not specified the values of varlables
later found to be of importance in determining quantum ylelds, Ohief
among these are intensity and frequency of radiamtion, pH, the nature
of foreign materials such as commercial inhibitors in the solutions,
the nature of the container walls, and correction for the concurrent
dark reaction, The extreme sensltivity of the decomposition rate to
trace impurities has been a particular source of difficulty. repro-—
ducible results on either the thermal or photochamioal decompoaition
can be obtainad only with the most meticulous experimental techniques,

The following recent experiment (22) illustrates the magnituds of
the photochemical decomposition rate which may be observed, Tem c,C.
of 90 wtﬂz aquaous hydrogen peroxide, free from_inhibitora, was .
exposed at 2500 in a quartz contalner to radiation from a 100-watt
mercury vapor lemp rated as emitting 2,2 watts of radiation in the nsar.
ultraviolet, 3200-3300 2 - The resulting hydrogen perc ‘de decomposi-~
tion rate was 0,25 per cent per hour, which was about 70-fold that
observed in the absence of radiation undar othermiss the same condi-
tions, | '

The absorption of ultraviolet radiation by hydrooen peroxida is
disocuss2d in Chapter 5, Tha spectrum consists of a continuunaithout
structura, extending from about 3300 A to beyond 2000 A. The extinc-
tion coefficient is substantially indepsndent of concentration below
50 wt.% hydrogen peroxide, although Beer's law is not strictly
obeyed, Similarly, the extinction coefficienta for aqueous solu-
ticas and for mixtures of hydrogen peroxide vapor with air, compared .
at the same values of concentration times path length, appear to be
esgsentially the same,

Exparimental Results., There is now general agreement that in
dilute to modsrate concentrations (about 0.24) and at moderate
intensities of absorbed radiation (below about 101? qnantqé( sec,)
the rate of decomposition (moles per liter per second) is direcily
proportional to the concentration of hydrogen peroxide and to the
square root of the intensity (23, 24, 25, 26). At higher concen-
trations and moderate radiatlon intensitles, there has beer




149

considerable disagreement, Thun, mccording to Qureshi and Rahman
(27), the quantum yield becomes independent of concentration at
concentrationa of from 0.3 to 0 94- and in the work of Allmand
and Style (23), the observed afreot of concentration varied,
depending upon whether the concentration was reduced by adding
distilled water or by allowing decomposition to procesd under
radiation, However, in recent and very careful work, Dainton
and Rowbottom (26) indicated that for intensities up to about
10%7 quantq/l. seo, and concentrations up to 20 molar, the rate
is still directly proportional to the hydrogen perozids concen-
tration and to the square root of the intensity, and the dis-
orspancies of the earlier work may well be attributed to the
presence of traces of inhibitors or 1mpur1ties in the hydrogen
peroxids used, _

At very low radiation intensities and concentrations
below 0,1-0.5 M, there are also some early reports that the
yield tends to become independent of radiation intensity (23, 2b
28), At very high radiation intensities (above about 3 x 10%7
quantg/l. ee0,), Lea (25) has reported that the quantum yleld
becomes independent of concentration from 0.01 to at least 0.04,
Heidt (29), working at intensities of 5 to 12 x 1017 quanta/l. seq,,
concluded that there was a tendancy for the quantum yield to in-
crsase with concentration from 1,8 to 4,28, However, the incZease
1s barely significant, considering the reproducibility of the
data, and, 1in any case, is far less than linear,

Hydrogen peroxide is not affected by exposure to light of
wave length greater than about 3800 A It has absorption bands
in the infra-red, but is not decomposed by light of these fre—
quencies, Data on the effect of wave length in the ultraviolet
region on the decomposition are inconcluaive. Henri and Wurmser
(28) reported a 25 per cent decrease in quantum yield as the wave
length was increased from 2080 to 2800 % at concentraticns of
0.02-0,05 ¥ and.radiation intensities in the neighborhood of
101? uanta/l. sec, j Allmand and Style (23) reported a 1007
increase in yleld as the wave length was lncreased from 2750 to
2650 K at concentrations of 0,5 - 11.54 and intensities in the

same range.
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TASLE 2

 EFFEOT OF WAVELENGTH ON TEMPERATURT
COZFFICIZNT OF RATEZ OF PHOTCCHEMICAL DICCMPOSITION

Y - Témperafura. | Températgra' _
Wavelength, A [Coefficlent® a Range, 0O Raference - ,

3650 1,42 2-22 (1)

3650 | 1,50 | | 21-45 -‘ (22)°* .
Full mercury lighy 1,43 C—  (2)

" " v 1.38 and 1,41 -— ~ (39) .

3130 | 132 | 1030 | 9)

000 | 1.38 | 22 (1)

2750 | 1,28 2-22 1)

2600 1 15 1 222 | @

* (Tp~T;) loga = 10 log (x,/ xl)

*® not corrected for thermal decompositien
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Tomperature coeffioienta of the decomposition rate caused
by radiation of various wave lengths are listed in Table 2,
Thers appears to be a tendency toward decrease of temperaturs
coefficient with decrsaging wave longth, These values compars
with an experimentally measurad ccefficient of somewhat groater
than 2 for thermal dacomposition in the abaonoa of radiation
(see Ohapiar 9). |

The effocts of a wida varisty of inorganic acida, bases,
ard salts on tha rats of photochamical decozposition have been
roported (23, 30, 31), The ranges of radiation injensities
used were not specified, but thoy are almost certainly belcs |
‘.I.O1 quansa A, esc, At these inionaities,addition to tha aslu- .
~$icm of s3rong inosganis acida causss marked inhibiaioa, @hich. .
howmsvyer, appears t0 approach a 1iaiting value as the acid con~ .
censration ia incraased., Since the exiinotion cosfficisnt is no% |
altarsd appreciably by the presencs of the acids (23, 30), thias
effcct rspresents a $xue inhidbiticn and not mezsly action as a
_ radiation eorsen, Korafald (2%), in reporsiag this effact for
'lulfuric acid, concludad on $haorss$ical grounda thas tha rass ia
strong acid at modorate radiation iantensitioes should apprcaca 332
‘of thas in neutral soluiicn, According to Lea (25), a$ very higx
 rodiation iadensisiza (adova aboul 3 x 107 quan’a/l, g98,) and
a3 hydrogsn paroxida concandzations of 0,02-0.074, the quaniua
yi31d becomes indagpaadens of pH in tha rangs 1-6§, This behavier
at high radiation iatensities 1s corroborated by Heila3 (29), who
rapor$ed oaly a minor effeod of sulfuric acid up $0 a concanira-
tion of 4,1 M, when working at an intensity of about § x 1017
quanta /1. seo., and hydrogen peroxids comoenirations of about 4% M,

8irong baszes ares far mors effective inhibitors than acida,
Their pragence 2lso resulta in a marked inorsase in the ex$inolion
coefficient (23, 29). IS ia nolabla thaj, ia the abaence of ‘
radiation, bagea producs the oppoails effecs and alrongly acoelar—
ats dacomposition (s2e Chapter 9), Comsequenily, measuremenia oF
dscomposilion by radiation in the prasende o basea bacones dif-
ficuld dbecause of the large corra2csion for th2 dark r2action,

~ Alkxali and alkaline—earih salis of sirong acids (excep3~

ing halides) are without effeci, Coafliciing resulss ars
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reported on the effect of halides, According $o Matthews and Curtis
(31), they exer$ only a slight inhibiting eotionj howsver, Anderson
and Taylor (30) repor$ marked inhibision, whioch bescomes leas marked in
the prassence of salts havirg a oation common to the halide ealt, |

Hunt and Taube (32) reporsed bromide and chlorids to be withou$ effec$,

Andarson and Taylor (30) have reported the effect of a large
number of organic cempounds on the photochemical dacomposition ad
wave longths of 2000, 2650, 2930, and 3050 X. Thoy have compared tha
ichibisive acsion at various wave lengtha with absorpiiviiy of each
compound at each wave length and fizd parallel behavior—high absorp-
tivity corrssponding to high inhibitive activity--for acids, esters,
amidas, ketones, benzane, arnd alkaloids, Alocohols inkibi$ mors than
would bs expsc3ad from their abaorp3ivisy. Analnes show no cox>3lasion
and may ac$ in a different manner bacause of their basioc masurs, All
these compounds or2 less effective when used as a 1ight soxsen than
when added diracsly to the hydrogen peroxids, From this, Anderaon
and Taylor concludad thas these or3anisc inhibitors iafluence the
mechaniom of deccmposition, in addition %0 acting as radias$ion

absorbers, HMatihewds and Cursia (31) aleo investigated several cxgaais

additives:in mized 1ight of wave length above 2500 .

The frequently erratic resulis of single investigators and poor
guantitative agreement between resulis frxom difforaal sourc23 indica’s
that quantum yields are markedly affec3ed by edventilious 1mpuzities{
The particular sensitividy to pH has been noted previously., Accordinag
to Henri and Murmser (28), as little as 2 p.p.m., of sodium hydroxids
reduces the rate to 60 per cent of its normal value, The influence
of alkali leached from glassware, of traces of ammonia in distilled
water, or of atmospheric carbon dioxide may thus be significant,

Tian (33) reports that rates are affected appreciably by the puriiy
of the distilled water used for dilution, as measured by conducsivity,
Kornfeld (24) states that a consistent effect of variablas could be
obtainad in tests on a givén shipmen$ of a cerjain commercial hydrogea
peroxida, but thas quantitative yields differsd markedly between dif-
feren$ shipments, Rice and Kilpasrick (34) report that the rats of
pho$ochamical dacompoaition is directly proporiional to the concanf‘
4rasion of dust particlea, as measured by 1ighy scastering., I3 is
evident tha3, as wlih studies on the stablility of hydregen paroxidas,

LI X
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consistent resulta, For example, a desoripiion of the elaborale
precautions $akXen in recent work is given by Daiatcn and
Roabossom (26). : |

Fow studies of the phosocchemical dacomposition of tha vapor
have bsen mads, Some fragmaniary studies bave baem raporsed
(12, 35); the most recent and complete is $ha$ of Volman (36),
in uhich hydrogon paroxids vapor iaitially a$ a parsial p=zsasure
of 1,23 ma Bz (0,39 cn Bg o°f water vapor pressurs also pTasens)
waa 1lluaiaased wish 2537 A radiasion, The quantum yisld was
fouzd %0 be 1.7 ¥ 0.%, 1ndapendent of she hydrogen paroxids
prassurs, asd indapendend of tempsraturs over ths ranga of
25-50°0, Ho hydrogea vas fouad ia $he producss, asd addz-saea |
of oxyz3n.or nisrozen 4id no3 affeo$ she rass, o :
M3chanisa, szorsed quaatum yields vazy froa approzima&aly
ca2 up $0 s37aral hundrad, Ia egzaeman$ witd expeziment. long
chaina ©2uld bs oxpeolzd wilth low 1n$enaity radiasicn and high
hydrogea peroxide ccnccaltzasiona, As 4he lighs 1n$aasiﬁy is
inczsased, $he chaia le2gth will deorsaze and a mum=ber of experi-
ment2rs havs reporisd values of the ''limiting queatum yield!!'
obiainad as the highss$ intenaisy, 1a which chaia reaciions ars
pz23u3ably mlalaizad o2 eliainajad, The advensis iocus @?£30%3
of izmpurisies ars alco minimized undar such condisioma, The
107239 quanfua yielda reporiad by various nOTXaTS are given in -
Table 3, -
Tha iaisial phoitochemical act has been assumed by recens

investigasors to ba

B0, + by — 20H (7)

In suppors of thie. Uzay, Dawsey, aad Rics (20) preseant data %o
show that the emigalon spscirum of hydrogen peroxids vapor,
whea sirsamad rapidly $through a cool discharge judbs, ia pre-

,dominaatly tha$ of the waster banda—Xkxnowan from independan$ data
-to ba due to hydroxyl radicals, Similarly, they sdase thad

when hydrogsn peroxide is irradiated a$ wave lengths of 2025-2133 X
the water bands appear in fluorescenca,




TABLE 3

LIUITING QUATICY YIILD3
REPOATEZD FCR PHOTCORINIOAL DIOOMPOSITION

et

B,0 Linijing
: 0 cgngantmuoa, Goaatom
Raforsnce Javalongdh, A molarily | Yie2a
‘Lea (25) 2y 107 1.39 ¢t 0.11
Botds (29) 3130 1.7 = b5 1.7+ 0'-4'
Hun$ and Pambe 2537 0.02~0.2 ' | 0,93 + 0,05
(32) , - | as 25%
0.76 + 0,05
| as 0%
 Volzaa (36) 2537 107% 1.7 + 0%
éngb@aﬁgza (25) = | |
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Lea (25) quotes, as confirm: ion for this initial reaotion, 
the fact that hydrogen peroxide is a photosansltiaer for the
polymerization of vinyl compounda Just as the electzon ¥ransfer
reaction, '

++
Fo' " + aao

g — ret** 4+ 0z + 08" (8)

shioch is also a source of hydroxyl radicals, is a tharmal gensi-
tiser, Von Elbe (3?) states thas, if the ianisial rsectioan
foraed 820 + 0 a3 products, no reaction wish bydrogsu or with
carbon monoxide would be expected, as oxygen asoms react with
hydrogen peroxidse muck fasisr thas wildh bydrogea or wish cazbea
moacxids, From the faols $hal reactioa besosen hydrogaa perxoxids
aad @ach of shese $vo gases does ia faos osour undax radiasioa,
Ba concludes shas $he inisial recaciioa 13 nos thas forming wmomr-
atomic oxygea bus probably Shas represensed by Equasioa (7). The
only confliosing evidance comes from the receas studies of ’
~Bun$ and Taube (32) who carrisd on$ %he phéaachemical'deceagesi-
tion wish relatively high absorbad injeasisies, usirg 018—
enriched water, together with the hydrogean peroxids, The oxy-
g2a formed was found $o originate ccmplesely from the hydrogsa
pazoxida, Howavaz, tho frasiionasion effcola obszerved ga2med
to b2 imcompasible wish 822 posSualds thad OF zadicals aro the
caly ne3 producds of the iaitlal dissociadioa, These aulhors
suggessed shas the primary =cd was insftead

B0, + by —> HO0+0 (9)

followad by |
0+ H0, —> OH + HO, (20)

They also suggested the possibility shas reacsica (7) occurred
iaisially, follewed by r2actioan in the solvend cags %0 forma

