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FOREWORD

This technical report was prepared undor Contract AF 04(611)11208
{Project 3148) by FMC Corporation, Princeton, New Jersey, for the Air }
' Force Flight Test Center, Air Force Systems Command, Edwards Alr Force 1
Base, California, The work reported here was conducted between Decenber
1968 and April 1966, Dr, L,R. Darbee was the Project Director for 74C |
Corporation, Dr. T.C.F. Munday was the principal {nvestigator in the iabor-
atory part of the program, and Mr, Paul L. Garwig carried out the literature
tearch, The program was conducted by the Inorgsnic Chemicals Division of
FMC Corporation under the general direction of Mr. A.R. Morgan. Lt,
Ralph Fargnoli, USAF/RPCL, was program monitor for the Air Force.

This report contains no classified information extracted from
classified documents.

Publication of this report does not constitute approval of the report's i
findings or conclusions, It is published only for the exchange and stimulation C
of ideas,

GEORGE F, BABITS
Lt. Colonel, USAF
Chief, Propellant Division




ABSTRACT

The literature on the heterogeneous decomposition of hydrogen
peroxide by inorganic catalyats was surveyed. The aim was to provide
background information useful in the development of new catalysts for high-
strength hydrogen peroxide in propulsion applications. The survey was
prepared as part of a research program on the development of active, stable
catalysts for decomnposing 98 per cent hydrogen paroxide, Published litera-
ture, technical reports, and patents {n the period 1945-1968 were included.
The survey showed that silver and platinum are the most extensively investi-
gated catalysts. Other major catalysts are palladium, copper, iron, cobalt,
manganese, and their compounds., Various methods have bean proposedfor
increasing catalytic activity by additives that promote the parent activity of
elements or compounds. Samariurn nitrate-treated silver, cobalt-manganese
oxide mixtures, ruthenium and its compounds, and silver-gold alloys are
the most active catalysts that have been reported.
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SECTION 1

INTRODUCTION

The development of high-strength hydrogen peroxide and its appli-
cation to propulsion by Germany in World War II gave impetus to investiga- {
tions of catalysts useful in torpedoes, rockets, gas generators, and similar f
devices, Commercial production of 90 per ceat hydrogen peroxide in 1945 '
and 98 per cent hydrogen peroxide about 1948 by the Buffalo Electro-Chemical
Company increased the scope and the challenges of successful propulsion _
systems employing catalytic decomposition. i

Many catalysts for the decomposition of hydrogen peroxide have been \
investigated. Silver has long been known as the best catalyst for rapidly
and efficiently decomposing hydrogen peroxide in propulsion applications.
However, sustained operations vith 90 per cent peroxide and short-term
operation with 98 per cent peroxide have shown that the usefulness of silver ;
io limited because of melting and severe erosion at high decompousition
temperatures. |

Under Air Force Coutract AF 04(611)11208, FMC Corporation
began a program in December 1965 to develop improved catalysts for i
decomposing 98 per cent hydrogen peroxide in rocket applications, This |
literature search was aimed at providing background information from all )
sources on the development of inorganic catalysts that may be of importance f
for future development efforts. Published literature, technical reports, ;
and patents issued in the last twenty years were reviewed. )

The emphasis of the search was on the development and charac-
terirstion of catalyst materials, 7The meport is written from a chemical
point of viow, Engineering aspeccts of either catalyst design, motor con-
figuration, safety, or testing of propulsion units were included only if they |
bear directly on the development of new catalysts, Applications of catalysts
in specific propulaion devices were not included.

Hydrogen peroxide decomposes at a measurable rate in contact with
any substance, The rate depends on both the nature and quantity of trace
slements either added to ur discolved from the container. There is &
considerable amount cf literature devoted to this topic. However, it has
little bearing on the choice of catalyst for rapidly Jecomposing concentrated
hydrogen peroxide in bulk unless such impurities either poison the catalyst
or promote the decomposition rate without drastically altering the thermal
stability of the bulk peroxide. Also, most of those studies relate to homo-
geneous catalveia. Effects of impurities on the behavior of hydrogen per.
oxide were includud in this survey only if thay related directly to hetero-
geneous catslyst performance.
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One of the most active fields of ressarch in hydrogen peroxide
decomposition involves complex or coordination compsund catalysts, which
are generally considered inorganic. Those complexes containing organic
groups were not included here because of their relative instability at the
high temperatures of interest in propulsion applications, However, litera-
ture dealing with organic promoters of decomposition rate was izucluded.

Strictly speaking, the division of hydrogen peroxide catalysts into
heterogeneous and homogeneous may be considered to blur the definition of
the parameters involved in heterogeneous catalysis, Cextainly a complete
study of mechanisms of heterogeneour catalysis must involve detalled con-
siderations of homogeneous catalysis, There are unsettled questions, in
fact, as to whether certain reactions are homogeneous only, heterog:neous
only, or both haomogeneous and heterogeneous, As & practical distinction,
catalysts were included in this search only if a solid phase was reported to
participate in the reaction, Studies of homogeneous reactions that may
relate directly to heterogeneous mechanisms were not included. Studies
of the kinetics of thermal decomposition wers included because they relates
to catalytic decomporition of peroxide at high temperatures,

The text of this report is arranged according to the groups of the
elementa in the periodic tcble, References are discussed under the section
covering the element containsd in the most active catalyst investigated,

Thas not all information on & particular element will be found in & single
section. An index of cross-references i» fucluded at the back of the report
to facilitate finding information throughout the report concerning the catalytic
behavior of any particular element,

A list f the principal sources used in the literature search is alac
included. The main source was Chemical Abstracts. Whenever postible,
each reference is keyed to its abstract to help in locating further infc.=>.a-
tion on those papers difficult to obtain,
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SECTION It

PRIOR LITERATURE SEARCHES AND REVIEWS

During the first few years after World War II a number of reviews
appeared covering various aspects of the manufacture of hydrogen peroxide
by Germany, The general usre of peroxide for propulsion was reviewed by
McKeea (262).* Various propellants, including 80 per cent hydrogen per-
oxide and ignition catalysts, were reviewed by Cherney (34). In 1947 Lavi
(227) reviewed various possibilities for using hydrogen peroxide as a fuel
and oxidizer, Later reviews of the use of 90 per cent hydrogen peroxide
(25) and "anhydrous" hydrogen peroxide (26) as propellants were publizhed
by Bloom and others,

In 1952, Evans and others (57) published a critical review of the
energetics of reactions involving hydrogen peroxide, its radicals, and its
ions. Hart and McFadyen (98), in & 1954 classified (now declassified) tech-
nical report, presented a comprehensive and cri:ical review of the thermal
and catalytic decomposition of hydrogen peroxide vapors. The authoritative
reviews by Baxendale (15) and by Weiss (362) deal almost entirely with
homogeneous catalysis, but because of the emphasis on mechanism, they
are {requently cited.

The 1955 monograph by Schumb, Satterfield and Wentworth (309) of
M. 1, T. remains the most comprehentive source of information on hydrogen
peroxide, In their discussion of decomposition by inorganic catalysts the
authors pointed out that 'progress in predicting the mechaniam of the decom-
position of hydrogen peroxide by heterogeneous catalysts has been disap-
pointingly slow and lags well behind the understanding of homogeneous
catalysis.!" The same statement applies to the subject today. The more
than 15 years of research in the M, I, T. Hydrogen Peroxide Laboratories
has generated a considerable number of technical reports, most of which
were listed in a final report by Satterfield (255) in 1962,

Tamura (339) published (in Japanese) a 1960 review of the catalytic
decomposition of hydrogen peroxide. In the same year Baldwin and others
{10) reviewed studies of dissociation of hydrogen peroxide with respect to
the role it plays in the reactior of hydrogen and oxygen. Fisher and Zeil-
turger (58) reviewed in 1960 the state of catalyst development for rocket
applications of hydrogen peroxide at concentrations of 90 per cent and
higher. A 1962 publication of the Shell Chemical Company (318) contains
an annotated bibliography of about 350 references on the production, use,
and catalytic decomposition of hydrogen peroxide.

* Numbers in parentheses denote references in Section XXI.
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A Defense Documentation Center biblio
(110) prepared for the present search is available through DDC,
bibliography on rocket propellants

useful information and leads to the earlier literature,

graphy on hydrogen peroxide

A general

published by DDC (297) also contains
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SECTION I,
ALKALI METALS®

The alkali metal compounds normally do not catalyze the decom-
position of hydrogen psroxide. However, Krause and co-workers (202)
reported that sodium ion can activate the catalysis, Normally inactive
CoCl; in solutions with pH <7 becomes very active in the presence of dilute
sodium acetate. Sodium ion also promotes the catalytic activity of a solid
mixture of aluminum oxide hydrate and Co(OH);. Coprecipitation of the
hydroxides from a solution containing sodium ion yields a catalyst of greater
activity than that of a catalyst of the same composition prepared by mechan-
ical mixing, The activity {s ascribed to the formation of a surface polyanion
having a free ligand coordination position to cobalt,
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SECTION IV.