820 and 0, fhua

208 —> E0+0 (11)

i it S?Néi i e -
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‘For the chain propagotion Haber and WillstAtter (38) have
postulated the reactions

OH + H0, —> Hy0 + HO, (12)
HO, + H,0p —> H,0 + 0, + OH (13)

as the chiin propagation mechanism, following reaction (7),

From schemes involving these reaciions, Waiss (39) bas correlased
the kinetic behaviour of tha sysiem hydrogsen peroxids—ozons, and
many have dons the same for $he sysdem hydrogen paroxids-iron salts.
Lea (25) reports that quanium ylelds at high radiation in%ensities
are consistent with the assumption of reactions (12) and (13) as
the chain mechaniam, Kornfeld (24) correlatad the kinstics of
photochemical decomposition of hydrogen peroxide in neutral and
acidic solutions by assuming that reaction (13) takes place through
the ion 02 formed by diasociaticn, 1,e,,

| 302 — B +0, . | (14)
0, +H 0, —> 0, + 03 + CH (15)

Tha chain»tezminaﬁion raactions moét'genarally possulated are
one or both of the following:

2H0, —= H,0,5 + 0, | (16)
OR + HO, —> H,0 + 0, an

By applying the reaction system (7), (9), (1%), (15), azda (17),
Kornfeld (24%) has derived kinetic equations prasdiciing shas, over
wide ranges whare ths chaing ars of appreciable lengih, the quaajum
yield should vary as the fira$ pcwer of the hydrogen peroxide oconw
centration, as the inverse 'squars rood of the radiation intensiity,
and inversely with concantration of hydrogea ion, These prsdiciilona
aTe sutgontisted by the bulk of available data in the neutral and

Y
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acid ranges, However, Kornfeld's achame predidts an inorease
in the quantum yield with addition of base, whereas strong re-'
sardation has been reported from many sources, It appears tha
in the basic region other abaorpiion processss, associated wish
the high abeorptivisy of basic peroxide solutions, may be signifi-
oani, . | o . }
The rate equations derived by Kornfeld permis calculation
of the apparent act¥ivation energy of the photcchamical reaction
(as measured by she changes in quantum yield with semparaturs)
from the activation energies of the .individual reactiona.
Kondratlev (40) has calculated the activation energies of the 1a-
dividual reactions from theorstical considara%ions, and pradiocds
an apparan$ activasion energy of 5.5 koal, Tais corrasponds %o
a temperature coefficiens of abous 1,4, which ia within $he rangs
of renorted values (see Table 2), . Kondratev, howevsr, does nod
give details of his calculations or valuss of activatioa enexgica
~ Lea (25) reasoned that acuerding to this reaction ascheme,
the photolysis should lose tas characteriatics of a chaia
reaction at sufficiently high radiation iasensities and low con~
cenirations of hydrogen peroxids, Uander thes2 conditions the

kinetic equationas predich shat the gquanjum yield should bz ia-

dap2ndany of intensidy and hydrogaa paroxids concealration, In
agreemend, hs found that at intensities above 3 x 101?>quan%%/1.
x sec,, the quantum yleld was 1,39, independent of radiatica _
intensity, of peroxide concentration between 0.010 and 0,034 M,
and of pH between 1 and 6, A

The fac$ that the quantum yield was independent of pH a%
these high intensities is taken %0 indicate thad hers reaciionm (13)
proceeded as written, and not through she ioaic mechanism (14 + 15)
proposed by Korafeld, Haber and Weiss (41) also have pointed out °
thad the inhibitory effscd of acid at lower radiation indensities
may be due to acceleration of -a termination reaciion by hydrogea

~iom, inatead of to Kornfeld's ionic mechanism represented by
(14 + 15). Fursher discussion of tha mechanisms involved ard

comparisons of the mechanisms of photolysis and radiolysis of
hydrogen peroxide soluilons may be obtained. from %he racen’ papers
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by Dainton and Rowbottom (26) and by Welss (42),
Dacomposition by Ionizing Radiation

The phenomena observed under bombardment by ionizing radiation
ara mors diffioult to inserpret than thoss ocourring under uléra-
violet radiation, Not only are 1dénizad particles involved in addi-~
$ioa to those fouad ia photolysis, but since free radicals are pro-—
duced along the tracks of the fast particles, they may be distributed
non-uniformly throughout the solution, Oonsequently rates of diffu-
sion and other complicading effects may become imporsany, Mnrsd radio-
chemical dzcomposition studies have been made with x~zay or Y radiatica,
In dilute aqueous solutions, with which most of the studies are con~-
cernad, the primary act will be decomposition of water into H aad CH,
some of which in tura will immediately form B, and Hy0, (sze Ohapter 2).
If the conditions in the radiolysis are such that tha chain carriers
are relatively uniformly dissributed, as would ocour for example wish
high dosage rates and relatively loag-lived radicala, then the reactions
following the primary ac$ would be expeocted to be similar to thoza
ocourring 1n'photochamioal deccmposition, The only additional chain
carrying rsaciiona would be thos2 proceeding from she H atoms

H+HO, —> OH+ HO (18)

(19)

and | H <+ O2 e Hoa

With uniform dis$ribution of radicals, the mathematical formulation
of the dapendandy of the radiolysis rate on hydrogen peroxide concentra-
tion ard dose rat2 becomes the same as 1n the photolysis, e.g,, for
conditions in which long chains are formed, the moles of hydrogen per-
oxide decomposed per uait time should be proportional to the hydrogen
peroxide concentration and to the square root of the radiation intensity
(total radiation absorbed per unit volume and per unit time), The
square root relationship of the radiation intenaity is experimentally

confirmed 86 several investigators (26, 43, 44, 45) using x~ray radia-
$ion or Co = ¥ radiation, A% high conceanirations, the reactioz rale

has also been found to be apprOximQtaly proportional to the hydrogen
peroxida concantration (46) but at lowsr concentrationa the rada is
instead proporiional to the half power of the hydrogen peroxids con—
ceatration (4%, 45) or even independent of the concentration /(47),
Nevarthsless, all these rtesulds are consistont with the expeciation

L BTG
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that the reaction chalns mould become shors or non-existent as
the concentration 1s lowered, The mathematical relationships
would be more complex when shor$ chains are 1nvolved. However,
the half-power concentration relationship has also beea found
receatly for concentrations as high as one molar by Har$ and
Matheson (43) and a chain reaction terminated by a third order
reactioa such as ; |

zaoe + 5202-———> 23292 + 02

(20)
was posjulated by them in ordsr to explain these resuldas,
SSudies have also beea reported (U5, 47, 43, 49, 50)
of the effcoecs under x-zay aad Y radiasioa of various solules
addad $0 the hydrogea peroxids solulions and pariicularly of
the role of hydrogsa, since 13 is one of the primary products -
formed from the decomposition producds of water, The dacom-
position of agueous hydrogea pszoxida‘soiﬂtibna by § and v xays
frcm radiua has been studied by Kailaa (43) and thas by ¥ radla-
tioa and neuszons has bsen inveasigaded by Hop=cod (5) Recend
studies by Ebers ard Boag (52) oa the formation aad dscompositioa
of hydrogea peroxids showed markad diff@renccs betwezen the resulss
ob3ainad with 1 Moy electrons aad 1,2 Mev X-2?aya o2 9he ons hand
aad lower ednergy (200 kv) x-rays on the other,  This field i3 ia

.'a rapid ssage2 of develeopzent and a much clearaer plclura of tha

proeesges occurring undar radiadion bombardmeand should develop
in the near fulura. Recent summaries of the siaie of knowledge
in thia aresa have been made by Dain3on aad Rewbodtom (26) and
Welss (42, 53). Ses also the disouasaioa im Chapser 2 oa forma~
tion of hydrogean peroxids under radiatiom,

ELECTROLYTIC DICCMPOSITION
Aqueous solutions of hydrogen peroxide may be elecirolyzed |
to yield molecular hydrogen aud oxygen. a$ high currend danai%ies
the ovar-dn.procasa ia ‘

3202~—->52+02 o | : _(21_)

As the current density is decreas=d the yleld of hydrogen becomes
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leso than that indioated by reaction (21), ultimately beooming nil,
In all cases, howdver, oxygen is liberated quantitatively in the
prOportion, one mole of oxygen for two Faradays of elootriolty., These
facts were established by a number of workers (54, 55), beginning |
.with Thenard, The underlying reasons for the changing proportioa
of hydrogen produced at the cathode have not been investigated,
Weias (56) observed that hydrogen, a mizturs of hydrogen and oxygen,
or oxygen alone was given off at the cathods, aooordiﬁg to the con-
ditions of currant donsity and hydrogsn peroxids concentration,
Albareda (57) concluded, as earlier workers had, that this was to
be explairad by the concurrent casalytic decomposition. Tanatar (55)
assumed reaction of hydrogen ard hydrogsn peroxide %o preduce twmo
moles of watsr, Hydzogen peroxids has been observed (53) to affeot
the ovarvoltage of hydrogen,

The reaction at the anods wheraby oxygen is released has receivad
mors intenaive study (59, €0, 61). Hickling and Wilzon (59) determined
the current-voliage curves for hydvogen peroxids solutions in contacs

with a number of electrode materials, In a 0,01 ¥ hydrogen peroxide
solution current flow began at approximately 0,1 volis., A plateau

. then appeared in the current-voltage curve, the height of which is
dependent on concentration and stirring. Hickling and Wileon con-
cludzd that the anoda proc2ss in alkalinaz solution is!

HO.

o = Oy+H + 2 o (22

In acid or neutral solution and with all electrodes except platinum
the main process appeared to occur at a potential at which electroly-
sis of the supporting eleocirolyte began to cocur, The conclusion
therefore seemed warranted that the hydrogen peroxide deccmposition
under these conditions depends on interaction with some intermediate
involved in the ordinary ancdic evolution of oxygena, véry likely
hydroxyl radical, Furthar study and comment on mechanisms of ancdic
decoapositioa of hydrogen peroxide has been provided by Rius and
Ocon (60) and Krasil'shohikov, Volchkova, and Antonova (61)., The

1ntter authors have provided an equation relating overvoltage with
pH and hydrogen peroxide concentration,
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These considerations ars of course also of coacsrn in
polarography (62), whather hydrogen peroxide is prasens imitially
~or formed through reduction of oxygaa (63), Of pariioular
intersat ia the oxygsa induced dacomposition of hydrogea
peroxide (&%) which has been sugzassted to proosed thzouzk a .-
 task by superoxids ioa, Ia the prosence of cerdain mefal ioas
the polarographic reduction of hydrogea peroxide is likewigze
casalyzed (65), '

LTOCHPO3ITION I¥ THZ LIQUID
PHASZ BY INORGANIC CATALYES?S

Alshough there exists a large body of literaduzs daaling
~with the catalydic dscompositiion of 1igquid hydrogea psroxids,
a grsat par$ of i3 finda prasssnt valuaz only as a dozsripiivs
guids. This 1s caused partly by ths inhezsnt difficuldy of ths
sudject and the slowness with which aa undaratanding of cajalyais
in geasral haa beea davaloped, TO an even graaser oxtens, how-
eyar, the zdvance of knozledge aboud hydrcgen peroxids dacomposi-
tica has beea hindar2d by inadaquata scops aad dopeandabilisy of
' experimens, In maay cases 1% is only possibla to eay tha3 cadaly-
si3 $akXas place and obaarvatibna haze no% baon mada 02 ars quas—
tionable in ragard to tha effocis of coanceniralion, pd, tompezaldurs,
tha pr2senca of impuridties or additional components, and the
s83ad2 of thes ca3alysd, Taese ars of course tha data requirad in |
aay kinesioc atudj. aad it is only ia tha sysdems which have §
recaived scrupuloua atteasica that adeaquata mechanisdic desorip—
tioas can be offarad, A faoctor of particular impordance hers
is the effect of traces of exiranecus materiala ia the hydrcgea
peroxids, such aa advsatisious impurisics or thoas froa the
maaufaciuring process or daliberataly addad stabilizers, Much
work has beea carried out with hydrcgsa peroxids of questiczabls
purity, particularly in earlier iaveasizatioas rspordad ia the
literature, _ ~ .
Catalysis by the halcgena, pladizum, iron, and easymes has
probably received tha grealast aitensica, Soms other elements S
have been investigated briefly or not a3 all, Figurs 4 summarizes ”

v
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O-CATALYTlC

(")-pousTFUL CATALYSIS
=’ REPORTED

[]-nor caravyric

-NOT | L B
INVESTIGATED

No| (Ma) (Al

FIG. 4 -THE PERIODIC TABLE, SHOWING ELEMENTS (OR THEIR COMPOUNDS)
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(FCRMED FROM Q01189 METAL + 10cc. 4NNsOH).
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the gtate offknowledge with regard to the occurrence of catalytic
decomposition of hydrogen peroxide,* It is apparent that ontelysis
1s encountered with runy substences, inoluding the heavy and
transition metals, which show high catalytic activity in many
other systems, Some caution should be exercized in interpreting

- Figure 4, The faots'prasented have been taken in some cases
from literature reports which are doubtful, and the conciseness of
the figure does not permit many pertinent qualifications which
are disocussed belo¥ in considering the individual elements,
Entries in Figure 4 may be non-equivalent because of the relative
reliability of the réporté depended on, the variations in form
of catalyst, whather hbmogeneous or heterogeneous, element or
compound, compared at similar pH, etc., and especially, the
differsnces and variability in the rate of catalysis. The range
of decomposition rates is quite large. PFor example, under similar

 conditions metallic antimony is nearly inert, whereas osmium and

" lead can induce the decomposition at rates desoribed as explosive.
Gradations of adtivity among related elements are observed, as in
the series zinc, cadmium, and meroury, More abrupt is the change
from stabilizer to active catalyst in going from tin to lead.

In the following discussion a few general comments are given
on the characteristica of homogen2ous and heterogensouz dscomprsi-
tion., Following this thers 13 presented a survey of the litera-
ture oa catalytic deobmpositibn arrangad according to the position
of the elements in the periodio table, using the system adopted by
Latimer (66), The aibjeots of periodic descomposition, promotion,
inhibition and polsoning are then briefly cunsidered., There are
geveral charateristiocs bf the catalytic mechanisms which are
exhibited in common by several elements, e.g., the solubility
product oriterion for initiastion of catalysis. It has been attempted
to disouss a typlocal e xample of such a characteristlic in full
for at least one instance, As general references and introductions
to the Subjeot of catalysis there mey be recommended thé book
by Schwab, Taylor, and Spence (67), the monograph by Berkman,
Morrell, and Egloff (68), and the series of volumes edited by | k
Emmett (69). Comparison of the decomposition processes of hydro- é
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sman_peroxide with those of othaer peroxides has been made only
FTRa IndTcatIon on Fiz, & that an element 1s not catalytic should
not be Interpreted to mean that 1t can bo used as a matevioal of
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in a few instances, 8,2,, With barium peroxide (70) and tetralin hydro-
peroxide (71). Bome ressons for fundamental differences in thie
respoot are discussed in Chapter 7, The experimental techniques for
studying hydrogén peroxide dacomposition are not partioularly unique,'
although some spacial procedures have been described (/2),

Homogensous Catalysis. .
Homogeneous catalysts are those substances whioh exert a cata-

lytic effeot while present in true molecular solution, Such catalysis -

of hydrogen paroxidas haa baaea excallaontly reviewsd recently by
Baxendale (73), and this revisw should be consulted for mors extens-
ive commentas of a general naturs and for dssoription of the
homoganaous ca3alyses which ccour with tha haiogena, iroa, ooppar,
permanganata, chrcalum, molybdenua, aad tungadea. Bazeadale points
cus that 430 general theories have beea advanced to acocouad for the
mechaniams of honogensous catalyais, Ons postulates the formatiom
of highly reactives intermediates, usually peroxidss, forred froa
hydrogen peroxide azd ca‘alyat vhich subséquently deconpose $0
yield ane¥ the catalyst. Yaa second theory proposes the aliernaie
oxidation and reductioa of the ca%alyat in a aequence.

Rsduced caSalyst + B0, ——) Oxidized catalyss + H0  (23)
Oxidized catalyet + H;0, — ) Reduced catalyst + 0, (24%)

The net result of such a cycle is just the dacompositioa of hydrogea
peroxide as ia reactioa (1). This thoory finds particular support in
the fact pointed out by Dany, €.%.. Haiasinsky {4), that maay of
the most active catalyata are elemeats which may assume geveral
valence states, It should be notad that although an oxidation-
reduction scheme such as reactions (23) ard (24) indicate may be
calculated to be tharmodyaamically favoxable,one or bodh of tha
reactions may not ccour, as HoAlpine (75) has shcan for several -
hydrogen peroxids reactioans,

All the homogeneous catalyses (and many hatersgeneous ones)
can be accounted for qualilatively by one of thesa {wo schemea, al-
thouth the ultimate mechanisms are undoubtedly more intricate,

. . re
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Thus Baxendale olassiflen oatélyaea proceeding by free radical
chain mechanisms aas oyolic oxidation and reduction, and an
emphasie on the role of perhydroxyl iom (76) is similarly only
the assumption of inoreased detail, Some other mechaania%io
echenmes, especlially those involving sautomeric forms of hydro-
gen peroxida, ar2 no longar admissible, Another aspect is the
so-called ''tharmal dscompoaition,'' that is, the d2composition
ococurring in purified hydrogen peroxids, particularly a3
elevased temperatures, As the work of Rice and Reiff (77),
Livingaton (73), aad the discussion in Ohapter 9 demoastrates,
this thermal dacompositioa ia to be asoribed largsly %o hetero-
g2ae0us cajalyais by the containing vassel or by suapendad
matser, Although long chains iavolfimg e repa%ition ol homo~-
g2neous proos333s may possibly be involved under some condi-
tiona, iaisiation of ths chalna is by walla or traces of
impurity, Evea with the purest hydrogen psroxids studied and
at elevated $emperaturaes, the dscomposition observed in the
liguid phas2 is not a hcmogensoue antodacomposition procass

of the hydrogea peroxids 1ijself,

The relatioaships betwsen homogeaeoua and hetarsgensous
casalyais hava zaceivad 1itile astsation, largely bacaus2
elements which glve risze 49 both modes of calalysis hava nos
baen studied ovar the eatizs rangs of variadbles such a3 pH aad
concentratioa waich datermine the stase of tha caialyss, Irxrea
providea aa illusizasioca of a catalyss with which the txanai-
tioa from homogenzous to0 hetazogeneous mechanism can be odbaervaed,
In acid solutioa reactioca is pursly homogeneous, If the pd is
incresaged, howsver, colloidal material may begia to appeaz azd
a concurreat chang2 in rats may ocour, as illustrated in Fig, 9
6f Chapter 9, At evea higher pH, gross precipisaiioa may be
observed togethar with further kinetic changes, Othar changea
in physical form, such as supporiing the catalyasd, sinterizg 1%,
or chapg;ggmita crysdal siruciure, can of couras also greatly

" affect the rate observed, Wiia the excepiioa of some uncarialaly

at the pH whera colloidal matder ia first being formad ihars
exists no doubt regarding tha transition from homogensous 30
heterogenaong dacemposition as pH 1s increased, However, iheras
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is conalderable doubts about the nature of the transition 1n mechaninom,
In some instances both modes of decomposition can be uocounted for
qualitatively by the eame mechaalsm, e.%,, oyoclic oxidation and reduo-
tion, At the same time complexinag or preoipijation 0f the cadalyst as
6olloid or solid may determins the fraction of the gross amouas of
catalyat present shat is actually avallable for reaction, shereby
affecting the decompositioa rate obaervaed, eucp a oirocumstance is
encountered ia polymerizatioa casalysis with psroxides (79), Or, ia
purely heterogensous catalysis, the dogras of dispersion of the

80114 will affecs tha rats observed by i8s effeot on the surfacs
exposed to the medium, In con¥rast thera is thas diastincd possibilisy
that the changs in going from a homogsnsous system to a haterogensous |

cnefg%azga the fundamental charasier of tha rsaction undargona by the Lo
hydzogea paroxids, 1;@,,:froa aa ioaic %0 radical mechaaism, Poasaibly
thers may be a relativsly g2atle gradasioa from one to the othar as .

conditions ars alterad, Ia dis%inguishing teswsea homogansous and
hetercgeneous casalyaia thars muat be considered the possible coatri-
butioca to the former of adaorptton from solution. Thus, argentous

' oilvar. wshich is nem-0a3alysic when diayersad homogeneousla is
easily adsorbed by glass (30). 1Ian tho adsorbad staje it may be rendersd
casalytic, eishayr by over3 reductioa or perhapa only through polariza-
s10oa (30). Bimilarly $h2 latar u3le 67 th2 glass surface ia contacs
with a mox® alkalin2 soluiioa may acsivala adsordbed silvez, Tals i3
particularly no%iceablejoa the surfaos of a glasa elezctroda, '

Heterogeasous Catalyals . '
Progr2ss in predioting ox datazminiag the mechaaiam of ihe

dzcomposition of hydrogea peroxida by heterogengous catalysta has

been disappointingly slow arnd lags wall bzshind the uadarataadiag of .
homogeneous catalyais, This positica 1s no% uaique to hydrogea ’
peroxida. bus i3 commoa ia moat inatoaces of heterogensous catalysis,
The study of hydrogea paroxids dacompoaitica is of particular iater-
est ia this field bacause of the maay effective catalysta which will
carry oud this ona nal proocass, Even ‘hough the number of wayas ia
which the hydrogaa psroxids molacula 1%321f can be iaitially disruptad.
is 1imited, the sabaaquaa) courses of jhe casalydic mechanisms mus$ -
include considerabla varia’dy. Additional complexity is introducsed

by the variety of poaalbla forams of the solid, such as colloids,
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amorphous precipitates, orystals, end supported substances,

The preeent state of understanding of haterogensous .
catalysis in general 1s well presented in the series of voldmes
edited by Emmett (69). Fundamental aspects of the nature of
8011ds are dealt with by Seitz (82), Shookley (83), and Gomer
and Smith (84), The major factors to be considered in relating
catalysis to electron structure are recounted by Dowden (85).

A somewhat less comprehensive, but useful concept is that of .
the polarization of atoms in solid surfaces presented by

Weyl (81, 84), All these gensral considerations stress the
outatanding importance which the process of chemisorption of
hydrogen peroxide onto the catalyst surface must play. As
Wheeler (84) points out in conciss manner, this step involves
the relatively drastio eleotronic rearrangsment involved in
electron sharing or transfar, Follewing the concept of
Boudart (84), the surfaoe may be visualized as acting either
as a reservoir of particlae or a3 an agent to loosen or dis-

sociate hydrogen peroxide into fragments held at one or morse ,?ﬁ'y
'gites on the surfacs, Thase fragments may react subsequentiy -
‘with molecules impinging from ths surrounding fluid, Concurrently

there will ocour processes (strictly to be considered as
homogeneous) which aré proragatad into the bulk of the fluid
or taks placa in the film of fluld near the surface, Both.
physical ard chamical rate processes may cause tha stata

- and concentrations of substances in this film to differ

significantly frcam that in the bulk of the fluid or at the
surface of the golid,

There are several viewpolnts and general characteristics
of the heterogeneous catalysis of hydrogen psroxide which may
be pointed out. An early comprehensive study of the many factors
affecting the performance of a catalyat for the decomposition
of hydrogen peroxida was made by Bredig and von Berneck (86),
Since dscomposition of hydrogen peroxide occurs under

"oconditions extremely far from equilibrium, it might be expected

that oxygen pressure would be without effect on the course of . the
reaction, as these authors noted, Althoughthis is true for
homogenaousg catalysls, in heterogeneous reactions, other
phancmena of lmportance to the reactlon mechanism occur which |

Ty
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are markedly affeoted by the oxygon prossure, Thus Rolter (87) found

~the rate of deoomposition oz platinum foil to he inoreassd by reduction

ia pressurs, prasumably bscausd adgorbsd gas waa removed from $ha
oadalyss surface, Oihors have studied the effacts of ealsa (83),
variasion of solvcad (89), 1ighs (50), exd the magmedic f1lo1d (91)

" om hydrogea pazoxida oasalyais, Much cozosra haa been dircodod

fovard the problcms of izrzsproduclibility axzd variability of activivy
relatod $0 ohanges ia pardicle sisa, #$0%al surfacs, and speoifio
activity., Alshough the impordaace of $hage faolora bas bosa long
recogaized, progzons has teea hazpexad by inadaqualte expaziasadal
$ochalgquas for evaluasing perdiaand faclora, More roocatly she 12320~
ducdion of pzoocdurss for dedermining miszossructurs by eloodyzon
mioroscopy aad ouriase arca measuraneald (S52) or by p2gaedio sus~

- 093%1bi1ity msasnrozealds (93) has 1apravad this posision, bud todally

adaguate m2ana f£or chazascorising tha £00397s rooponsitla for

acsivisy ar2 nmod yod a3 hand, For exaapla, £shmad (S4) haa modad

thas 1f the ra%3 of a eaaalyﬁio pz20333 13 formuladed ia dazms of ¢he
Atzaeains equasica, k = 4 oxp (-3/R?), then the activaslon ezesgy
tors, B, i3 a chazasieristic of 432 ayoslsm and the ¢oeficload A ia

‘dejaerained by fa03073 whiod ialroducs all the acoidea’al filuoiuadicas

gad izTopzoducibilisiss which maks $ha acquisitioa of co3szisdens dada
s0 difZionld, A1 example iavolving hRydreogsm peroxidsa thish ssomas
$0 be well asoonad:qd for ia tiis maaner 13 evidondly 69 bz found ia
tha vapor 4339392313403 exparizaata (20) ®3pox334 4a PizmTa 1, Tha
$h2 pazallel curvas $haz3, ehich daal with D2 hadazozsasstua ragim,
provids evidancs of siailazr as3lvaldion easzzies bud of Ai2lyzing
valuss of A iadrcduecd by edvcadidions vaziadions 1a the an;faeag o2
di?Zaread glaas tubdas, . ¢

Aa the foragoing digconsaica of homogsnacus cadalyois indizaded,
thore 1a of%2a a e3ziting cha2ge 1a cadalydic asdividy 1a procsadicg
from a homogensous sys3sa ShTcugh eyssoma wish golid i3 variona
stasss of dispsraica aad acdivisy, ESevoral fasiors ocadriduls to
%hia behavior, aad mumarons inglancas oceur ia vhiod zo hemoganacma

 ocadalysis $sakXes placa. Ia a 73ladivaly eazly ai’aapd, Madizavoidla

and Aguir:acha (95) ajudiad the eff303 of tha addiiioca of coagulaad
upoa the rate of dzcemposiiloa o? hydrogsa ga:s;iaa_ca a g21d a21,

7o explaia the maxirua ia a3 Obzarvad 13 mia nodad $had isaieally

dlapersed gold was withoud ca’alydis afZsed and 3ha¥ nnozoscopis
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fregments of metal were also relatively iners, Thus both the
presence of a solid and & high degrese of diaspsrsioa were dsemed
neceusary for effective catalyais, Other studies have shom
‘thad several elements with which catalysis is not obasrved
whea the system 1s completely homogeneous,e,g,, sllver, mangamaaa;
lead, aad cobal$, do not begia $o0 catalyze the dacompositioa of
hydrogen peroxides un$il a cersain solubility producs has been
exceeded, A% higher comcentrations, the medal or its hydroxids
forms a solid phage, the presano? of which seems $0 be requizrsd
evea though a oyclic oxidatioa-reduction scheme migh$ be thermo-
dynamically favorable in ths absence of a solid, .Once formed,
the rate of docompositioa oa such a surface may be dirscily
proporsicaal %0 the surfacs area developed., This was demonsirated
for the case of manganess dioxide by Parker, Oohen, aad Smith (96),
wko made precise surface arsa measursments by means of a nil3rogea
adaorptioa $ecaniqus, Ezcauss of this charactsrisiic eolubilisy
produst requirement it iz impor$ans to node the amploderic
progeryies of maay, or perhaps all reSals, Wrighd aad Ridsal (97),
for example, coacluded that solid catalysds might b2 expscied %o
be moat active ad the isc~2lecszic point of the solid in questioa,
Fair experimen3dal egrosmead wilh this hypoihlais was fomnd, Th2ss
characleristics ars somamhat superficial and, as emphasized above,
the mors fuadameasal rols of the surface, either ia regulaiing.
ccacentzatica or ia providing redctica pathwaya of reduced acsiva-
.$ica eaergy, musd ba d3d%armined befors the mechanism caa be =
described adequately. Thers is no indication that any univeraal
mechaaiam (93) 1a applicable, | -
The important subjeot of elecdrea transfer beiweea hetero-
geneoua catalysd and subatrate has only begua %0 be coasidared ia
the caae of hydrogea peroxida., Weiaa (56) appears to have beea
firsd® to suggess such actioa, He proposed that tha rade cea-
‘trolling step ia the dcoompoaltica of hydrogea peroxids by
meials may b2 ‘