ALKALINE EARTH METALS

1. BERYLLIUM
Krause and Orlikowska (180) found that the cnﬁiﬁic rate of decom-

.=+ position of 150 cc of 0.3 per cent H;0O, at 87°* by 0.1 gram Be(OH); was
. increased 3-fold by first adding 1. 0 cc of a BaCl; solution.containing 10~

gram Ba®! lona, The activation is presumably a result of Be(OH);- Ba*t

. complex formation at the surface, These authors (196) luter showed that

the catalytic activities of Ag(l) and WO,?" ions are greatly increased when
the ions are adsorbed on a Be(OH); carrier, Ordinarily the ions are only
slightly active. Both ions gave a firet-order reaction.

In a comprehensive review of beryllium oxide, Budnikov and Belyaev
(32) included a discussion of interactions with hydrogen peroxide.

2. MAGNESIUM

Krause and co-workers (187) compared the homogeneous and hetero-
geneous catalytic activities of magnesium hydroxide aad basic magnesium
carbonate in the decomposition of hydrogen peroxide, The heterogeneous
systems gave larger conversions.

Krause and others (148) found that the weak activity of Mg(OH); in
the decomposition of hydrogen peroxide is ltrongly promoted by adsorption
of Cu(ll) ions, even at concentrationa as low as 10 gram/liter. Other
‘fons, including Ag(l), Mn(Dl), Co(ll), Ni(1l), vo,it, Cr(lll), and Fa(ll)
poisoned the catalyst.

The influence of emall concentrations of added SnO; on the catalytic
activity of MgO in the decomposition of hydrogen poroxide was determined
by Zhabrovs and Fokina (378). SnO; contents of 0, 0! to 6.4 per cent yielded
different results for different methods of preparation. The highest activity
resulted with a catalyst containing 0, 086 per cent of SnO;. It was prepared
by heating MgO moistened with a chloroform solution of (CyHy)¢Sn to 600°*
for an hour. This catalyst decomposed H;O0; 4.1 timee faster than did MgO
alone at 90*, In some instances, low concentrations of SnO; could not be
detacted by x-ray analysis, which suggested that MgO and SnOj formed »
surface compound,

Krause and Flura (179) found that adsorption of cobalt fons oan
magnesium carbonate yielded an active catalyat for decompowsing hydrogen

* All temperatures in this report are degrees centigrade unless noted as 'F.
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peroxide. Wetting 0.0! gram of MgCO, by |1 ce of CoCl, solution decome
posed 80 per cent of a 3-per cent HO; solution in 30 minutes, whereas the
CoCl, solution aione decomposed only 1 per cent in the same time. Mn(II)
{ona behaved similarly to Co(ll), but Zn(ll), CA4(ll), and Ni(ll) ions were

m“‘cu".
? - Krause and Orlikowska (198) determined the effect of adsorbed ion-
pairs on the catalytic activity of Mg(OH);. The pairs La(ll)/Cu(ll),
3 Mg(Ll)/Cu(ll), and A(II1)/Cu(ll) all promoted the activity but to an extent

] that depended in each case on the order of adsorption of the ions, This
"catalytic mutation'! is ascribed to the formation of surface complexes in '
which the first ion adsorbed becomes the central atom. ‘

Krause and Kukielka (183) reported that Co(ll) iona were 00 active
adsorbed on magnesium hydroxide that they yielded observable decomposi-
ton rates down to 10°¢ gram at a dilutionof 1:2 x J0%. Mn(fl) ions were
less active; Cu(ll) ions were without effect.

3, CALCIUM

Krause and Wolski (141) found that Ca(CN); in the presence of Mn(ll) :

fons was an extremely active catalyst for decomposing hydrogen peroxide. ‘

Either component alone was inert. The mixturs was so active that the

L decomposition could be used to detect 10°® moles of Mn(ll), which experi- ]
ments indicated to correepond to the decomposition in one second of over '

| 20, 000 molecules of HyO, by one grame-atom of Mn(ll), The behavior was ]

attributed to the formation of traces of surface complex radicals. Co(ll)

ions bshaved similarly to Mn(Ll),

Krause (150) later studied the catalytic action of Ca(CN); with *
respect to the decolorization of indigo carmine solution by decomposing
hydrogen peroxide. Catalytic activity was promoted by the following fous,
in decreasing order: Mn(II), Co(It), Fe(Ill), Mg(ll). In the presence of
Ca(ll) lona, Ca({CN); was inactive,

The use of eolid CaCOy, SrCO,; and BaCO, as carriers for various
adsorbed lons in the catalytic decomposition of hydrogen peroxide was in-
vestigated by Krause and co-workers (192), Both Co(I1) and Ag(l) lons
catalyse on any of the three carriers. Mn(ll) was similar, but it was more
sctive on CaCO, or BaCO, than on Sr00,, Cu(ll) and Fe(lll) were less active,
Ni(II) and C4{II) were ineffective but small differences between thern were
! ronsistently observed. K, Fe(CN), gave s positive effect on CaCO,, buta
- nogative one on SrCOy or BaCO,. The results showed that both active and
inactive lons are adsorbed, but evidently only active lons change the crystal
iattice dufect structure, which allows the surface to assume donor properties
and gives the fon/carrier complex & type of n-defect arrangement. On this
l basis the decomposition can be described as acceptor catalysis,
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Krause and others (172) reported that although BaSO4 is inactive as
& catalyst for decomposing hydrogen peroxide, it can be activated if precip-
itated at 98° in the presence of & Cu(ll)/Co(ll) ion mixture. Activation was
not observed when the same procedure was used at 20°,
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SECTION V.

BORON, ALUMINUM, SCANDIUM, YTTRIUM

1. ALUMINUM

According to Krause and Borzestkowski (147), vorious forms of
sluminum oxide hydrates can be differentiated by the relative activities of
adsorbed Mn(IX), Cu(ll), and Fe(IlI) in the decomposition of hydrogen per-
oxide at 37°, Invariably, adsorbed ions provide lower activity than do
either of the ions alome, The relative retardation by the carriers was:
amorphous AJ(OH)y<v-AlOOH (boehmite)< a-Al(OH), (hydrargillite)<v-
Al(OH); (byerite), The technique can be used as an analytical method for
distinguishing the oxides. It was also found that in solutions of mixed ions
the activity depended on the order of addition of the ions.

Krause (i43) found that although aluminwn ions do not decompose
hydrogen peroxide at 37° in solution, they do promote or inhibit the activity
of other catalysta. Al(III) promotes the decomponsition by copper ferro-
ferricyanide, but inhibits the decomposition by CuO, mixed gels of
Al(OH)y-Cr(OH)y= Fe(OH);, Cu(OH),;~-Pb(OH);-Fe(OH),, and Mg(OH);-Cu(OH),-
-Fe(QH);, and by Cos{ Fe(CN)] gel. Complex formation and blocking of
active centers are used to explain the results,

Schwab and Greges (311) studied the catalytic decomposition of
hydrogen peroxide by semiconductor alloys of aluminum and antimony, At
constant surface area the catalytic reaction rate is faster on n-AlSb than on
p-AlSb. Alao it was first order on n-AlSb and second order on p-AlShH,
These facts are said to confirm that the reaction is an acceptor reaction.

In other experiments it waas demonstrated that catalyst corrosinn is
diminished by covering the surface with HO,;. Irradiating both catalysts
with ultraviolet light resulted in an increase by 20 per cent of the reaction
velocity on p-AlSb and a decrease by 20 per cent on n-AlSb.
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SECTION V1,

CARBON, SILICON, GERMANIUM, TIN, LEAD

. CARBON

&, Nature and Mechanism of Carbon Activity

The decomposition of hydrogen peroxide by molded carbons prepared
from coal-pitch coke heated above 2200° was investigated by Ichinose (111).
Samples of molded carbons heated between 800 and 2800° wers used to
decompose 87 per cent H/ O, (in H,;S0,) to determine the effect of thermal
treatment on activity, The rate was about constant for samples heated up
to 1200°, sharply fell off at 1200-1300°, then gradually declined to zero at
2200°, above which no decomposition was detocted. The abrupt change at
1200-1300°* is ascribed to a ninjo: modification of the surface structure,

Rrinkmann (28) attempted to relate the activity of activated carbon
to the ease with which it decomposes hydrogen peroxide. Sorption of strong
acids and alkalies can be used to determine the surface groups that exhibit
acid and basic properties, both of which determine the chemical nature of
the carbon, By determining the half-time of catalytic activity in the decom-
position of hydrogen peroxide it is possible to detect small changes ia
carbon surfaces,

Brinkmann (29) later published a review of catalysis by activated
carbon in which the decomposition of hydrogen peroxide is discussed in
detail along with other reactions. The nature of surface-active groups was
considered to Le important for understanding the behavior of the catalyst in
this reaction.