H,0, + metal eleotTon ——— 0y + 0™ (25)
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I% was pointed onuld that such actlon on copper-~nickel alloys should be
regulated by oomposition, being most rapid in the copper-rich regioa
and falling to lower levels of activity as inoremsing proporiions of
nickel cause the d electron band $o empdy., Weiss emphasized thad
$his behavior was to be imagined of importance only if the acidisy

- of the solution were such that no corrosive attack occurred and only
‘ia the absence of an oxide film thick enough to prevent electron
traaagfer, The catalytic activity of a series of alloys of lead-
cadmium, tin-bismuth, aad antimoay-bismuth composition was measured
by Kapustinakii and Shmelev (99). The effeciiveness of thess ia
decomposing hydrogea peroxida was corrslated with tha meltiang point
diagram, and thsrsfors tha compositioa, of the alloy system. Thsa
activity was ovserved to ocour at the phass boundariss. Dowdea and
Reynolds (100) ezparimented wiith foils of copper-aickel alloys, The

foils wer2 givea aa acid pret$rsalmen3, ehomzd 10 sign of oxide layer,

-and were tested ia dilu’s, neutral hydrogaea peroxide at 20° o 80%,
Over the iavestigated rangs of 70 to 106%»copper'the decomposition

rate was found to~d1m1nieh‘iith daoreasicg copper content ia accord-
ance with the hypothesis meantioned above. Thers was fouzd io be L

lizear relation betwsea fraquesoy factor and activatioa energy,
aaalagous to thas shoma for a homogeneous electron tranafer process
in Fi~ure 3 of Ohapler 7. Tha result with the alloys is io be coa~
trasted with the homogzeneous ins$aace, howsver, in that with %he
alloys the substrate 1s the same and it 1s the catalyst tha’ is
varied, Argumeats wers developad by Dowden and Reynolds to show that
this action could not be accountaed for om the basis of an *ntermediaﬁe
oxide film formatioa, It has been stated by Schwab (84, 101},
however, thad primary oxidation of the catalyst tollowed by faa$
oxygea desorption could also account for such behavior, This coaclu-
sion was related to experimeatal work with irom spinels and several
alloy systems, Further commenta on the role of electron txamsfexr ia
the heterogeneoué catalysia have beea mads by Leach (102).

- From both the practical md tha2oretical standpoints it is of
interest to compare the effectiveness of various heterogensous -

calalysts, although it is difficult to devise a msans for dsmonstrating

the eifects of wide ranges of importani varlables, A gqralitative
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‘survey of this kind was made by Kaatlo snd Olarke (10%), and
@ olmilar one (1O4) 1s presented in Fig, %, The data shown were
obtalned by measuring the time rTequired to decompoes successive
10 o,0, portions of 43 w$.% hydrogen peroxids added to a solu~
tioa containing 0,0113 g. of the metal im question, added as
the aitrale, Initially, 10 o,0, portioas of hydrogen peroxids,
the metal salt solutiona, aad 4 N eodium hydroxide wers mixed to
pracipitate the metal hydroxide, The decompoeition was ocarried
ould in a larvs flask maiasained a$ 95 to 100° ¢ and aurmounted
b7 a reflux coadoasor which permitied lese thaa 107 of the water
vapor produced tn escaps, Although no quantitaitive conclusions
caa bs reached, this comparison shows the extrsme varlatioa in
'dscomgosition rate and effecds of dilutioca and aging eacountsrsd,
Acid and Alkali

The figurss preaented in Chapter 9 to 11lustrase the discus-
sion of the effects of pH on she stability of purs hydroganm per—
oxida show the magaitudz of the changes ia deccmposidion rate
valich can be iaduced by alteration of the hydrogea ioa coacea—
tra$ion. Is. 1s clear that the addition of eithﬁr acid or alkali

positioa rate, In the case of acidas;, the most rellable tasis for
this coaclusioa is fouad 1a the work of Roth and Shaanley (105),

who studied phogspdoric, parchloxic, hydrofluoric, and eulfuric acida
and'fOuad the rise in decomposition rai: with deereasing pid to b2
independent of the natura of the acid anion, poasibly exsepiing
phoaphate, Since the acida wers equivalent in effent and per—
chioric and hydrofluoric acids 4o not form peroxy acids 1% was

concluded thas the changs in hydroegea ion aloge was responsible.
‘There are syslems, however, in which the acid anioa pax¥icipates,

Aa outstanding example is nitric acid, Hatcher and Msclauchlan (106)
have describezd the viocleal dscomposition of concendra’led hydrogea
peroxide which canm occur when niiric acid is added im a proportioa
of about 504 or mors. The decompoeition is surface catalyzed and
is characterized by an induciion period, the appearance of browa
fumea, aad the producitioa of an ozone-1ike odor. Al%hough 1% has
been suggestad that the mechaaism of this decomposition involves

- peroxy acid formation, this has not been ss$ablished, Fovbes (107)
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has pointed ouf thot when a reductant is added to colorless nltric
acld 1ittle happens until yellow nitrogen dioxide appears,

More attention has been pald to the inoreased decomposition
brought about by additioa of alkali to hydrogen peroxide, although
the mechanism is mo better understood., Doyle (108) observed #he
decomposition of § wt.% bydrogan peroxida at 70°0 over the pH ran‘g
5.% to 9.7, The rate expression was first order with respeod %0
hydrogea peroxide concentrasion over the entirs pH range in accord-
ance with the finding of Elirki and Schaaf (109). A plot of the
value of the logarithms of thosa reaction rate comstants as & func-
tioa of pH showed $wo straight 1ines intersecting at pH 8,7. This
Sraasition was remarkably abrup3, the slopz being 0,2 below pH 8,7
aad 2,6 a% highar{pﬂj thase ars the aon-integrallinvaree orders, 0,2
and 2,6, of tha hydrogea ica concantratioa, Although the scope of
thes2 experimeats is no?d ex%emsiva.'1% aprears that a change ia.
rade coatrolling mechanism cocurs as pd 8 73 that a% lower pH perxhapa
being hetercgensous aad. thad a% highar pH being homogemeous, I% caa
be tentatively coacluded that the order with respect to hydrogea ion

concentrasion 1s actually -2 at the higher pH'a-if the coentributica o thc

£ira$ mechanism 1s subdracted and the precision of the wrk is con-

sidared, The transzition is also ia accord with Slater's observatioa
(110) thas changes i magnituda of deoompgsiticn ras2 cccur baiwa2a

pd5 and 6 and ba3w3sa pH 8 aad 9. O3h2zr r2poris have asseried thad

with further addition of alkali to hydrogea peroxids a mazimum (111)
or minimum (112) ia decomposition rase is raached,

 No completely acoapiable mechanistic explanation of the acid
or alkali induced decompoéition is available, chiefly becauss of the

lack of reliable kinetic dasa. Assurance thas adventisious impurities

are absent is particularly importans (110, 113). A role for perhy-
droxyl lon has beea cited often im discussion of the base catalyzed
decompositioa; for example, Abal (114) suggested the mschaanisa %o te
3202 + HO
"In the acid catalysis the peroxonium ioa, H302 y may well play
role, Further precise experimentation should permii uadersiandirg
of the wmechanlsms, probably as an example of specific acid-base

2' ——> Hy0 + 0 + ox | (26)

3 et o i o ol
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catalyela in whloh the docomposition rate can be expressed as the
sum of two or three kinetic formulations of ‘Bpecles depondancy.
Oxyzen, Hydrogan

Radicals such as hydroxyl and parhydroxyl appeax to be of
considerable importance ia hydrogen decompositioa processes,

but their appearance as intermediates makes the discussioa of

them mors appropriate in connection with the elements below, I
is in the study of the homogeneous decomposition by iroa that

the moat extensive conasidaration of these species has been
developed,
rhe Halogeng

With the exception of fluoring, the halogens catalyze the
decsmposition of hydrogen peroxids by a homogesneous cyclic
oxida@ion—zaductioa mechaaiam v ich can be rapreeented as
folloms;

B0, + 2z»w+vaa -—+>--x2 +,232° o B _(27)'

B50, +X—-— 2x” + 2ut +02 (23)

e e

Thia eystem has received extensive siudy, leaving no doubs
tha$ the net prooess proceeds as above, Furthermors, the
individudl reaciions have bean ejudiad separalely, aad tha
kinetics esdadblished ia terms of concaniradion depzndence,
reactioa rade coasdandas, frequency factors,and activatioa
eaergies (73, 115, 116), and upon the basis of thia kaowledge -

the rase of tha catalysis may be pradicted for a given sed
of coaditions, IY i3 obviocus that th2 rates of the ¥Iwo
r2actioas must be equal if one form ui the catalyat is not 4o

beccme exhauated, Thuas whea the initial compositioa differs
fxcm this ''asteady state'!, thers cocurs met oxidation o
reduction, shichever is appropriate, uatil the steady siate
conceatrations of the two species, halide amd halcgea, ars
recched, | ‘

The subjecd of halogza catalysls has beea very adaquately
raviamed {73, 117). Although the kinetics of the net reacsicas
ses out above ars readily treated mathematically (118), ths
actual mechanism 1s undeubtedly wmore complex. Baxendale (/3)

e




174 | _

has discussed the detalls of the kinetios and proposed mechanisms,
whioh Edwards (116) has shown to have the characterinotics of reaotions
to be understood aocording to the principles of general acid-base ,'
catalysie, Free radioal routes have been suggested to ocour (119),
but these have been rejeosed (73, 120), The large body of experi-
mental work deal ing with both individual reactions and the over-all
decompoasition and upon which these conolusions are based are as
follows; ohlorine (321), bromine (122), and iodine (123), Iodins
has received the greatest attention,including investigation of sald
effects (124), the effect of iodime present im a non-homogeansous
phass (125), and solvens effects as mentioned in Ohapter.7., To a
 lesser exiens these aspects have been 1nvestigated with chlorine and
bromine, This 1is also true for the less rell understood catalysis by
iodate (126), which appzars to prooeed aocording to the schame;

58,0, + 2103 + 2ot —— 12 + 6320 + 502 g - ,(29)

5,0, + I, -——:.--2103 + 43 o + 2t . (30)
This system exhibits an interasting periodicity. The effect of 1lighd
upon the cadalytic dzcompositica iaduced by bromine and iodine has
also been investigated (127), ,
Sulfur, Ssisaium, Tollurium, galgaium

Sulfur does not catalyzz the dzcomposition of hydrogea paroxida,
Selenium decomposes hydrogea peroxide (123) by a cyclical oxidatioa-
reductica process betweea selenate, 520,”, and seleaite, €eQ, , @o0d
iavolviag the doubsful (128) peroxyselenate reported by Worasley anil
Baker (129), ’Boaéﬁ-ﬂaury aad Leford (130) observed polonium to
catalytically decompos® hydrogea peroxide at a catalyst conceatration
below that a$ which platinum gave a measurable rate,
Bitrogea, Phesphorus, Arsenic, Ansimony, Bismyh

With the exceptiom of the actioa of nitric acid discussed
above no catalytic decomposit¥ion iavolving nitrogen or phosphorus has
" been reportzd, In the course of their unsuccessful attempt %0 pro—
pare peroxyarsenates Levi and Chiroa (131) found arsenates to be
~ oatalytic., Antimony has beea listed (132) among substances found

to be catalysts, but the effect is certainly a weak cne if it occurs at

all, The catalysis reported to occur with bismuth or bismth
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oxide (133, 13“) sooms more cortain, but has beon comnented upon
only qualitatively,
Carbon, Silicon, Germanjum, Tin, Lead

- The various forms of carbon, such as graphite and charcoals
from diverse sources, provide heterogeneous catalysts for hydro-
gen peroxlide decomposition that have a number of interesting
characteristios, The activity of ocarbon varies considerably
according to the source (135), and further change in activity
may be brought about by special treatment, The effact of ths
addition of salts and of gelatin upon the oatalytid activity of
sugar charcoal was examined by Fowler and Walton (136); othars
have studied the influence of temneraturé, grain size, hydrogen
ion concentration, radiation (137), conocentration of hydrogen
peroxide, and the chemical character of tha carbon surface.
The absorptivity of thes surface (138) appears to be the most
important characteristic that can be described at present, but
the effect is not direotly proportional to absorptivity,
Surface treatments such as heating and nitrogen treatment (139)
alter activity markedly. A4 purs sugar charcoal, shaken with a
solution of hydrogsn peroxids caused only e slight evolution of
oxygen; but this action of sugar charcoal could ba much increased
Af the charcoal tras heated in a vasuum at 600°. Charcoal obtained
from cellulosa and rica staroh ard dried at 100° gave tha strongast
action; that obdtalned from daxtrin, 4nulin and wheat starch showed
weaksr actlon; hardly any action was noted with charcoal from
dextross, lactoss, maltoss, or potato starch, Crude boneblack
or blood charcoal decomposed hydrogen peroxide only slowly unless
these forms of charcoal wers heated first in vacuo from 600°
to 900°,

Brinkmann (160) oondluded that the aotivity of carbon increased
with the number of basic surface-sotive groups, which could be
estimated by the ability to adsorb hydroohloric acid and decreased
with increasing number of acidic surface-aotive groups, eatimated
by sorption of sodium hydroxide. As a measure of the catalytio
activity, the time required for the activity to drop to half its
former value was measursed under definita conditions, In thisz way
small changes in the surface condition of the active carbon could

e digsolosed and evaluate d. A direct connectlion, however, with
3 )
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the adsorptive capucliily of the carbon apparently does not exist ~~ uotive
forms of carbon with high ndeorpﬁive capacity may show only a very

small catalytio activity towards hydrogen peroxids, while poor alworp-
tive capacity may accompany strong decomposing effects,

As to the mechaalsm of the decomposition of hydrogen peroxide
by active carbon, the hypothesia was proposed by Brinkmana that a%

first an exchange reaction $akes place bajween aa -OF group on the
carbon surface and an -00d ica in the solution., The perhydroxyl ioa

thus sctivated by being added oa suffers either self-descomposition,
or reacts with a hydrogea peroxide moleculs, rsforming a hydroxyl ioa,
I% was found that active carbon which bores oa the surface
esasentially only acidic groups (after teing subjec3ed to an oxidiz-
ing treadmen$), im epite of high adaorpsive capacisy shomed no measur—
able catalysic actividy Soward hydrogsa peroxids ia mesusral solutica,
wh2a caze was dakxoa thad all groups wazs prsseat in the hydrogea fora
( as 1a -CCOH groups). But whea the acid group 1a coavertzd by alkall
over into the -COCla sal3-grouping, thers aprears ca’alydic activisy
toward hydrogea peroxids, ®hich, homavsr, 1s very emall c@aparmd to
tha% of an astive ocazbon with basic grcups atdacheq, ' '
Ia judgiag the magnituds of the casalysic aotividy of active
carbon upon the decompositioa of hydrogea pezoxids, Brinkmaasn poiased
out thas ia the rapid evoluiioa of gas from the surface of the caztoa,
only a small fracsioa of the available basic groups ars involved,
nan2ly, $hoaz locaded im a tain, ouler s@nas vh2r3as thoss groupa which
cover $h2 lnasr surfaca i1a $h2 poras of the cazboa do not come iado
coadact with the moleoulas or icna3 of She hydrogea peroxida, duz to the
mazked 1inljerfersace with diffusion ia the pores cavsad by she evoluiica
of the oxyzea, Thad this relasioaship is aclually of coadzolling im—
pordance caa be g2ea ia the proaouaced dependance of the dacompositioa
rate upoa the graia sizs of the carboa, The la3ier muss be held withia

- Rarrow limits if aa accurate ccapariaon of catalylic ac3ividy is to be

basad ca such mesasursmenias,
Certala kinds of active carboa cam be used ia galvanio cells ia

place of manganese dioxids, I% 1s kno@a empirically thad a ralaldicaship
exia3s beiwsea %he ability of a subalancs $9 dacompose hydrogea perozids

‘and 1%s eleciromotive aotivity. aad usa of this faoct has beea mada ia
selaoting types of active carboa fox galvanie elenaala.
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Silica was reported to be a good catalyst by Lemoine (141),
‘but later work (142, 143, 144) has not supported this view, -
Fells and Firsh (142) observed that no decomposition of hydrogen
peroxids occurred in a silicate solution until gelation commenced,

suggasting that the appearance of the colloidal or solid phase is
required %0 initiats activity, Howsver, Penner (144) condluded

thad the decomposition proceeded uniformly ia both the asolution
and $he gel and was induced by impurities or the containazr surface,
Obszarvations have also been made on the form of ths bubbles gesner-
asad ia the silica gel (142) and upon photochemical decomposition
ia the system (1l44), | : |
Germanium app3ars noy t0 havs been 1nvastiga§3d for 1%s
poaaible action as a catalys$ for hydrogaa peroxids deocomposition,
Tia is quits clearly noa-cataly3ic as the discussion ia Chaplers 4
and 9 1ndica%ea, The rsport (134) that a yellow precipitate of
tiaiuaa slizhtly cadalytic seenms cerdain to have be2a basad upoa
~tha observation of aa impurs sam-le, T
Lead p:ovid@a one of the mosé aciive hetei@geneou& oalalysts,
Qualitative featurss of this catalysis have been reporded (134,
145, 146), mamely, thad divaleat lead in acid hydregen peroxids
i3 withoud eff3cd, alkaline condisions vhich produse lead dioxida
teing raquirad to bring abous the decomposition, A etudy (i%7?7)
of tha machaaism of this casalyasis warrantad the coaclusioa tha$
it can ba dascribad a3 aa oxidation-reduction cycle bejwaea
divaleas lead, Pb(C3),, and red lead oxide, Pby0y. Undez coadi-
$ions where cadaly$ic activity is high both of these ars presanﬁ
as soliad phaaas. in very basic solutioca higher oxidzas are forzed.,
Thug, the chazacteristioa of the various pH ranges are as follows.
Load niszate dlssolves ia hydrogen peroxids to give cleax, stabls
eolutioaas, If alkali is added, a whitish yellow precipilate
foras and medara’e acdiviiy may be observed, Witk fuzthsx addi-
tioa of alkali the precipilate changes t0 aa oraags—red form
and the decomposition becomes violead, The amount of alkall
requirad to reach this catalyais point was found to be invarsely
- proportional to the amount of dissolvad lead, with an addiiloaal,
uncertaln effzc$ of aging. The quantlty of pyrophosphate required
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- %0 stop the catalysts was roughly equivalen$ to that required for
formatioa of lead pyrophosphate, Pb2P20?. Tho oatalytic activity
reaches a maximum at an alkall concentration near O, 23- above thise
the lead bzcomes increasingly aoluble as plumbite and ylumba%e and
the catalytic activity diminishes, An unsuccessful attempd (147)
‘was made to demonsirate the‘oycliq oxidation~resducéion of lead by
'radioactive tracer sechniques, bus this approach was barred by the
finding thas even in the absance of hydrogsa peroxide, exchange oocurs
bedween plumbous loa and lead dioxide in nitric acid (in agresemsnd
with the literatuza (143, 149)) and beduwsea plumbite azd plumbate
'in basic solutioa (ia Aisagrsemens (149)),

The operasioa of this actioan on me$allic lead is quide s¥rilking,
Whea poliched lead, which i3 free from oxids 09a3ing, 1a immersaed ia
hydrogea peroxida the aodivisy is low, A white,pxeoipiﬁate gradially
fozms and afder accumula3ioa converis $0 red 1lsad oxids wish coasequeat
violens caualyaia.¥ I? the lead medal 1is icmersed briafly aad thea wiﬁh-
drama, the small quantisy of 1iquid oliagiag to the metal :agaiaa o
quisccaald for a_short $in2 aad 13 t2daa euddenly tarom off the au:faca
by violeas decompositioa as the medal acquiras a coating of rad load
oxids, Pb304.' Solutioa of the lead occura ia this process, aad this
is undoubs 3dly conneosed wi?h tha obsarva*isng tha3 hydregea psroxids
d2a3roys the pasaividy of 10ad (150) bud dses no3 affest the gTomid
of deadrites oa 13 (151), Prascsical lead cadalyata for hydrogzea
paroxid? decomposi’ion hava baesa d2agoribad (152)

halliun

The elementa galliua, 1ndium. and thallium appsar noi $90 have beea
1avestigaﬁed with r2apactd to possible cajalysic actioa oa hydrogea
peroxidas, :

2inc, Cadmium, Meroury
Zinc exhibits the uaugual capability of acting both as a cadalyad

and as a s$abilizer, As meationad in Chapter 9, 2ias ia solutioa ia
90 w$, /% hydrogen peroxida exarss a a3abiliziag effecs, I4 waa
obaserved (153) that this effect diminlshed as the}concentra%ioa of the
hydrogen peroxida was reduced and thai in solutions of l23a3 thaa 40 u%.% |
hydrogen peroxide the zinc aciad as a decomposition catalysd, This
ca$alytic action mas also obsarved (154) in mixture with other catalysis,
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Metallic 2inc was observed to decompouse hydrogen peroxide with
the evolution of hydrogsn and oxygen by Welss (56). No mechanism
has beea offored ln explanation of the ambivalent action of zino, |
The effeot of cadmium has been investigated only in dilute |
eolution and has been characterized as weakly catalysic (134.154)
or as ineffective (155).

Ia contraad, mercury 1s oclearly catalytic, and in addition,
exhibits the interesting proparty of inducing the catalysis ia
& periodic fashion, A numbsr of morkers (132, 156), 1ed by
., Bredig, havs desoribsq this phenomenon, which is reproducibls

only under fairly exac$ conditions, Scott and Sorsnsoa (157) des-
" oribad four diztinct ragimes of pH in which differeas actions of

hydrogen peroxide upon mesallic mercury were observed. In ex—
$remely acid solutica, below pH of 0.5, the mercury remalas brighid

aad thers is viriually no catalysis, but solutioa of mercury takes
place, Ia the pd range betwaan 1 and 4 msrcuric oxids is formed

on the surface of the mercury aad bosh mercurous ead mercuric ions
are found to cccur ia solution, sheir concentration increaaing
with time, The coacentratioa of mercuric iom was far in excesa
of the equilibriua wvalue for Hg++ + Hg = ng++. Beliow pH 2,5 the
quantity of oxida formed was voluminous and thrgun iato the
bulx of the solu*ioa, ol shough ocvaaigﬁ?%gy a brighs surface on
the marcury was malasained at a pH/2.0, Tha periodic catalysis
~ waa observed in the pH rarge beswsen 4,0 and 6.5, although
Bredig aad Starx (153) found it to be mosd prolcnged a¥ a pH
of 7., This catalysia is characterized by a period of quizscence
whea the surfacs of the mexcury is covered by a thia goldsa brown
film followed by a period of activity »on a clear, trigh3 mercury
surface, This oycling, which is distuzbed by siirring, may per—
- 8133 for a shord time while precipijlate is throma off ialo solu-
tioa at lower pd, Ernat (159) observed am inductioa periocd before
cycling begaa, and the earlier workara have investigated the effects
of addi%ivsa, tenparalurs, aad polarization upon this behavior,

~ Ia the pH raage abov2 & .the d2compositioca is coatiauous aad
rapid on a brighid mercury surface aad diasoived meroury 1a presend
at a concentration of less than 10“301&§/ f, 1In keeplag with
these obgservations mercurcus and mercurlc iems and oxidaa of

o A A YT raSTY
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meroury are found to be reduced to metallio meroury in basic solution,
mercurous oxide is oxidized to mercurio in the pH range of 1 to b,
and below pH of 1 the oxides are disasolved,

" The mechanism of the mercury catalysis ie not oclear, although
there appaara to exist a baais for conslideration of a oyolic oxidatioa-
reduction between metallic mercury and merouric oxide such as suggested
by Quartaroli (134).' The periodic featurs i3 mos$ readlly explained
&s & balance between physical aad chemical rate processes, the resuld
of local depletion of hydrogen ioa caused by the dissolving of merouric
oxide in the film adjasens to the mercury surface and the subsequent
diffusion of hydrogsa ioa in from the bulk of solution, Exparimsnis
‘to eadablish the naturs of the concentrasica gradienss near she
surface would be useful ia clarifying $ha mechaaism, I3 is also of
intexest to odmpara the ca%alyais by mercuxzy with thad of the nobia
metals, Ia the cases of mercury thar2 1s a transitioa from a set of
~coaditioas in which the mszoury obvioualy undargoes valeaoe changea'

either necessary or coacurrand $o the_caaalyeis to conditions ia
which no effect on ths mercury is evident, just as, for exmple,
bright pla%iaum 1s 13zelf apparaatly unaffaected by tha cadalysis,
. Coop2x, 8ilver, Gold

Copper acts both aa a homozanaous and as a heterogenzous

caldalyss, Ia thaese resp2ois coppe? i3 very similar $o irea,  although
leas active, aad i3 haa rsceivad far less study, = The opinion as2oms3
well-founded thai She catalyais by the two elements proceads by
much the game mechaaiam,(?3). Thu3 in the homOgeéeoua catalysis
there is an alternatioa betwsea the cuproua and cupric siates,
Kinetic da%a and diacnasioa of she reasons for the relative slommess
of the copper catalysis have been published (160, 161). Sulfoaanmides
iahibit the cadalyails (162), The catalysis by copper ia complex form,
as with ammoania, amizes, aad cisrate, has received study of coaaldar—
abla precision aad detail (163)., Tha remilia indicase thad the
decomposition rates encouniarsd may be graaler than with colloidal
copper hydroxide, Saveral suggestiona regarding mechanism for these
complexes, including copper paroxida formaiioca as a atep,»have‘baan
pu3 formard, but none is uaequivocal, Copper has also raceived
attention as a promoter or a co-catalys$, especlally =aith iroa (161,164),
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but also with tungsten and molybdenum (1?4 165, 165), manganese (167),

md ocobalt or nickel (168),

The heterogeneous catalyeis by copper (134, 163, 169, 170)
exhibits the same interssting maximum in rate as pH'ia lnoreased
that 1s observed with iron, This action for copper has bsea cleady
desoribed by Rudel and Haring (146) ead 8pitalski, Pesin,and
Koaovalova (171). Thus with O.4 mg. of cupric ion pexr liter,
30'70 hydrogea peroxide was observed to be colorleass balow pd 3,8
azd grass groea above pH 4,4, Between these two pH values a
yellow $urbidity dus to copper hydroxidas, Ou(OH)z, was obazerved,
and it was in this range tha$ the dscomposition rats maxima
‘oocurred, Me$allic copper 1%self haa not boen obsaryed %o be
parsicularly active, although 1% is suffilolensly so %9 baz i%a

use a3 a material of construction ror con%act with hydrogen
peroxids,

- In this group of elemenisa ailvar is the outatandipgly acarm
one, Dissolved argeatous silver is no% noticeably oa%alyﬁio, ia

facs, 90 ut‘z hydrog@a peroxid2 om be aaﬁura&ed with silvar
nltrate withouil effect, Bimilarly tha matal and silvar oxids,

Az 0, ia em=all prOportions ers soluble, and ars tharaby renda“@d
non—caﬁalyaic. In the presence of a litsle alkall, howeve:, this

toleranoe 1s markedly reduced, and the addition o

azgaentous loa, m3dal, or oxids quickly producea a precipiiaia
which iai%ialas decomposisioa, Tanre is. oconsidaradbla Qisara-
ture (170, 172) dealing with this catalysis, Various sheories
that the cadalyst proper is the meal, #he oxida, vr a peroxids
have beea advanced, but the mechaniem has not y2t bezan establishad,
Wiegel (173) hypothesized that the continuing cataly$ic dacem-
position ococurred whea the solubility product for argeaious
bhydroperoxids, AgO.H, was reached, He then proposed aa oxidatioa-
reductiioa cycle betweea the metal and the hydroperoxide. Weiasa (596)
iatarpreted Wiegsl'a work to show that reaction beiween argaaious
1on and perhydroxyl ioa oa silver metal produced thea pe:hydroxyl
radical resulting in a chaia reactioa, McIatozk (17%4) obaarvad
that the rate of d@oompositioa on ailver exhibited a mazimm as
the alkall conceniration was lnorsasad, There ia also evidencs

that alternat2 solution and r2daposition of the precipitata
occurs, since silver sols become mors coarse (273} in ca;r) ng

e Tl cat e L

e I

A AR



182

ous the catalysis, 8imilarly, a mirror may be plated ou% on the con-
tainer wall during catalysis under appropriate conditions,

Recent studies (175) have established, ia agreement with Wiegel,
that the precipitate formed is metallic eilver, and that argentous ioa
is present in solution, Both filtration and additioa of chlorids cause
the'catalyeiq to stop, '

The relative proportions of argentous silver and alkell rasquired
to initiate cadalysis have also been determined, In Fig, 6 is
shom the silver nitrate conceatzation required to iniltia’e ocatalysis

ia dilute hydrogea psroxide containilng varying proportions of alkall,
This ''casalysis poins'' represeats the condition a% whioh catalysis

caa Just be observad ia the solutioa by carsful inspecdion, Ko

- precipiiatz is discernabla, With coatinued addition of silvazr a

801id phase appears, and the coaditiona at which this le2ss praecice
observasion of these amorpaous, whida or 1lighd gray particles 1s mads

‘ara sghom in Fig. 7, I3 i3 appareat tha$ this '!precipiialioa poinﬁ"

is observed uader coadisioas parallel to thoas of the cajdalyais

poind and that Wiegel'as cbservationa of the criterioa for iaitiatioa

of caldalysis are confirmed, Coacurreat obzervations of the decompositioa
rase (1/5) showed the rade to rice after becoming measursable, to '
roach a maximua, and thea to decline to a constan$ valus as ths

opacantzasisa of alkali incraazad, Tha rate was firs$ oxdar wild

ra3p20% $0 hydrogaea paxéxide conceadzasioa ia She ragioa whez3 no
sozid _phase was visible-and became zero ordar when the pracipiiale
appeared This ac3ion is showa for 90 aé.}{ hydrogen paroxida ia
Fig. &.