Gants (82) examined qualitatively the products formed in the decom-
position of hydrogen peroxide to determine surface properties that affect
the mechanism. The reaction was extremely sensitive to the chemical
nature of the surface. The mechanism was determined by the relative
content of alkaline and acid sites on the surface, It was concluded that
surface oxides participate in the reaction, and during decomposition are
gradually convarted to oxides of carbon, which are given off with oxygen
and water.

Additional kinetic evidence from experiments with brick-activated
carbon was used to confirm previous theories as to the nature of carbon
activity (83). In additicn, Gants compared the velocity of HyO; decomposi~
tion on anodically and cethodically polarized carbon electrodes. The results
indicated that the action of HyO; on active alkali oxides depends on the
exchange of OH" fons on the carbon surface with HO,- ions in solution.
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Puri and others (295) studied the catalytic activity of charcoal pre-
pared by carbonizing sucrose with sulfuric acid. Thres samples were used:
(1) as prepared, (2) degassed at 750°, and (3) degassed at 1200°, Sample (l)
was the lesst active and sample (3) the most active, The di{ferences were
attributed to changes from acidic to alkaline aurfaces as the temperature of
thermal treatment increases., Degassed charcoal chemisorbed enough oxygen
during the dacomposition te form a surface-oxygen complex that makes the
surface acid und of diminished activity, A mechanism was suggested:

Hy0; = Ht + OOH"
(C)H* :OOH" == (C)Ht :OH" + (O)

Hydrogen ions are adsorbed, the unstable OOH" decomposes, and H* and
OH" combine.

1sbin and others (246) decomposed hydrogen peroxide at atmospheric
pressure by passing solutions through small catalytic tubes of various ma-
terials. Porous carbon was the most satisfactory carrier tested. Alundum
tubes gave ihe least reproducible performance, Weight losses were smallest
for carbon and irium (cobalt-plated brass) screen catalysts, Equations
based upon resistances encountered to the movement of hydrogen peroxide
from the main body of the solution to the catalyst liquid interface, and upon
the resistance to decornposition at the catalyst liquid interface, accounted
for the dats according to a first order reaction. The equations indicated
that a liquid-film, diffusion resistance was controlling for the silver tubes
and irium screen catalysts. The controlling resistances were the sum of
the liquid diffusion resistance in pores of the carriers and the resistances
to decomposition at the catalyst liquid interface,

Fomenko and co-workers (74) used 0'* {sotope exchange to study the
mochuum o! catalytic decomposition of hydrogen peroxide by activated
carbon, 0'® was included Jn the asurface oxides and in hydrogen peroxide.

It was established that in the reaction, oxygen is not exchanged between the
basic oxides and H,O or H;O;. When 0'* was present in H;0;, it was found
that in decomposition the 0'* content of the basic surface oxides approached
that of H,0;. On the average the transfer consisted of 25 te 30 per cent of
the initial amount in H;O,. The resulta were consistent with the proposal
that hydrogen peroxide decomposition on carbon involves the participation
of surface oxides, and that a volumetric interaction between basic OH groups
oan the carbon surface and HO;" ions in hydrogen peroxide results in the
displacement of the groups by the jons. Since paramagnetic resonance
measurements were not successful in detecting (ree radicals on the carbon
surface, & chain mechaniem for the decomposition could not ba established.

In & later study using the isotope method, Fomenkn and others (75)
concluded that the liberation of oxygen by activated carbon involved an
exchange reaction vf surface CH" by HO,",
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b. Effects of Additives and Impurities

The rate of catalytic decomposition of hydrogen peroxide by inorganic
reagents adsorbed on activated charcoals was examined by Watanabe and
Shiramoto (360). Highest activities were obtained with adsorbed MnCl,,
CoCl;, PdCl,, H;PtCl;; moderate increased resulted for adeorbed HCIO,,
HNOjy, NHCl, (NH )50, MgCl;, FeCl;, Co(NO,);, and SnCl;. The lowest
values were obtained for NaOH, KOH, KMnO,, H;50,, H;PO,, and some
metallic sulfates,

Magaril and Aksenova (238) determined the effect of sulfur content
on the catalytic activity of carbon black. Several methods of thermal treat-
ment were used to induce combined sulfur, It was found that catalytic
activity increased with sulfur content ard that carbon treated in hydrogen
sulfide had autocatalytic uctivity,

The catalytic activities of coal, coke, lampblack, animal and other
charcoals, and graphite were examined by Krause (137)., Graphite was
inactive, The activities of the other catalysts depended on their iron,
calcium, and magnesiumn contents as well as their absorptive power,

Kobozev and Zubovich (120) reported that the adsorption of micro
amounts of mixtures of Fe(lll), Cu(ll), and Ag(I) inhibited the catalytic
decomposition of hydrogen peroxide hy sugar charcoal.

Kokado and others reported that persimmon tannin (127) and tannic
acid (128) inhibited the decomposition of hydrogen peroxide by active carbon,
presumably by blocking active sites at the surface,

¢. Behavior of Carbon Electrodes

Ivanyi (113) used the relative rates of hydrogen peroxide decomposi-
tion to obtain information concerning the porosity, surface area, and dif-
fusion rate in activated carbona used as dry cell depolarizers. i3 such
depolarizers, beats results are obtained with active carbons having many
active and few inactive pores.

Kamiiks and others (11%5) determined the relative activities of carbon
electrodes from various manufacturers. Effects of an oxidizing atinosphere
and of & waterproof film were also determined. Matsumoto and others (257)
reported that the activity of carbon electrodes for wet air cells could not
be directly related tu activity in the catalytic decomposition of hydrogen
peroxide, In a study of carbon electrodes for wet air cells, Makino (242)
found that the terminal voltage of wet air cells at constant current dis -
charge, the rate of hydrogen peroxide decomposition, and the electrical
conductivity of the carbon electrodes could be related,
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2. SILICON

-‘ Penner (189) searched for a specific catalytic effect of silica gel,
Experiments were designed to compare decomposition rates in the sol
bl before gelation and in the same mixture during and after pelation. Results
, from the thermal decomposition of hydrogen peroxide in basic silica gels
: made from sodium silicate and sulfuric acid revealed that gel formation j
: did not affect the stability of the peroxide at room temperature., Both the
wall effect, and quantum yields greater than one for the photodecomposition,
indicated the existenco of reaction chains during the decomposition. In
these expcriments it was shown that for silica sol and silica gel the fizst- !

order reaction rate constants were the same and that the quantum yields
X were of the same order of magnitude.

3. LEAD

a. Metallic Lead

In 1946-47, the Naval Torpado Station at Newport, Rhode Island

‘ tonducted a program to evaluate various catalysts for decomposing 80 per

' cent hydrogen peroxide in subrnarine and torpedo applications (277). Lead-

! plated irium (cobalt-plated brass) catalysts were being produced by the Navy
! at that time. Techniques for activating catalyst screens were examined.

‘ The problem of poor starting characteristics of lead screens was solvad by

\ adding silver as an activator. Coating the screens with polyvinyl alcohol

y was alao found to be a possibility for activating the initial reaction. Limited

[ experiments were also corducted tv evaluate silver-activated cobalt screens

and special irjum screens prepared {rom Inconel, Monel, and stainless steel,

No substantial incrcases in catalyst performance were reported in this : |
program, ' |

Markovi€ (244) studied clectrochemically the mechaniam of decom- o
position of hydrogen peroxide on metallic lead. The potentials of cells with
Pb/Pt and . b/Ag electrodes in H;O; were atudied as a function of time. ) ‘
For 0,01-¢,25 M H,O,; at 20°, 40°*, and 60", the decomposition required [
an induction perjod, which is not observed for higher concentrations, !
Neither was an induction period required if the electrode was first immersed
for 30 minutes in 0, 1 M H;O; &t 20°, The decomposition war a zern-order
reaction. Catalytic action of HyO; on freshly prepared Pb(DH); showed that
lead oxides of the formula PbO,, (n= 2 to 3) are formed.