. Ia conasidering a mechanism to acoouad for these obaexvastions
wisd silver it is intereating to note thad comditions ars favorable
for oxidatioa and reductioca beitween metal and argenious ioa over the
eatirs pH range studied, yed the metal is not atable uantil the oriterla
of Figa. 6 and 7 are mes, The ghape of the curves in thesa figurss
auggaata that the crijerioa 1s the eatabl ishment of a solubilisy
producd, This caanot be argentous hydroxids, Agoﬁ. hoéavar. since
the product (ag¥) (0H™) never exceadad 10 11. well chors of the
accepiad value (176) of & z 10 3 Considaration of ths solubilisdy
product for argentic hydroxide, Ag(Oi)n, ano azs warranusd, ca the
othar b?“d, since the product (1g++)(OH )2 averagsd 19 23 4h these
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experimenta, and this solubllity product was estimated to be 10~32. ' ,
Measurable oconcentrations of argentic silver would not be expected %o
be formed by hydrogen peroxide except a$ high acidity (1??). bué
reaction with argentic silver is known (173) to be vigorous, In .
'spite of this agreement and she obvious slope of -2 in Fig, 6 and 7
1% can be shown that the slope should be ~1 for solubility products
iavolving argentous or urganiic (II or III) hydroxide or argentous
hydroperoxide, The apparent lack of involvement of argentous ion and
the necessity for mesallic silver to be present suggests an oxidatioa-
reduction cycle between metal and the argentic state, but this and
the other mechanisma suggssted remain speculative, ‘

Gold providas a heterogsneous cadalysis tpical of tha nodle '
metals such as vlatiaum, palladium. eic, A gold 80l formed either
ia sisy by reduction of auric chlorids (179) %xteraany by the arc .
method (180) provides a catalya$ which beccres inoreasingly activs
with increasing alkali coaceatratioa, The features of this calalysis,
including the effects of salss aad poiaoaa; have beea describasd ex-
cellently by Bredig and Reiaders (180), Further investigatirna have
besn made of the effeots of methods of praparas$ioa of gold sols and
the temperature coe’ficieats obasrved (131) and the degree of disper—
sioa of the sols (95, 182),
ick21, Pallndium, Pindiana

Hicxel exerss vir3ually mno calalviic effect ia acid solutions of

hydrogea peroxide, aad shows only a mild catalysis whea colloidal
mickel hydroxide, 81(03)2, is precipitated by the additioa of alXall
(7?5, 183). The action of mixtures of nickel oxids, Ni, 0y, with other
oxidas (162) and supported mickel sulfats (13%) have been siudied
with respect to their casalyiic aoctivity toward hydrogsa paroxide,
Ia the case of the supporsed nickel only silica gel among & number
of supporting substances mas found to aciivate catalysis %o aay dagrse,
This action was observed to exhibit a maximum as the proporsioa of
nickel oa the silica was inoreased, |

Palladium appears to bzhave much aa platinum does, the fealures
1 of catalysis by palladium spacifically having baea reporied by
i 'Biedig and Fortner (185). Th2 mechanism of both cadalyses has beea
suszested (58) to involve eleciron transfer from the melal, and ihe
activity of both 2etals has beesn reported (186) to exhibit a maximum
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with time of contact, A difference batween the two appeara to be
engendered by the high absorptivity of palladium for hydrogen gaa
Ia the hydrogenated'ntate the palladium becomes a more active
catalvet (185), and it is of intereat to contrast this action with
the report (187) that hydrogenated palladium can aleo brirg about
the formation of hydrogea peroxids from oxygen, A further diatino-
tica 1s fouad in the observatioa (148) thas palladium black is no
mora active as & catalyst for hydrogen peroxide dsoompoaition

than the massive metd ,
Platinum has received the greatest attention among the

noble metal catalysta for hydrogen peroxide decomposition, In
pheir lengthy study of this catalyst Bredig end von Barneck

' (86) oharasterized it as an "inorganic ferment", and it has often
been referrsd to in this fashion to denots a resemblance of its
action to that of enzymes.‘ Platinum has been studied chiefly

' in the colloidal state or as platimum black; in these forms it

is ordinarily highly aotive, whereaa bright sheet platinum
:‘apparently s a oonsiderably 1ess active catalyst, The catalysis
'on platinum has generally been found (189,190) to bs first
order with respect to hydrogen peroxide concentratlon, but

""" gecond order kinetics have elso been reported (191), - The

"preaence of alkall 1ncreases tha activity of platinum and acid
inhibits 1t (85,190, 192),. Tartar and Schaffer (192) concluded
that under acid conditions both hydrogen ion and th2 acld anlomn
exert an effeot, but that in basic solution the promotion 1s
dus to hydroxyl ion alone, They also ooncluded from s tudies of
'platinum protscted by galatin that the presencs of acid or
"~ alksli affects both the catalytic prooess and the protection
by the gelatin, Other treatmenta such as aging of the oatalyst
' (193), heating (19%,195), eleotrical polarization (196) or
x-radiation (197) slso affeot the activity., Although heat treat-
ment was found to deorease the aotivity of platinum, the ratio
"of the dacomposition rates at two temperatures was unaffected
bylihis treatment (194), The relationship of ths potantlals
aasumed by platinum in hydrogen peroxide (198) to the mechanism
of decomposition has not been adaquately explained (see also
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the discussion of standard éleotrode_potentials in Chnptef 5). The
effect of the dogree of disperéion on activity has been disputed,
8ieverts and Brﬁning-(190) found platinum black to be 1ntérmed1ate
in activity between the colloidal and massive metal, but .other (188)
have concluded that the activities of the smooth metal and of platinum
black are the same on an equél surface area basis, Alloyling platinum
with 107 iridium, rhodium, palladium, ruthenium, or osmium was found
(199) to produce a series of hydrogen peroxide descomposition catalyats
the activity of which deoreased in ths order cited, Substitution of
water with other solvents also affects the d ecomposition rats on
platinum, as discussed in Chapter 7, :
A number of observations have been mads of the effeots upon platinun
of various inhibitors and poison3a, Thess includes mercury and lead
(200), carbon monoxide (201), triazo ilon (202), oyanide (203)(disputed
(204)), protective colloids (205), and many other salts (203, 206, 207)
and non-aleotrolytas,(203,207), In the case of polscning by meroury,
Maxted and Lewis (208) obaservad the decrease in sotivity to be proportional
to the amount of mercury addsd up to a certain poirt, Kubokawa (209)
found this relationship to be a lirear logarithmic one, Salts -
exhibit differing effects as inhibitors for platinum, Heath ard Walton
(206) found aluminum, thorium, sodium, nitrate, sulfate, and fluoride
ions without effect, whersas ohlorids, nitrits, and cyanida acted as
poisons, Hexaplatinate, Pt(OH)gg, was observaed neither to catalyze
the dscomposition mor to affect the sction of platinum. Neilson and
Brown (207) concluded upon the basis of a study of the effectz of
various sodium salts and chlorides that cations inhibit the decomposition
of hydrogen peroxide by platinum end that anions accelerate ita action,
Several mechanisms such as & oyclic oxidation-reduction involving
platinum oxides, formation of atomlc oxygen, reciprocal depolarization
of atomic hydrogen and hydroxyl radical (210), and eleotron t ransfer
(56) have been suggested to acoount for the catalysia of hydrogen peroxids
‘decomposition by platinum, Rookstroh (211) recently reviewed this
‘subject and concluded that the active form of platinum is the metal
and that it provides a site for reaction rather than entering into
" an oxidation-reduction schema, - This is in accord with the muoh‘earllar
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conclusion reached by MacInnes (212), who soouted the intermediate
oxide thaory and emphasized the importance of adsorption, In this
respect it 1s reported (190) that platinum dioxide is reduced

by hydrogen peroxide and platinum monoxide in unaffected. There
seems to be no doubt that the observed rate of dacomposition

on an active platinum surface is limited by the rate of diffusion
of hydrogen peroxide to the catalyst surface (211,213) {See also
the disoussion of the coefficient of diffusion in Chapter 5),
Further insight is provided by the study by Pennyouick (214%)

‘of the naturs of colloidal platinum, It was concluded that

the hydrophobioc sol produced in an oxygen-containingz system is
negatively charged, with both metal and dloxide present on the surface
of ths pé?tibles and hexaplatinate ion prssesnt in the lyosphsrs.
surrourding the particles., Boiling or aging causes hexaplatinate
to prass into the bulk of the solution and leads to coagulation,
In a nitrogen or hydrogen atmosphere no oxida or platinate is
present, the system being stabilized by the distribution of hydrogen
and hydroxyl ions, - This desocription appears to be in accord with
ths conclusion that the metal is the activa eatity. Thus, sols .
formed in a'nitrogén or hydrogen atmosphers are sevaral-fold mors
a6ti7va than thoss prcdused undsr oxygen (215), and exvosurs of

a 8ol formed undar oxygzen to a low partial pressura of oxyzen
inorsazes 1ta activity ( 87,215) (although greatly inorsased
oxyzsn preasure iz without effesct (217))., The ineffectivens3s

of inoreased proportioné of hexzaplatinate has been noted above,
The conclusion that substances such as chloride and oyanide owe
their effectiveness ss polsons to their ability to form complexes
‘with platinum also sppears to be consistent with this viewpoint.
It seens 1ikely that the metal itself functions by eleotron
tranafer to the hydrogen peroxide.

L4

.Cobalt, Bhodium, Iridium ‘
In the metallic state cobalt exhibits a pecullar effect of

paasivity, that is, on being 1ﬁm9rsed in hydrogen peroxide the
 metal acquires an oxlde coating and a mild catalysis ensues, but
this behavlor may be succeeded unpredictadbly by a state of
anormously enhanced aotivity. At the exhanustion of the initial
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hydrogen peroxide and addition of more, however, the former slow
rate of decomposition is resumed, A qualitative study of this
phenomenon (218) revealed no correletion betwaan'appenrance of the
metal surface, electrode potential, pH, temperature, or time of
immersion and the onset of the rapid ocetalysis., It appesred that
the effect of high activity could be induced only in concentrated
hydrogen peroxide, and that it was gssocinted with large changes in
electrode potential, generally toward mors cathodic valuses,
Cobaltous ion does not exart a notable catalytic effeot 1n
hydrogen peroxide solution, but upon the addition of alkall,
cobaltic hydroxide is precipitated and decomposition ocours (219)..
Tryhorn and Jessop (220) found the sotivity of this catalyst to
vary considarsbly, end the mode of its esction is not yet clear,
although the following chargeteristics have been observed (218),
Pigure 9 provides a comparison of the pi-titration curves to be
observed with a solution of cobaltous ion in the presence and
ebsence of hydrogen peroxide, (The relative displacement a.rrz the
abscissa 1s without signiriéanoe; since a certain amount of free
acid was initially present in these experiments,) .The results-
indicate that in tha presence of'hydrogen peroxide direct oxidation
to the cobaltic statz and préoipitétion of cobaltic hydroxida
occurs befors cordltions for the prascipitation of cobaltous
hydroxide are reached, Other experiments (218) showed that the
concentration of cobalt required to initiate catalysis is inversely
proportional to the alkali concentration, the criterion for catalysis
thus being the attalnment of a solubllity product., At alkali
'conééntrations helow about 6N all preoipitated'cobalt is in the
trivalent state, all soluble cobalt divalent, Some solution of
trivalent cobalt ocours at more basic conditions, Pyrophosphate,
carbonate, sulfide, and arsenate are 1néffect1ve as inhibitors of this
catalysis, and tha ultraviolet absorption gpectrum of alkaline
solutions containing ocobaltous ion and oobaltic hydroxide 1s not
affected by the addition of hydrogen peroxide, Radiocac!ive tracer.
studies (221) showed that no exchange oocours between cobaltoua
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ion end cohaltic hydroxide either in the presence or gbsence of
hydrogen peroxide,. These facts appear to rule out en oxidation-reduction
ocycle as the mechanism of catalysis, A free radical mechanlsm
remains for oonsideration, however, This has heen suggested to
explain the catalytioc decomposition of ozone (222) and cumens
hydroperoxide (223) by cobalt., Furthermore, a study (224) of the
oxidation of water to oxygen byAcobaltic ion revealed that this
‘reactlon can induce vinyl polymerization, and 1t wes postulated
‘the hydroxyl radicals are formed hy electron'transfer from
hydroxyl ion to cdbaltic ion, the latter perhaps being present
es a dimeric aqueous complex, Other complexes of cobalt such as
with ammonia and citrate also exart a catalytic effeoct on hydrogen
peroxide (225). Supported cobalt (184,226) is also catalytic, end
instances of promotion of hydrogen peroxide catalysts by cobalt
have been reported (168,227).