Masterson and others (256) obtained a British patent (assigned to
Minister of Supply, 1952) covering mixtures with high lead content for i
. decomposing hydrogen peroxide. The catalysts are prepared by igniting

mixtures of Pb, PO, KMnOy, and Se, Te, or S, with asbestos. In a typical
formulation, 400 grams of powdered Pb, 100 grarms of powdered Se, 200
grams of powdered KMnO,, 100 grams of powdered PbO, and 4 grams of )
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asbestos are pelleted and ignited. The resulting hard, porous pellets have
high activity and low erosion in use, The catalyst contains about 4 per
cent of free lead. '

b, Lead Oxides and Hydroxides

Broughton and others (249) inveatigated the relative activity of
various freshly precipitated metal hydroxides as catalysts for hydrogen
peroxide. Le&d hydroxide showed high activity. Silver hydroxide had an
initially high activity, but it was rapidly poisoned by subsequent additions
of the peroxide. Cobalt, osmium, and manganese Lydroxides had inter-
mediate activities, averaging from one-fifth to one-terth that of lead. Iron,
copper, nickel, chromium, selenium, cerium, and mercurous hydroxid.
were considerably less active,

Broughton and co-workers (250) also examined coprecipitated metal
hydroxides as catalysts. The hydroxide mixtures were precipitated directly
in 48 per cent HO;. When distilled hydrogen peroxide was used, only the
following combinations showed an activity higher than that of lead hydroxide
alone (the most active single hydroxide tested): silver plus any of the
following: 20«40 per cent nickel, 20 per cent cadmium, 4U per cent magne-
sium, 20 per cent copper, 20 per cent manganese, or 20-40 per cent
calcium, As successive portions of HO, were added, the activity of these
systems dropped more rapidly ti.an that of lead hydroxide so that, at high
cumulative values of peroxide added, lead was again more active than any
of these combinations. In the case of catalysts evaluated with Navol C-3
percxide, the only combinations having activities above that of lead were
silver with 20 per cent of magnesium or calcium. The activities of these
systems also dropped below that of lead at moderate cumulative values of
H; added. Activity promotion was observed for other mixed catulvsts
but all such activities were below that of lead.

Kulitskii (209) attempted to relate photoconductivity relaxation times
of semiconducting PbO to catalytic activity in the decomposition of hydrogen
peroxide. Different samples of catalysts gave one or two relaxation times,
one of which could,be directly related to catalytic activity., For the second
relaxation time, tllere was no apparent relation, In a succeeding study
Kulitakii (210) {ou‘:‘l‘d a qualitative relatioaship between catalytic activity and
the stationary photoconductivity of PbO,

B;oughmn and others (248) conuvucted experiments that provided
streng ovidence that the catalytic actir.n of lead salts in the decomposition
of hydrogen psroxide is due to a cyclic oxidation-reduction of lead. In the
catalysis by metallic lead, the active agent is a coating of PbyO4 formed
on the metal, This coating appears to be formed by the initial diasolving
of lead, in divalent form, in the H;O;, followed by oxidation and redeposi-
tion as PbyO4 on the metal evrface. The evidence did not indicate that PbO,
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forms by direct reaction of lead and H;0;.

A 1949 U, S, patent by Wernlund (364) assigned to Du Pont, covers
A lead oxide-containing catalyst especially useful for decomposing hydrogen
peroxide., In the preparation, lead is first electrodepotited on a porous
iron support, This is then briefly electrolyzed first in an alkali metal
cyanide solution, then in an alkali metal carbonate solution. The catalyst
thus produced has a very large surface area.

_ On the basis of O'® distribution in the hydrogen peroxide decomposi-
tion reaction, Fomenko and co-workers (75) concluded that in the presence
of PbO, the decomposition is explainied by an electron transfer {rom FbO,
to H;0;, with rupture of the O-0O bond.

Krause and Magas (149) studied the effects of adsorbed ions on the
catalytic decomposition of hydrogen peroxide by lead hydroxide FPh(OH), at
37°, Cu(ll) and Mn(II) ions promote the activity, whereas Ag(l), Hg(I),
Mg(Il), Zn(ll), Fe(Il), and Pb(1II) ions have no eifect, Activity is inhibited
by Ni(II), Co(Il), and UO,*" . Cu(ll) was said to be adsorbed on Pbh(OH),
as CuO, which participated in a cyclic reaction:

(1) 2Cu0 + H;0; == Cu O + H;O + O,
(2) Cus0 + H;0; = 2Cu0 + H;0

The results indicated that the reaction was first order with an activation
energy of about 18 kcal/mole in all cases.

The "superadditive'' activity of mixtures of several amphoteric metal
hydroxides in the decomposition of hydrogen peroxide was studied by Krause
(151). Mixtures of 100 mg Ni(OH); with 1 mg of either CuO, ortho Fe(OH),

" or Co(OH);, were inactive as catalysts at 37°, However, mixtures of 100
mg Ni(OH); with 1 mg of Mg(OH); or Mn(OH); were very active. Also, a
mixture of PbO* 4 H,0 with CuO and Mn(OH); was inactive, but a mixture of
PbO-{ HO and Mg(OH); was extremely active. Direct mechanical mixing
of Fe(OH)y with Mg(OH), gave an inactive catalyst in peroxidative HCOOH
oxidation, but the same mixture was active when the two hydroxides were
melted together,

"
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SECTION VIL

NITROGEN, PHOSPHORUS, ARSENIC, ANTIMONY, BISMUTH

1. PHOSPHORUS

s

{ons {or the catalytic decomposition of 200 cc of 0.3 per cent hydroge
Cu(Il) + Mn(H), Cu(It)+ Co(ll), and Fe(Il)+Al(LI)+ Fe(CN)*~.

2. ANTIMONY

face.

3. BISMUTH

found to have malformed lattice planes in the crystalline structure,

solutions, The order of activity was (1)> (2)> (3), with (3) practically

HO;. Bismuth oxidizes from Bi(III) to unstable Bi(IV) in the process.

volved immersion of a cylinder of the catalyst in 5 to 25 per cent H;0;
solutions., The activation energy proved to be independent of the H0;

16

Krause (153) examined insoluble phiosphates as carriers of adsorbed

n

Clopp and Parravano (35) attempted to correlate the kinetics of
catalytic hydrogen peroxide decompositica with changes in the slectronic
structuras of antimony alloys containing gallium and indium. Measure-
ments of electrical properties and calculated activation energies supported
the theory that electron availability for bond formation between the adsorbate
and the conducting surface depends on the electronic properties of the sur-

Krause and Urbanowicz {191) found that a hydrous oxide of bismuth
gsve various catalytic decomposition rates for ths hydrogen peroxide, even
though the test samples of catalyst had been prepared by ostensibly identi-
cal procedures, All the catalysts were shown to have the same composition,
i BiyCy 0, by x-ray measurements. The most effective catalysts were

" Yadava and Ghosh (372) compared the catalytic activities of h.ydroul
biemuth oxides prepared by adding (1) 10 per cent excess, (2) equivalent,
or {3) 10 per cent deficient, amounts of sodium hydroxide to acid Bi(NOj)s

inactive, The reactions were {irst order except in concentrated H;O,;, for
which the rate constant first decreased before it leveled off. The mecha-
nism is described as the formation of & Bi(OH)y*H;O adsorption complex,
which decomposes to OH radicals and then induces cyclic decomposition of

Shushunov and Fedyakova (323) examined the kinetics of hydrogen
peroxide decomposition by various metals and alloys, The technique in-

psroxde. MgPy0, (0.1 gram) reduced the activities of moat ions, including
; the ordinarily active Fe(ll) and Fe(CN);*", Cu(l) ions at greater than 10°¢

' gram remained active, MgNH,PO, 6H;0 inhibited the activity of Co(ll)

ions below 10°® gram. The following ion mixtures gave active catalysts;
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concentration, and the large magnitude of the energy indicated that true )
. | chemical rates, not diffusion rates, were measured. Over the range 30

j to 60°, activation energies were 15,600 cal/mole for biamuth, 9000 for

tin, 9200 for cadmium, and 8200 for antimony, In hismuth-tin alloys the

‘ ' activation energy varied with concentration, and had no one single value,

; In cadmium-bismuth alloys a minimum activation energy oI hbout 6000

cal/mole was obtained for the composition CdSb. It was concluded that

' eutectics cannot, but compounds can, be detected by the catalytic activity _
_— of an alloy. e
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g2 Tarkar (342) developod a relationship betwsen adsorption mensure-
S ments, gee permeability, and catalytic activity towards HO; decompoaition
of powdered titinium’ dioxide (rutile).
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. .. .= TFor information nn vanadium in hydrugen peroxide decomposition,
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18 heated to 300°, evidently because of crystallization.

. oxidising atmosphsre on the dacomporition of hydrogen peroxide. The
oxygen content of Cr,;O, was incac222< above the atoichiomutric amount by i
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SECTION X. e

CHROMIUM, MOLYBDEN'IM, TUNGSTEN :.':':3

4

1. CHROMIUM 1

The chemical, electrical, and catalytic properties of calcined chromic ﬁ
oxide gels were investigated by Deren and others (49), The reaults showed B
that an amorphous monohydrate formas at 280-360°, Oxidation occurs with B
dehydration and increases with annealing temperature. The O/Cr ratio ?
is a maximum of 2 at 350°, and sexivalent chromium lons produce anexcess R
chargs at the surface. CrjO, crystallized at 400°® and there wae no further
oxidation with temperature increases. Adding magnesium increased the
excess charge in Cr;0y. The oxide decomposed HO; by & {irst-order
reaction, and by a manner which indicates that the rate constant and fre- §
quancy factor may correlats with surface concentrations of sexivalent :

chromium,

In & later paper Deren and Haber (50) investigated the thermal
behavior of Cr Oy oxide gels containing magnesium and titanium hydroxides L
as doping mgents. Magnesium increased the surface coacentration of Cr{VI)
fons in the thermal treatment, but Hianium decreased it. The specific
¥ats coastants in hydrogen peroxide decomponition could be closely corre-
lated with the surface concentrations of Cr(VI) ions. The activity of Cr(VI)
active centers was found not to depend on the type or amcunt of doping agent,
but tho activity did decrease slightly at higher annealing temperatures.

Alskseavskays and others (4) found that the catalytic decomposition
of hydrogen peroxide by Cr(OH), and its dehydration products depended
marksdly cn the conditions of thermal treatment. Heatlng Cr(OH)y liberates
wazer up to 170°, At 320°, the compound changes from amorphous to
cryotalline. The specific surface incrasses with temperature to 200°, ]
where it ia A maximum, and declings at higher temperatures, The rate
at which H)O; is decormposed declines with higher temperatures of thermal
treatmaent, with the exception that the highest activity results when Cr(OH),

i ot e ke & -
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- Maisunaga (258) studied the effect of chromium oxide treated in an . 1

beating the oxide in oxygen at 250°, 350°, and 450°, The products had

¢. 34 to 2. 83 meq O,/gram catalyst, which gives a mean oxidation number
for chroodum of 3,12 11 5,65, Results fro.n decomporiticns of 30 per
cent HO; at 25° indicatud that rates were constant for a constant oxygen
content of the uatalyst, regardless of chromium oxidation numbsar. Activity
was ascribed principally to chromic anhydrids, which forms on the catalyst
lu-'iucol under ths conditions of thess experiments
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! California Research Corp. (33) obtained a British patent in 1963 i
covering a process for rejuvenating a spent, chromia-on-alumina catalyst P

that can be used to decompose hydrogen peroxide. The treatmant involves H

heating the catalyst at 150-1500°F in air (or oxygen) for 4 to 40 hours, The
catalyst contains 3 to 40 per cent of chromia and may also contain up to 3
per cent of alkali metal oxides.

' Voltz and Weller (356) found that the catalytic activity of oxidized
(500°) chromia and chromia-alumina catalysts are related to the quantity
of excess surface oxygen, which in turn can be related to pH and titratable
acidity, The same investigators (357) also found that the presence of potas-
; sium increases the surface oxidation of chromia and stabilizes it against
reduction, The activity in hydrogen peroxide is also enhanced. The form-
ation of potassium chromates is suggestod as an explanation for the results.

The effect of nuclear radintion on oxygen chemisorption by Cr0,,

Cr0;-A1;0,, and Cr;04-5Sn0; catalysts, and the effect of the treatment on

the zate of hydrogen peroxide decomposition were studied by Nachman and .

others (274), Radiation promoted chemisorption, even at temperatures N

whers it is ot normally observed. Both chemisorption and activity increased .

with the degree of dispersion of Cr;O, in the mixed catalyst, For this

reason, radio-chemisorption is said to result from the action of x-rays and
: fast neutrons on the gas.

2. MOLYBDENUM

Nikolsev and Askadskii (285) atudied the affect of low-fraquency ultra-
sonic waves ou the catalytic activities of (NHy); MoO,, P0;24M00,* xH O,
and SiO; gel in hydrogen peroxide. Ultrasonic promotion occurred in all
cases, Control experiments showed that the rate increassed was not a result . ;
of incrensed surface area or increased temperaturas during the treatment.
The activity increasc is presumed to result from mechanical comminution.

3. TL‘NC-STEN
a 4
Kutmu and othon {204) measured the rate of catalytic dccompoomon 4
of hydrogen peroxide at 25° by eamples of tungaten and tungsten carbide pre- .
pared under various ronditions of reduction and thermal treatment. In both ]
cases, the initial actvity {ell off rapidly. For tungstan it fell nearly to . |

sero in 25 minutes, and for the carbide it fell to a conatant lavel in 10 to 15
roinutes. Tungsten samples liberated from 7 to 59 ml of oxygea/gram/min
and tungsten carbide samples liberated from 0.57 to 2. T ml of oxygen/gram/
min during the periods of highest activity, Ons tungstaa sample pv. & low
activation ensrgy of 3811 calories between 20 and 35°,
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SECTION XI,

MANGANESE, TECHNETIUM, RHENIUM

B

1. MANGANESE

Fisher and Zeilberger (58) described the development of special
catalysts that overcome the problem of mechanical dhineegutton obnerved
with onco widely used manganese dioxide pcl.letu.

Compolita catalysts of the oxides of manganeses, iron. copper, and
silver are compacted to pellets and sintered at high temperature to form
hard and porous lumps. Catalytic activity can be improved by impregnating
the catalysts with various solutions, such as potassium permanganate, A
similar type of catalyst is prepared by impregnating lumps of porous rilicon
carbide with calcium permanganate, then firing them to convert the periaan-
pute to cllclum ud mnglnece oxides,

It is otatad thut pellet-type cltllyltl are lu.itable for HO; concentra-
tions up to about 80 per cent. Above that, more active catalysts are needed,

Several materials are useful as base screens for silver catalystn.
Below a hydrogen peroxide concentration of 90 per cent, curtridge brass
(70 Cu, 30 Zn) can be used. The copper-silver eutectic that can form in
this catalyst melts at 1435°F, Iron screens caia be used, but plated metals

. are seldom adherent, and porosity leads to rusting, Stainless steel elimi-

nates corrosion, but it requires special procedures to plate well.

It was also reported that Rocketdyne developed a new catalyst that re-
mains strong and stable above 1800*F, and can therefore be used for decom-
posing hydrogen paroxide of the highest strength. It is described as 'a
stainlese steel screen type with an active ingredient other than silver
smbedded in a ceramic coating.' It is cheaper to produce than silver
screens and it has the following operational characteristics: (1) stable to
1800°F, (2) retains activity after repeated exposures, (3) has a specific
decomposition rate equal to o1 greater than that of silver, (4) operates
smoothly without pressure drop increaaes, and (5) ltu'tl efﬁciently \mder

. fun-ﬂow condmonn at low temperatures,

let and others (102) carried out a systematic study of a series of
oxides as catalysts for decompasing hydrogen peroxide vapor in order to
detsrmine relative activities and reactivity in relation to electronic struc-
tures. A nitrogen-gas flow systern, HyO; up to | mm Hg preesure, and
temperatures of 38-184" were studied. The oxides were supported on
vacuum-flashed 1netal filins and Specpure metal slips, or the bulk oxides
ware used as compressed slips. The relative activities of the bulk oxides
ware: MnO,> PbO> CoQ/CogO5> CuO> Fe 04> CAO> ZnO = MgO>» a-A10y>glass.
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The order corresponds to a classification by defect type. Fositions of
favored electron exchange were suggested as the active catalyst sites.
Such positions could correspond to {1) trapped sxcess surface elactrons,
and (2) electron deficienciet (or p-holes) held either at a surface cation
vacany, at an impurity or excess surface anion, or &t an impurityof s
maetal having lower valency. The reaction depends on & ¢yclic exchange
of slectrons between the oxide surface and hydrogen psroxide.

Ty

Hart and Ross (100) evaluated equimolar mixturss of MnyO, with ~~
PO, Zn0, and NIO as decomposition catalysts for hydrogen peroxide vapor,
PHO : Mn,0; formed the most active mixture. ‘The rate was also found to
increase with sintering temperatures up to a maximum at 600°, NiO-Mn;O,
mixtures ware inhomogeneous belcw a sintering temperature of 600°, but
undarwent a structural change at 760°, probably forming a solid solution.

Broughton and Wentworth (30) reported that hydrogen peroxide ia
not decomposed by solutions of potassium permangansts or manganous sul-
fate until base is added. Upon the addition of base, & known colloid forms
and initiates the decomposition of H;0;. Quantitative studies on the amount
of base needed to start tha renction and data from tracer studies indicated
that the decomposition s catalyzed by an alternate oxidation and reduction
of manganese. Oxidation does not occur unti] the solution is saturated with

Mn(OH);.
In view of the fact that solid MnO, was known to decompose hydrogen

" peroxide even though the bulk solution contains no manganous ions, Broughton

and Wentworth (31) examined the behavior of MnO; electrodes to determine
whither the reaction proczeded by the same mechanism as that sugpested
above, Puatential measurements with MnO; electrodes at various HyO; aad
Mn(II) fon coucentrations gave results consistent with the following half-
cell reactions as controlling the potential: MnO; + 4H' 4+ 2¢° = Mn?t +2H0.
The solution adjacent to the electrode was saturated with Mn(OH);, even
though the bulk solution was not, as evidenced by measurements of manga-
nese concentrations in Hy0; solutions decomposing in contact with MnO,;.