; Rhodium and iridium have received little attention 1n1¢egard
’to their action as hydrogen peroxida decompos%gion oatalyats.v.A
Rhcdium blsock is only briefly reported to be/active than the

" massive metal (188), More informative studieshsve revealed that

the decomposition of hyd@rogen peroxida on irjdium sols is kinetically
~ first ordsr in hydrogen peroxide concentration (217,228). Althouzgh
the action of iridium is epparently quite similar to that_df
platinum, e,Z., 1in being inhibited by sulfide, mercury, and cyanide,
Brossa (228)_found that iridium 1s distingulshed by the fact that
‘alkali does not affect it, whereas acid enhances its action,

-Iron, Ruthenium, Osmium

'~ The homogeneous oatalysis of hydrogen peroxide decomposition
by iron has received extensive and skilled attention, Consequently
a rairly detalled desoription is avallable in this lnstance,
although many questions remain unanswered. The disocussion below
includes reference to the following aspects of this catalysls: the
decomposition of hydrogen peroxide acscompanying the oxldation of
ferrous lon to the ferrio state, the mechanism of the homogenaous
decompositlon madlated by ferric ion, the inhibitlon and promotion
of tho latter, decomposition brought about by iron in complex forn,
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and heterogeneous iron catalysis. Several reviews
(73,229,230,231,232) deal with this subjeot (excepting the
haterogeneous catalysis); those by Baxendale (73), Meialla and
Kolthoff (229),and Uri (230) are to be recommended especially,
The earlier investigations of the catalysis by iron (233,
234,235,236,237,238,239) have been o oncerned with both the
catalysis accompanying the oxidation of ferrous ion snd that dwe
to ferric ion, howevér, the former has attraocted partioular '
interest because of its relation to the oxidlzing powers of the
ferrous ion-hydrogen peroxide mixture termed Fenton's reagent (229),
Perrous ion 1s oxidized by hydrogen peroxide according to ths
stoichlometry: 2Pe*t + H 0, + 28— 2ra™* 4+ 280  (31)

This resction 1s quantitative if ferrous ion 1s in excess,

but decomposition of‘ﬁydrdgen peroxide and the evolution of
oxygen ococurs along with the oxidatlon of ferrous ion Af hydrogen
peroxids i3 present in excess. In addltion to establishing
these facts Mummery (234) also found that the initial liberation
of oxygen in the latter ingtance occurred at an exceedingly
rapid rate., This subsided to a much lower value as ferric

ion became the dominant form of iron and catalysis due to 1t
ensued, Haber and Welss(240) dafined for this phenomenon tha
consumption ratio, A{H;0,)/3(Fa**), It is epparent that the
value of this ratlo will be 0,5 if reaction (31) proceeds
quantitativaly, and 1arger valuea will result if catalytic
decomposition of hydrogen peroxiae accompanies ths oxidation of
ferrous ion., Thers has been disagreement in regard to the
limiting value which this ratlo may assume, but it now seems
well established by the work of Barb, Baxendale, George, and
Hargrave (161) that this ratio does reach a limit determined

by the reaction conditions ard does not increase to the largs
values reported previously (240).

Several mechanisms have been put forward to acccunt for the
decomposition of hydrogen peroxide sccompanylng the ferrous ion
oxldation, The formation of ferrate, Fe04++, as an intermediate
waa postulated by Bonnson and Robertson (235) on the basis of
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-ppectroscopic studles, The coloration they observed, however, is now
attributed to the presence of impurities, A higher oxide of iron,
such as FegOs, has bean suggested to take part (237). Various kinds
of complexesvor iron and hydrogen peroxide have alco been put
forward, Bray and Gorin (238) proposed a mechanism involving
~ ferryl ion, Feo'*, Mhe presently-sccepted mechsniem, however, is
‘one in which Aintermediate roles are assumed by the free radinals
hydroxyl end perhydroxyl, Such g mschanism was first suggested by
Heber a nd Weliss(2L40) following en earlier suggestion of Haber and
Willstatter (241), AsideAtrom its value to establish the mechanism
of this ocatalysis this theory marks a significant advance in the
un&erstanding of reaction mechanisms generally. The mechanism
involves the following set of reactions: '

Fo™* + H,0, — 3 Pe*™* 4 OH + OH" ~(32)
Pt 0H —y Pettr 4 onm (33
HyOg + OH ———y O.H + Hy0 (3w
Pe** + 0,8 —ypetto0ET . . (35
re“* + 0 ————) Fe*"~+ Bt + o, | , o (36)

This haa bzen established by the wrk of Bard, Bawendale, George

end Hargrave (161) which should be consulted for the extensive
experimental Justification, This differs from the scheme originally
suggested by Haber and wems (240) 1in tbat thay proposed the
reaction

HzO3 + O3H ——y OH + H0 + 0, (37)

to ocour instead of reactions (35) and (36). It can be seen that
the oxygen 1s generated by the ocourrence of reaction (36), and
the competition of ferrous ion and hydrogen peroxide for hydroxyl
radical determines the extent to whioch reaction (36) may take
place. ' |

Ihe oatalysis of hydrogen peroxl de decomposition brought
about by ferrie ircn procseds similarly (161), the series of
reactions Ynvolvad belng initiated by

Fo' ™" + 0,H" ——— Fe™ + 0.1 (38)
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and followed by remotions (32, (34), (35}, and (36), This schenme
13 consistent with the kinetic expression ~d(Hz0,)/d0 =
Ak(FG+++)(H303,/(H ) observed at high values of the concentration
ratio, (Hz03)/A(Pet**), It 1ikewlse accounts for the relation
~d(H305) /30 = k'(H,O,)B/z(FeH"')/KH*) "',K] * observed at

very low ratios and the still different kinetic expression found
for intermediata ognoentrution ratios, This mechanism also
differs from the /suggested by Haber and Weiss (2U40); further
experimental work (242,243) aend discussion (244 2L45) pertinent
to ths kinetios and mechanism have been furnished by Andersen and
Christiansen (242), Onat and Parts (243), Welsa (244), and Abel
(245), In tho 1light of ths considerable number of studies of

the initiation of polymerization by the Aron-hydrogsn peroxide
system (246) thers seems 1little doubt that free radical mechanisms
are operative in these catalyses, HMany questions remain, however,
For example, the participation of ferrous ion in the ferrioc

‘ion catalysishas not been firmly establishad (73), although the |
evidence (247) for it 1s raasonable. A complex, [F"(OgH)]H of
" the ferric ion and the perhydrozyl ion has been demonstrated

(248) to ococur, but it is not clear to what extent it participates
dir=ctly in the above'aéhemes. The more recent disvussions of
mschanism hava also favored a rola for the QUperoxida ioa, Oy,
‘@3 the actual reactant rather than tha perhydroxyl radical from
which it would be formed (249,250). Perhaps of greatest interest
is the revival of consideration of higher valent iron as an
intermediate, Medalia and Kolthoff (229) pointed out that the
ferryl ion of Bray snd Corin may exhibit many of the attributes of
the hydroxyl radical and might thus play a part in the above
schemes. Cahill end Taube (251) have also suggested that
quadrivalent iron may be an intermediate; they further proporce
that the two-electron stap which produces it may ocour side by side
with a one-electron trarsfer, thus providing roles for hoth
ferrio 1on and the state of higher valence,

* K representa the ferric lon hydrolysis constant,
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effests of various anions such as nitrate (25h), fluorids
(163%,250,255), cnlorlde {161,256), sulfats (236), cix,r'ate (2577,
phosphete (25

’ 2
5,258), and acetate (255) upon the cetelytic deco omposition
2

of hydrogen paro yxide by iron salts hsve been invecfioated,” Effects

rof both pron zotion and 1ran1uion wnrd observed viith vary 1ng.c1trate
T

—_—

:COﬁCenbfa -iong; whereas the effeot of chloride was found to c?w*

H

?from 1nhibition to inertnes dﬂppndinv upon the ferriz icu conoentration.

'Otners such as fluoride, phosphste, and acetate ere observoi to

‘act as 1nh*b1tors just as acetanilide (259) does. Represuntative data
ahowing the effects of such inhibitors as phosphate and ;tanna

;are presented in Chapter 9. Other additives are outstaxding as
promoters for this b?talYS’o, exd the action of oop**” (161 164)

. molybdenun (260;, mixed molyodenum and tungsten (261), aud

rt"P°f°" slone (262) have been studied in this resogtt

‘

’l

Iron in various complex forms also causaes cat 1ysi=, althouah
the reactions have not been 1nvesbipated e1t9n317 ly enough to
fPstablish the meohqnism. These catalyses arP OFQPPTt10U19r ‘ -
intersst, however, because of their relation'tg ‘the enzyme cctcLase,'
Fanother catelyst whtch Contains iron in a comrﬁet forn, Dacompositlon
;finvolving complexes with oipvridyl and phenavthroline (257,239, 263)
" has recelved ettention in oonneotion with studleb of the mechanism
of cotalysib by iron as ferrous or ferric 1(n., In reviewing the
catanlysis by complex iron, Bexendale (73) rus pointed out that
durlng the formation of these complexes 1.(Lh0 presence of hydrogen
vpéroxlda thera 1s a c:talytlc decompositfon more rapid than that
observed with ferric ion alona or subqequ antly with the complex
alone, It was concluded that in this ;nntnnva too, a fres radical
mechanism is oparative The deconpos‘ttontmlou*ht gbout by
:-QVunldn COW\"K‘“ of 1iren (”3,20w) ‘a,o‘ onrt‘cular interest
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discontinued, -Brikantan and Bao (266) suggested a role in the
mechanism of this catalysls for a complex into which a
hydrogen peroxide molecule is substituted, and the extended
study of Lal (267) has estzblished the importanve in the
mechanism of ths agueous complex formed by hydrolysis of the
cyanide., This work has also ruled out ferric hviroxide as

the active entity., The actions of ferri-nitrosopentacyanide
(268) and varilous metal-ferrooyanides (269) have also been
studied,

The decomposition of hydrogen peroxide by heterogensous
iron catalyats hes not yet recsived any study which permits
mush insight into the mechanisms involved, Ferric hydroxide
is an active catalyst (236,270), and an example of its action
when present in s=all amounts relative to the hydrogen peroxide
is given in Chapter 9, as well a3 an interpretation of the
results as a colloidal surface effect. Others have suggested
that the true catalyst s ferric lon adsorbed on the collold
(271) or that an oxidation-reduction cycle takes place (272)
snd have oompared the effectiveness of this catalyst with its
dagree of orystallinity (273). The catalytioc activity of iron
oxida, PFay05;, appears to Have bteenstudied only from the stand-
point of the effect of crystal structure (236,274). Other
hetarogenescus iron catalyst for hydrogen peroxide'dacomposition '

. that have been investigated are blast furnace slag (275), pyrite

(276), end spinels (84). In the latter instance Schwab,
Both, Grintzos, ard Mavrakis (84) postulated that the activity
of a magnesium ferrite is due to ferrous 1ons‘present as a

consequent of disorder et tetrahedral lattice sites; a zino

ferrite, which dces not contain such ferrous ions exhibits no
activity. Hetercgenéous catalysls by mixed iron-copper
hydroxides (277) and supported iron {239,278) has also been
recordad, ‘ .

Ruthenium aprears not to hqve been investigated, for its
action ss a hydrcgen peroxide dscomposition catalyst. Osmium

in alkaline solutién provides a catalyst' of rather highsaotivity.
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Fritzman (279) found it possible to observe the catalysis of dilute
hydrogen peroxide with concentretions of osmium tetroxide as low

as 10" mole/liter, At e thousend-fold grester osmium concentration
the rate of decomposition was independent ¢f osmium concentration and
Tirst order with respect to hydrogen peroxide, A maximum in rate
was observed as the alkali concentration was increased, Neas, Baymond,
end Ewing (280) studlied this catalyst at high alkali concentration

[ (NeOH) /(080,) =(400)] in an spparatus permitting extremely rapid
mixing and found the rate of decomposition to be dependent upon the
square of the osmium tetroxide concentration (at mixed conditions).
In the presence of acetic acid or ﬁropionic'acid ths catalytic
decomposition and acid oxidation, which is negligible without
hydrogen peroxide, appear to go forward to parallel and independent
fashion (281). '

The catalysis of hydrogen peroxide deoompositlon provided by i

| manganese 1s an active one which has been observed amirsported often, L

Dissolved manganese in the menganous state is itself without effect
(282), although it has been reported to promote other catalysts,
for example, copper (283).- It has slso been olaimed that a
homogenszous catalysis of hydrogen peroxida deconmposition can éccompany
the stolchiometric reduction of permsnganate, referred to in
Chapter 7., These studies, however, have beem made at pH values
substantially higher than those used in the common analytical
procedure. Evidence for such a catalysis initiated by permanganate
has been published by Foulnat (284) and Abel (285) and has been
reviewed by Baxendale (73). The mechanism proposed to sccount for
this 1s one involving free radical intermedistes; such mechanisms
have also been suggested for other reactions of permanganate (286).
However, the possibility of formation of mangansse dloxide in the
reaction of permanganate with hydrogen peroxide 18 well-known

| (287), and 1t is possible that this in fact provides .the catalyst,
’ *Fhithermore, calouletions mads by the’present'euthora with the
data presentad (28L4) indicate that the value of the product




199,

(Mn**)(0H")? exceeded 10~¥ 1n all the experiments oited in thie
referencs in which complete decomposition of the hydrogen peroxide
ocourred, This 1s conslstent with the mechanism involved in
catalysls by mangansae dloxids as disoussed below, Others (288)
have desoribed experimental methods of following the extremely
_ high rate of the permanzanate reduation and subsequent catalysis
by manganese dioxida,
The catalysis by manganese dioxide (96, 289) aprears to

occur yia an oxidation-redustion oycle, A study (282) of this
revealed that when manganous ionor permanganate was added to
very dilute hydruganvperbxide'hélutiona of various alkalinities,
no catalyais ocourrsd umtil the solubility product for manganous
hydroxids, approximately 10 1&’ was reached, Tha logarithm
of the valua of the product, (sm* )(OB )2 that had to bta excseded
befors catalyais began, wa3 an inveras linear function of

. the. concentraticn of hydrogan peroxida.. Tha concentration of
pyrophosphata required to pravent this catalysis was proportional
to the manganous ion OOnoentratipn. Badloactive tracer experinents .
'extablishea that ezohangs ocoﬁrrad tetween manganous ion arnd
colloidal manganess dioxida while the deoomposition took place
and the meohanism was therafora poatulated to be: '

Hz0, + HaOp + 287 ———— m*™ + 21,0 + 0, (39)
Matt + 21,0 ——-—-> Mn(CH), + 237 .. (ko)
nﬂ(oa)a + 3303 ) ,' HnO; + 2330 » (ul)

However the evidence regarding exohange in tha abasnce of
hydrogen peroxide (291) 1is conflicting, and since thase traoer
studies involved a step in which the solutiona were boiled, they
are not conolusive (28%,290).