A U, 5. patent assigned to Du Pont (363) covers a manganese dioxide
catalyst for decomposing hydrogen peroxide. The two-stage process used
to prepave the catalyst is fairly complicated:

{1) Manganese metal is cathodically slectro~
depositad on an iron support, using graphite
electrodes and & pluting solution of basic
manganous acetate;

(2) Manganese dioxide is cathodically electro-
deposited on the manganese surface, using
stcel anodes in an electrolyts solution of
poisssium carbonate and potassium perman-
ganats,
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Many variations in the electrolysis conditions and the composition of electro-
lytes are used w prepare suitable catalysts and to optimize the catalyst
; for maximum rate of decomposition of hydrogen peroxida,

Broughton and others (245) used radioactive manganese as & tracer o]
to study the catalytic dccomposition of hydrogen peroxide by MnO,;, The . :
results indicated that the reaction was an aiternate reduction and oxidation. -
Experiments to determine the relative amounts of KOH and manganess salt v 'b

' needed to initiate the decomposition indicated that reoxidation of manganous .

' ion does not occur until the solution is saturated with Mn(OH);. Free energy
calculations indicated that the oxidation is favorable even at very low Mn(1I)
concentrationa.

‘.
P T

The same investigators further studied the mechaniam of the cata-
lytic decomposition of hydrogen peroxide by manganese dioxide (247).
The electrode potontial of MnO;-coated manganese rods in distilled hydrogen
peroxide solutions was imeasured as a function of the concentrations of
H;0;, HY, and Mn(ll) and of the speed of rotation of the rod., Another
sories of tests was made to measure the change in manganese concentra-
tion in distilled Hf; solutions, and the decomposition in contact with MnO,
surfaces, It was found that under certain conditions manganese leaves the
solution and deposits on the MnO, surface., Attempts to measure the rate
of decomposition of distilled H;O, on stationary and rotating MnO,; surfaces
geve non-reproducible results,

Mool and Selwood (267) studied the catalytic decomposition of hydro-
gon peroxide by manganese oxides supported on powdered y -Al;0,. To
f prypare the catalysts, Al;O, was immersed in Mn(NQ,); solution, dried,
and ignited at 200°, Each catalyst contained 4. 60 mg of manganese. Maxi-
mum catalytic activity occurred when 3 to 4 per cent of manganese at an
average oxidation state of 3,6 was used. The proposed mechanism requires
the presence of both Mn(Il1) and Mn(IV) ions. HOjaccepts an electron from
Mn(1) ion to yield & hydroxide ion and a hydroxyl radical. Hydroxide ion
then donates an electron to an Mn(1V) ion, which then tranfc rs it back to
the Mn(IJ) fon that iaitially carried a +3 charge, 1

Mnol and Selwood (268) later studied the decomposition of dilute
aqueous solutions of hydrogen peroxide on supported manganese oxides. 1
Activity increased regularly with decreasing manganese concentration, but
dropped sharply when thsa manganese zoncentration was very low, The
effects of oxidation etate, pH, support phase modification, and temperature
were studied also. The suggested mechanism was a cyclic redox reaction
involving Mn(IIl) and Mn(1V). ’ -

Wang (359) carried out calculations that showed in catalysis of liquids .
involving only small molecules or ions, the catalysis rate is not diffusion-
controlled. The fact that experiments have shown that the decomposition of
hydrogen peroxida by MnO; resuits in O'® enrichment of the oxygen gas




formed suggests that the rate laws of both heterogeneous and homogeneous
decomposition can fit within one formulation. Wang states that in the case
of homogeneous catalysis in liquids of only small molecules or ions, stirring
would not affect the rate sven if the reartion rate were diffusion-controlled.

Wolfram (369) prepared MnO; sols from KMnO, using three reduc-
tion methods (1) by oxalic acid, (2) by gelatin, and (3) by HO;. All three
gave sols of different catalystic activities, That produced by reduction
with HO,; was the most active sol in the decomposition of hydrogen peroxide.
Nons of the reactions was first order. Adding gelatin had no effect on
decreased activity of aged catalyst,

Wolfram (370) also reporiud that the decomposition of hydrogen per-
oxide on MnQO; powders did follow first-order kinetics. The rate constants
increased with the degree of powder dispe: sion, but in all cases they were
considerably lower than those detarmined for MnO,; sol or gels.

Muraki and others (271) used an electrochemical method for decom-
posing hydrogen peroxide by manganese dioxide as a basis for estimating
the quality of the dioxide. The capacity of the catalyst for docompoosing
hydrogen peroxide could be related to the discharging capacity of the catalyst,
Ammonium chloride solutions used in these experiments evidently promoted
the catalytic reaction. Zinc chloride acted as an inhibitor.

Nine active and inactive samples of manganese dioxide were studied
by Amiel and others (5) in an attempt to correlate catalytic activity with
depclarizing properties. It was found in general that increases in activity
was accompanied by increases in depolarizing ability and magnetic suscep-
tibility.

Gréfguss and Gréguss (95) examined the effects of ultrasonic vibra-
tions on the catalytic activity of MnO;, gels and suspensions in the catalytic
decomposition of hydrogen peroxide. A frequency of 875 kilocycles in-
creased the initial rate of decomposition, and the degree of dispersion of
the catalyst, but there was no effect on the time required for total decompo-
sitlon of the peroxide.

The effect of nuclear radiation on the catalytic properties of MnO,
was examined by Otwinowska and others (286). A fast neutron flux, the
full nsutron flux of a resctor, a Co*? y-ray source, and an accelerated proton
flux were ail uaed to irradiate the catalyst. Neutron and proton irradiation
doubled the rats of decomposition of hydrogen peroxide by the catalyst.
Gamma irradiation was ineffective. X-ray diffraction examination of the
catalysts showed that the increased activity was a result of radiation-induced
crystal lattice damage, Such lattice changes are similar to those induced
by heat treatment.

Krause and others (151) reported that Mn(II) ions adsorbed on Al(OH),
strongly accelerate the decomposition of agueous hydrogen paroxide,
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SECTION XIL

IRON, RUTHENIUM, OSMIUM

l. IRON

a. Metallic Iron and Iron Alloys

A sensitive method for examining the decomposition of hydrogen
ssroxide vapor cn metal surfaces was devised by Roikh and others (300).
The quantity of HO, adsorbed on a plate suspended over the solution was
determined by the gain in weight, The quautity of H;O; desorbed was deter-
mined photographically. On magnesium, aluminum, and iron, the amount
of HyO; adsorbed increased with the partial pressure of HO; anove the
solution. The amouat vas 1.9 to 2,9 times higher on oxidized surfaces.
The amount adsorbed on roughened surfaces with profile heights of 10.3 to
19.3 microns, was independent of the roughness. The amourt of HO,
decomposed (adsorbed minus desorbed), on the clean surfaces at an H;0,;
parts! pressure of 0,158 mm Hg, was 91.1, 97.1 and 99.9 per cent for
; aluminum, mangesium, and iron respectively, The amount decomposed
decreased with pressure,

In a 1956 U.S. patont assigned to North American Aviation, Sherwood
(320) described a plated steel screen for hydroger peroxide decomposition.
The stesl screen is cleaned with NaOH and H,;S0, then coated electrolytically
with copper, followad by a thin coat of iron. The washed and dried screen
is dipped in AgNO, and HNO,, drained, and dried. The performance of
the screen depends on the reaction products of AgNO,, HNO, and the iron
coating, '

b, Iron Oxides and Hydroxides

Krause and others (170) found that the high activity of a catalyst
containing mixed hydroxides of iron, copper, and magnesiurn in the ratios
Fe:Cu:Mg = 1:0, 3:0. 22 was increased further by adsorbing common ions on
the catalyst, It was also found that the content of any particular component
is not the main determinant of the activity. The facts led to the conclusion
that exchange reactions take place, cven between identical atoms, and give
rise to active or inactive complexes. The results are used to explain the
fact that tun-state ion (WO,2") inhibits strongly the oxidation of formic acid
by the mixed catalyst, but it does not inhibit hydrogen peroxide decomposi-
tion. In contrast Al(III) iuns inhidbit the decomposition of peroxide but not
the oxidation of the acid.