‘ The metal apparently oatalyzas ‘the decomposition by the aame
mechanisn, The potential assumed by metallio manganese bearing
‘a coating of manganess dioxids has been neasurad in aqueous
golutions of varyirg rH ard manganous ion and hydrogen peroxide
‘concentration (292). The results wers corpavrad with similar

. potentials with platinum'and with theorstical potentials
calculated by assumlrng varilous meéhanisms for the oatalytio
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decompogition of hydrogon peroxida, The obanrvations were congintent
with the assumption that the potantial was controlled by the reaction
for tha reduction of menganese dioxide to manganous on, Scholder ang
Kolb (293), on the other hand, have suggested that peroxymanganates may
participate in the ocatalytio mechanlsm, Further work will be required
before the state of the catalyst ocan be oharacterized satisfactorily,
In partiocular it ig known that the composition of ‘manganese dioxide
geldom corresponds exaoctly to the formula MnOs (294); furthermore the
oxide having this exact Composition 1s reported (294) to be a weak .
catalyst, It geems further that the activity of the several oxide
forms.(295) oan be related to their depolarizing properties (296).
Heat treatment likewise affects the activity of manganese dioxida
toward hydrogen peroxide (297). Supported manganese catalyata (298)
appear to offar systems more amenable to characterization, ‘Mool ana
Selwood (299) studied the denomposition of hydrogen peroxide on oxides
of manganese supported by aluzina and rutile by magnetio susceptibiiity
teohniques (93) end found that the metivity could be sorrelated with
the oxidation state of the catalyst. The activity was at a maximum
when the oxidation state was between +3 and +4, aid an oxidaticie
reduction cycle 1nvolv1ﬁg manganese dioxide and the oxide Mny0, was
therefore suggested. Reasons for preferring this cycle over the
cycle indicated in reactions (39) to (41) were given., A& quastion in
regard to the relative eass of nuclzation and formation of ths '
catalytic solid phase was also raised, This)ﬁ%rtineht to all tie
instances in which a heterogensous catalyst-1s‘fbrmed'1gl§1§y.Jf~It
seems reasonable that the prevalence of requirements for a solubility
product to be attained before cétalyéisléén proceed indicates this

to be a common pathway fo: forqation of the solid, Q.%., %he dioxids

1s the aotive manganese'catalyst, but although fhg equilibriumlis favorable

this solid cannot be formed directly from golition, prior precipitation
of manganous hydroxide being required to provide a solid phase upon
which the higher oxidation state of manganese can bé}stabilizad.

Mool and Selwood also suggested that the detailed meohanism nay

involve an eleotron transfer process whereby hydroxyl radicals are

St s fiaen s




generated, .
No report 18 avalleble in regard to the possible catalytlc
action of tecnetium or rhenium,

Chromium, Molvbdenum, Tungsten

These three elements are of particular interest because
“the homogeneous catalysis of hydrogen peroxids decomposition
which they cause provides good evidence of the operation of
- mechanisms involving peroxy compounds es intermediates,
Baxendale (73) has reviewed the subject, Tha qualitative features
of thevhomogéneous,catalysis‘by chromete have been reported by
many of t he early workers; extended kinetic studiee first being
provided by Biesenfeld (300) and Spitalsky (301), and amplified since
by others (302 303,304) The hexavalent stata, either as '
chromate, Cro. , Or dichromate Cr3;0,, is the active ona,
although some reduction to the chromlic state, crttt 5 oceurs in acid
solution with"hydfbgehfperoxide. The mechanisms postulated have
agreed in that the chromate reacts witb hydrogen peroxida to
form a peroxychromate which then decomposes to yield molscular
oxygen. Unoertainty remains in regard to the subsequent form of
the chromium, whather 1t 1s reducad to chromic icn, then oxidized
azain to chromate (301) or whather tha chromate 13 regenerated
directly from tha peroxychromate (303,30%). However, it aprears
safe to conclude that an oxidation-reduction cycle involving
peroxychromate ooccurs, Promotion of chromate, with cobalt (22?),
manganese (305,306), molybdenum (307), end copper, iron, and
nickel (306) has been desoribed; vanadium is reported to inhibit
the system (308),

As a heterogeneous catalyst chromium is not particularly active,
The metal ylelds only a feeble catalysis which 18 1ittle affected
by pH, oxida formation on the surface, or the pressence of
dissolved chromium, In concentrated hydrogen peroxide some solution
of the metal may te observed; similar preferentlal solution of
chromium f rom stainless steel can also ocour. Colloidal chromic
hydroxida (309) and supportad chromium (299,310,311) have also
been studied,
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The homogoneous catalyals by molybdenum (312) noamn to proceed

‘through the formetlon and decomposition of the peroxymnolybdates, Moo,'
and Moonf, and possibly,'MoOba, wvhich are formed in hydrogen peroxide

solution from molybdate, MoO,”. No other valence state appears to be
involved, The promotion of the molybdate catalysis by other metals
has been studied by Uri (154) end especially by Bogdanov (260,261,
307,313,314), .

Tungntate 1s a less active catalyat than molybdate (becoming ~
virtually inert in acld), but appears also to cct through the equivalent
peroxy compounds, Wog- end W0g . The kinetics of the oatalysis have
been studied by Bogdanov (315). Tha promotion of this catalyais has
also received attantion (261,262,313,316), The catalysis of hydrogen
peroxide decomposition by tungsten in the metalllic state or as the
carbide has been studied briefly (317); in this state the oatalytib
aotivity of tungsten is reported to decline repidly with time,

Vanadate has bean desoribed as providing a homogeneous catalyat
for hydrogen peroxide decomposi ition which operates_through an oxidation-
reduction cycle involving various peroxyvanadates (308,318,319).
Vanadium supported on rutile or alumina was found to be inactive
(299). Metallic niobium was reported to act as @ slow catalyst,
whereas tantalum 13 inert (320)

No 1nformation 13 available regarding the extent, 1f any, to
which titanium, zirconium, or hafnium act as catalystsfor hydrogen
peroxids decomposition, :

Boron, Aluminum, Soandium, Yttrium

| Borate with hydrogen'peroxidé'enters into an equilibrium which
provides stable peroxyborate, The inertness of aluminum metal and
the stabilizing properties of the hydrous oxide are discussed in
Chapters 4 and 9, and further evidence of its non-catalytic nature
is availrble (121,321), Socandium and and yttrium apparently have
not been investigated as hydrogen peroxide catalysts.
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' The oxidas of oerium ard thorium were brierly reported by \
Lemoine (lbl‘ to ba modarauﬂJrgood oatalysta for hydrogen e
Dﬁroxide deoompoaition.u Fgrthag|lpf?rggplop on‘tpgso seriés ;;p««

of alamenta.la nqt available.,

The Alkaline Eartha . ...
., Although the alkaline earths have occasionally: been 1noluded
in 1lists of catalysts for hydrogen peroxlde decomposition, .. ..:-. -
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it seems reasonabla.to conoluda, that these, elemerts are not ... (.o -

catalysts. por g4, but rather exart an;effect.through the -;q;kalinity. -
of certein of. their solutions,. . Hagnasium ion does in; - ... .-
fact provida a .8tabllizing. actlon under appropriate . conditions.,
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326), synthetic detergents (32?), and alloys
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‘(99$ aa catalysts ‘for tha dacomposition of hydrogen peroxide ‘
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ha3 been obgarvéa and studied Hih the caee of natural 4 .{U :rw
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oA noteworthyaspect. of .a numbar of .the, catalysts.for;) -
hydrogen pep031@§ldeqpmpgglpion 13.the. remarkable Jperiodicity . ..
of action whioch; they,qxhibit ~The besat . known examples areg: )
lodate (126) ard mercury (156), but. the phemomenon.alsg . .- an
ocours with metalllc iron and qopper‘(aza)_ and other examplea: ..,
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have been resported. in the monograph:by Hedges and Myers (329).. : . .
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It seems olear thet periodicity arises when physical rate proocesses
such as diffusion bring about periodic changesin the concentration
of some chamical species taking part in the ocatalysis, It has

been suggested that the phenomenon may be due to the ealternsate relief

and establishment of supersaturation with oxygen in the

solution, However, in the instance of lodate oatalysis (126)

it was found that it was necessary to eliminate supersaturation
before the periodicity was revealed, A study of the decomposition
of quite pure hydrogen peroxide (105) showed no difference

between experiments with and without shaking as long as the
unshaken apparatus was allowed to come to equilibrium with respect
to supersaturation, A case in which supersathration may play

a role may be observed if concentrated hydrogen peroxide is
spilled over an expanse of cement floor. Under such cirsumstances
waves of inoressed rate of ozygeﬂ release somstimes periodically
sweep across the surface of the actively decomposing liquid,

Promotion, Inhibition, and Polzsoning

' Attention has been directed in the foregoing discussion of the
various elements to studies which have demonstrated the promotional
effect often observed when mixtures aras testesd for thair ecatalytie
effect, By promotion i1s meant an increase 1n decompositlion rate
over and sbove the sum of the rates to bs observed with the
1nd1v1dﬁal components of the catalyst mixture., A well-known
example encountered in hbmogeneous catalysis 1s that observed

with mixtures of copper and iron (161,164); this is discussed
further in Chapter 9. A number of otrer examples and a discusslon
of the phenomenon have been given by Barkman, Morrell, and

Egloff (ref, 68, p. 414), Promotion i8 not confined to

homogeneous catalysts, however, and may also be observed with
co-precipitated metal hydroxides, This is shown for the case

of silver in Figure 10. The results (104) exhibited there were
~obtained by the same procedure described on page 171 and may
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‘be compared with Figure 5, These promotion studies indlocate

how the effect may vary with the dilution and age of the

 catalyst as successive portions of hydrogen peroxide sre

decomposed, It is also of interest to note the marked enhancement

brought about by calciuh hydroxide, which by itself has

relatively little catalytic effeot. Supporting a catalyst on an

inert carrier may also promote its sction; it may convert on '

otherwise inert material into a catalyst, or it may activate an

ineffective valence form as in tha case of argentous ion (81),

The ease with which such promotion may come about through support

by glass or silica (330) muat be considered as s possible source

of error in decomposition experiments, Other supported

catalysts have been referrsd to in tha discusslon sbove, The

‘kinetlios observed on supported catelysts are often unusual (311).
Occasional mention has‘also been made in the above discussion

of catalysts of substances which diminish_dr stop the déoomposition

‘of hydrogen peroxide, termed inhibitors or poisons, Practical

application of such substahces is made in stebillization as discussed

in Chapter 9. A wids variety of substances sct as poisons and

a number have been mentioned above in connection with individval

‘catalysts, Most of thaose mentlionsd ars inorganic, but many

organis substances are strong inhiblitora of such catalysts as

silver and platinum (332). Tha mechanism of the polsoning

action is frequsntly obscure, for example, two substances that

separately are catalytic have been reported to be mutually inhibiting

in mixture (333). Although early studies (86,334) competently

deacribe the phenomena of poilsoning c¢ualitatively, it 1is only

recently that an understanding based on electron structure has

been approached. This subject in general 1s reviewed by Maxted (335).

ORGANIC AND BIOLOGICAL CATALYSTS

No simple organic substances of low molecular weight have
been found to be true catalysts for hydrogen peroxide decomposition,
and phthelocyanines (336) appear to be the only readily synthesized -
organic cetelysts, Aside from these and the catalysls reported




207.

for colloidal cholesterol (337), the orgenic datalyabs 80
far observed are all of bilological origin, This applies also
to such artificial hydrogen peroxide catalysts aes {ron-albumin
mixtures (338) and hemin supported on charcoal (339) which
have been likened to enzymes, And although many observations
have been made with poorly defined biologicel cstalysts
as bacteria (340), yessts (341), algae (342), end blood (343),
the greatest attention has been centered on the enzyme, catalase,
The structure and biological function of oatalase in
relation to hydrogen peroxide and other hemoprotein enzyme~ 1is
outlined in Chapter 7?, The enzyme was named in 1901 by Ioew
(344), who studied the effects of pH, solvents, and salta
on the action with hydrogen peroxide of crude extracts containing
catalase, Later work (345) established the grosa kinetics of
the catalysis of hydrogan peroxide decomposition ard ths
inactivation of the énzyme accompanying it, More recently it
has been shown (346) how the interference of inactivation can
be overcome by experimental methods much improved over the
classical techniques, There is now a considerable body of
information regarding the kinetics and mechanism of catalase
~action on hydrogen peroxide based on the work of Ksilin and
Hartree (347), Chance (348), George (345), Sizer ard Besrs (350),
Theorsll and Ehranberg (351), and others (352). A number of
inhibitors for the catalysis have been described (353). Ali
these facts end the mechanisms held to sccount for them have
been the subject of thorough recent reviews by Chance (346,354)
and George (232)., Two points of view are now current, ons
holding that the catalysis proceeds yia the formation and
decomposltion of complex compounds of catalase snd hydrogen
peroxide (see reactions (48) and (47) in Chapter 7), the
other considering that free radlcal intermediates are also
involved, This was first suggested by Haber and Willstatter
(2l41), has been discussed by several authors (102,355), and 1is
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championed in the review by George (232). An interesting suggestlon

in relation to this (232) is that the high sotivity for hydrogen
peroxlida decomposition which oatalase exhibits is equlivalent to

1} that which it is estimated by extrgpdmtion that ionic iron would

provide were it not precipitated in elkaline solution, On the
other hand preliminary reports (232) indicate that polymerization is

f» not initiated by the catalase-hydrogen peroxide system, and a

mechanism involving only the complex dissociction (354) appears to
have greater currency at present,
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