Gupta and Ghosh (96) studied hydrous ferric oxides as ca.alysts for
decomposing hydrogen peroxide. Three modifications of the oxides were
prepared by adding basic salts and alkall to FeCly solutions: (1) Fe;O,
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L3 (yellow), by slow precipitation from excess FeCly by K;SC, and a small 1
{',& amount of alkali; (2) Fe(OH), (red), by precipitation from FeCly by equi-
!
i

valent amounts of NaOH; and (3) a brown oxide, by precipitation from

FeCly by K;S0,. Red (a-hydrated) Fe,O, was the best catalyst; the brown

modification was next. In both cases, activity declined with aging of the

ke catalyst. Ths yellow oxide was the loast active and alac Jeust sensitive to

o aging, which resembles the behavior of y-Fe;Oy, Presumably, activity is
A proportional to both the amount of base used in the precipitation and to the
§ zate of precipitation.

The results suggested the following reaction me'ehlnhm:

! (1) Fe + HO; = Fe(OH)'* + OH (Fe becomes quadrivalent)
R (2) OH+H 02 = HO+ HO

(3) HO3+H;0; = H0+OH+O,

(4) Fe*t +0H ‘Fe(OH)”' )

chain-breaking reactions,
HO;

Since (1) is the rate-determining atep, and the concentration of OH is pro-
portional to that of HyO;, the rate for the over-all reaction can beexpressed
as -dc/dt= k |H;02|%. Aging of the oxides decreases their absorptive
capabilities, Which reduces the ease with which OH formation can be initi-
ated. Experimental results indicate that the reactiun then tends to shift
from bimolecular to unimolecular.

(5) OH +OH

Constable and Pekin (41) measured the eifect of pH on the catalytic
activity of ferric hydroxide in the heterogeneous decomposition of hydrogen
peroxide, Rates for colloidal Fe(OH)y at pH 10, 54 through 12,54 are given
by: log ka 0,649-0.270 (pH) and log k= 3,456-0. 560 (pH), at 42° and 31°
respactively. The apparent heats of activation for the unimolecular reaction
were calculated for various values of pH, It was also found that the same
types of measurements could be used % relate concentratinns to rate con~
stants for various catalytic poisons at different values of pH (42). Polsons
included p-nitrophenol, iodine, bromine, and sodium suliide,
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The decomposition of hydrogen peroxide on ferric hydroxide prepared
by precipitation with NaOH from an FeCl, solution was examined by Ghosh
and Ghosh (89). 'The activities of catalysts precipitated at three concen-
i : . trations of NaOH were found to have the following order: (1) 5 per cent I
. orcess NaOH> (2) equivalent amount of NaOH> (3) 5 psr cent deficient
A TN amount of NA\OH. Evidence indicated that the decomposition follows a
' i unimolecular low at HO; concentrations above 0,09 N. IHowever, the
ordar increases as H;O; concentration decreases, partcularly at high
temperatures and at extremely dilute concentrations. A mechanism for
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the reaction is suggestad.
Sirnon and Guenzler (345) investigated the catalytic decomposition

of hydrogen peroxide by y-Fe,O; prepared by oxidizing a synthetic magnetite

(1}in the presence of water and (2) after previous drying, Catalyst (2) had -

the greater activity, The difference is attributed to changes in Fe;O, in

the drying step rather than to any specific of{fect of ths water present during -

oxidation. - 4

Krause and BinkSwna (161) examined the relation between catalytic :
activity and surface area for the hydrogen peroxide decomposition catalysts
Fe(OH)s, y-FeO(OH) and a-Fe;0y H;0 (goethite), Fe(OH)y gave the hignest
activity, and goethita the lowest, even though the surface areas were in
the respective ratios of 5,15:10.6:13.3, The fact that there was no rela- ﬂ
tions batween activity and surface area led to the conclusion that activity
depands on the number of active centers, or OH groups, which is greatest ;
for Fe(OH);, Activity can be increased by increasing surface area only if 1
the catalyst has a high density of active centers,

Krause and Olejnik (160) reported that cooling y-FeO(OH) and amor
phous ortho-and {scorthoferric hydroxides to liquid air temperatures
reduced the apparent densities and increased their rates of decomposition
of hydrogen peroxide at 37°C.

The decomposition of hydrogen peroxide by colloidal iron(IlI) ]
hydroxide and ferrites was investigated by Krause (176). A hydrogel
prepared by peptizing catalytically active, air-dried, amorphous iron(Ill)
hydroxida catalyzed the decomposition, Coethite (a-Fe0y HO), was
inactive as either gel or colloid, but it could be activated when partially
dehydrated at 250-300°, A suggested mechaniam providea ar alternative 1
to that suggested by Schwab and Kraut (312) for ferrites,

Krause and Rychlewska (199) studied the decomposition of hydrogen
peroxide by orthchydroxide and polyorthohydroxide sols of iron(lll) hydrox-
ide at 27 and 37°., The two hydroxides were propared from FeCl, solutions
using complicated procedures. The polyorthohydroxide was the better
catalyst. It also had a larger particle size and strongly adsorbed HO,.

It was concluded that the polyorthohydroxide had more active OH groups
for deforming chemisorbed peroxide, leading to HO and HO,; radicals,
which then act as acceptor catalysts that decompose the petroxide by a
complex mechanism,

Zaprometov and Shpilevakaya (375) studied the catalytic activity of .
forrisilieen gels-in hydrogen pesoxide decomposition. Gels were {ormed
from mixed sodium silicate and FaCly, Fe(NO,)s, and ammonium ferric
alum solutions, digested for 3 days, dried (70, 100, 130°), ground, washed, .
and finally redried (190°), Silica gels alone, and mechanical mixtures of
silica gol and Fe(OH); were also studied. The differences in catalytic
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bebavior were ascribed to diffevent microstructures. The microstructures
in turn depend on the nature of the ions and the concentrations of reactants 4
used to form the gelas. s

Schwab and Kraut (312) studied the catalytic dacompositions of o
hydrogen peroxide by ferrites with spinel structures. Aqueous suspensions 4
of FeyOq, ZnFe Oy, MgFe;0, and crystalline mixtures were used as cata-
lysts in 0, 2¢ M H;O; at 20-80°, The decomposition was first order at pH
below 8 with Fey04, ZnFe;0, Foy04-ZnFe 0, mixed crystals, and FeyO4-
MgFeO¢ mixed crystals containing up to 40 mols per cent of MgFoyD,.
Activation energies weze 10 to 18 kcal/mole, and decreasod with increasing
Fe0y content. At pH 8 to 10, unbuffered suspensions of MgO, MgFe O,
Za¥e,O4-MgFe 0, mixed cryatals. and FeyO4-MgFe 04 mixed crystals
contalning greater than 40 mole per cent MgFe;O4, gave various reaction
orders, though all activation energies were about 15 kcal/mole. Suspen-
alons bulfered by NH,C1-NHOH at pH 8 to 9 ware first order and more
rapid, a fact ascribed to attack of the buffer by HyO3, The results are
consistent with a reaction in which the rate-determining step is an accepior
resction by which H;O, takes up an electron {rom petahedrally surrounded
Fa(ll) ions-in the forrite, resulting in an OH radical. In the special case
of MgFe, 0,4, the apinel surface is hydrated and MgO dissolvea, and the
increasing pH promatns the self-decomposition of HyO;, but the catalytic
activity of Fe(lI) ions at the hydrated surfiuce is reduced, However, the
decomposition may be catalyzed by the hydration shell itself. In these
spinels, the catalytic resulta do correlate with structures ;nd specific
Ohctrlcu conducﬂviu“.

1

Trmddelov (347) found that the rate of decomposition of hydrogen
peroxide by fe:ic sulfate in the presence of cupric and hydrogen ions is
& function of the concentration of colloidal ferric hydroxide. Hydrolysie
of ferric sulfate by long-term storage or by heating (60°) increases its
catalytic activity, Heating at 90°, however, caused coagulation and a
decreane in activity, The effect was prevented whea sulfuric acid was
added. Trandafelov concludes that the ''ferrisulfate modulus,”" SO./FeO,,
pot hydrogen or ferric ions, determines the rats of decomposition, It
is pointed out that although cupric ions catalyze the decomposition when
adsorbed on colloidal Fe{OH),, additional cupric ions increase the rate 3
‘only up to the point of saturation.

Shub and others (322) used Fe O, a8 & semiconducior sensitizer
in the photodecomposition of hydrogen poroxide, Ultraviolst light and
Y eradiation were applied to F'e;Oy suspensions in concentrated peroxde, |
The greatly increassd decomposition rate was attributed to the absorption
of radiation at the Fej O, surface, followed by excitation of the active sites
and initiation of & chain~reaction decompoasition of H;QO,.

Wawrsytzek (161) measured the influence of ultrasonic vibrations on
the catalytic activityof Fe(OH); in the decomposition of hydrogen peroxide. ]




For frequencien from 23 to 1000 kilocycles, catalytic acdvity toward 1 per :
cent H;0; was increased. IHeating to 100 or 200°C eliminated all catalytic
activity,
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’ Krause and others (177) found that infrared irradiation of amorphous . 1
Fe(OH);, AIO(OH), and ZnO incroeased their catalytic activity in the decom-

position of hydroren peroxide at 20°, The eifect was observed for AIO(OH) *
p and ZnO, however, only when small amounts of Co(Il) ions were added. .

3 c. Catalytic Activity of Mixtures and Adsorbed Ions

Krause (138) pointed out that as little as 10"!? gram of Fe(OH),
sctively catalyzes ths decornposition of hydrogen peroxide when the catalyst
is adsorbed on a carrier composed of Cu(OH); and Co(OH);, It is suggested A
that this can be used as a means for detecting traces of iron,

Mixed hydroxides as decomposition catalysts for hydrogen peroxide
at 37"°C were investigaied by Krause and Pawelkiewice (145). The rate of
decomposition by Fe¢(OH);-Mg(OH); was increased significantly by the addi-
tion of Co(OH); and to a large extent by the addition of Cu(OH);. Neither
Mn(OH); nor Ce(OH), affected the rate. Analysis revealed that higher . i
oxides of iron, magnesium, and copper formed at the catalyst suiface.
They are presumerd to be intermediatea in the decomposition process.

Krause and Lasiewicz (166) showed that the small catalytic activity
of Y-FeO(OH) (18 per cent H;0) toward the decomposition of hydrogen per-
oxide is greatly increased by traces of Mn(ll) or Mg(ll) ions adsorbed on 1
the surface., WNeither Cu(ll) nor Co(lll) gave the effect. It is suggested 1
the promotion involves the formation of metallic ferrite radicals that can
initiatq & chain reaction.

Krause and Tur.owska (i67) observed that AgO activates a catalyst
; prepared by coprecipitation of iron and copper hydroxides, even though

| AgiO itself is inactive at 37°., A mixed catalyst containing | Fe:-}C“j{ Ag

} was more active than one containing 1 Fe:{Cu. Ata higher temperature

; of 70°, or at higher silver contents, AgzO inhibits the catalysie.

Krause and Lezuchowska (173) found that the activity of amorphous
Fe(OH); in the decomposition of hydrogen peroxide increased with decreased
particle size. Addition of Cu(ll) ions increased the activity still moro,

The mechanism of these reactions and their significance for the action of
other inorganic catalysts aze discusved.

The same authors (188) later studied the effact of adsorbed ions
over the catalytic activities of four iron (III) hydroxides prepared in different |
manners by precipitation from ferric nitrate solutione, It was found that
Co(ll) and Mn(II) ions in combination promoted the decomposition rate with
ortho- and isoorthohydroxides and decreased the rate with two compositions
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" of polyorthohydroxides. Both normal and promoted activities of irnn
hydroxide catalysts are thercfore sentitive to the method of preparation.

The catalytic activity of small quantitics of Co(Il), Ni(Il), and Fe(II)
ions adsorbed on carrieru was examined by Krause and Wolski (142),
Tracee of Co(ll) and NI{Il) adsorbed on Ca(CN); were active catalyats.
Concentrations above 10°* gm/liter of Fe(Ill) ions adsorbed on Fe(OH),
resulted in active catalysts, No effect is observed below 10~ gm/liter,
and at intermediate concentrations, the adeorbed ion acta as a poison,
This deactivation is attributed io a blocking of the actve centers, and the
activation is attributsd to the formation of unstable complexes on the carrier.

d. Iron Cyano Compounds

Chnatable and Pekin (38} measured the effect of the mass of catalytic
iron ferrocyanide (Prussian blue) on the catalytic decomposition of nautral
hydrogen peroxide. The reaction inixture was prepared as colloidal dis-
peraions of the powder having a surface area of 2.0%5 m*/gram. It was
found that reaction rate variod dizectly with catalyst mass for 0,05-0.30
gram of powder suspended in 100 cc of HiO; solution at 20-50°, The heat
of activation was 13,380 cal/gram-mole, Practically the same results
were found when forrous ferrocyanide (Turnbull's biue) was used to docom-
pose hydrogen peroxide (39).

Constable and Pekin (40) aleo determined the effect cf dissolved
nickel and copper on the heterogeneous catalytic activity of iron ferro-
cyanide in the decompositionof hydrogen peroxide. Bothions inhibited the
reaction in accordance with a linear relation between concentralyon and the
rate constant. The reaction rate constant for the total reaction was found
to ba the sum of that {or the homogeneous reaction and that for the hetero-
gensous reaction.

lal (213) inveotigated the decomposition of hydrogen peroxide by
potassium ferrocyanide illuminated by sunlight and by artificial light. This
catalyst has the unusual property of increased catalytic activity after short
exposures to light. Lal determined the effects of time of exposure and other
parameters. The photoformation of K[ Fe(CN),] + H;O as the reactive species
is & reversible reaction. A mechanism based on alternate oxidation and
reduction of this species is proposed.

. een.. Pinter and Karas (292) found that mercuric ions activated a mixed
K FelCN)] -Ky[ Fe(CN)y) decomposition catalyst for hydrogen peroxide
decomposition in & manner similar to the activation caused by exposure of
the catalyst to light. The miercuric ion behaves analogously to light in that
the decomposition reaction continues aftor the.mercuric ion has been
removed by adaorption on casein, o
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2. RUTHENIUM

~ In 81957 British patent to Laporte Chemicals, Banfield and Wood
(12) described the use of ruthenium and ruthenium compounds, alone or in
mixtures with other active materials or inert materials, as decomposition
catalysts for hydrogen peroxide above 50 per cent concentration. It is
stated that ruthenium is far more active than any other platinum metal.
The reactivity is illustrated by an experiment ia which 0. 0001 mg per liter
of Ru in the form of (NH,);RuCl released 2.9 ml oxygen per minute from
245 ml of 85 per cent H;O; at 100°,
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SECTIONM XIII

COBALT, RHODIUM, IRIDIUM

1. COBALT -
a, Maetallic Cobalt and Caobalt Alloys

In 1947, Isbin and Thompson (25))issued a report on Navy-sponsored
reasearch dealing with the preparation and evaluation of impregnated-type
catalysts for hydrogen peroxide decompesition,

The catalysts were prepared by impregnating a number of different
kinds of catalyst carriers with solutions of calcium permanganste and the
nitrates of manganese, cobalt, lead, chromium, silver, nickel, iron and
copper. Following the deposition of the catalyats on the carriers, the
materials were avaluated in an atmospheric flow system with a 48 per cent
peroxide solution.

The catalyst with the highest activity was a cobalt-lead deposit on
& porous carborundum carrier, From the standpoint of high austained
activity (one showing less decline with peroxide throughput), a German
carries impregnated in Ca(MnO,); was the best, even though the similar
German catzlyst, Katalysatorsteine MP-14, exhibited a rapid decline in
activity, One platinum catalyst deposited on porous Aloxite was also found
to have s long life at high activity,

Manganese catalysts (ilurm of deposit unspucified) were best pre-
paved from concentrated calcium permanganate solutions, using such
carriers as the German parous stone, pumice (bulk) and porous carborundum,

Several promoted catalysts were prepared from mixed nitrate solu-
tions of two metals, Silver catalysis were improved by the presence of
copper, chromium, or nickel; manganese by lead or silver; and lead by
cobalt or chromium. The most promising combination was cobalt-lead, in

‘which the activation of the cobalt arises from the presence of Ph(NO,);.

Mechanical mixture of the soparately impregnated pellets also produced
co-activation, indicating various possibilites for combinations. Several
commercial catalysts ware also evaluated in the program.

Broughton and others (252) studied the mechanism of catelytic
decomposition of hydrogen peroxide by cobalt metal and cobalt ccmpounds,
The results indicated that the reaction does not involve an oxidation-reduc-
tion cycle between Co(II) and Co(Ill) ions, but it may involve an oxidation-
reduction between Co(III) and a higher oxide stable in the presence of H;O;.
It was alao determined that rolloidal Co(OH)y forms before catalysis takes
Place, indicating a heterogeneous decomposition reaction. There was also
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evidence that the reaction involved free radicals.

As part of the Navy sponsored project " Sessie" (Contract Nobs-
31494) FMC Corporation (60) developed ceramic or fused-oxide catalyste
for the decomposition of 98 per cent hydrogen peroxide and for sustained
decomposition of 90 per cent hydrogen peroxide, The well-known catalytic
activity of manganese dioxide was used as the basis for formulating new
catalysts. Mixtures of cobalt metal and manganese dioxide were found
most satisfactory, Three principal formulations were developed:

Catalye* 50 Catalyst 93 Catalyet 113
” MnO, 41.7% .- 5.9%
Fe;04 25,0 .- 3.6
CuO 16.7 .- 2.4
Cay(BOy); 8.3 - L2
Na, CO, 8.3 .. 1.2
Co .- 80,0% 68.6
NaCl | b e 20,0 17.1

It was found that additives could be used to overcome the problem
of the rapid decline in catalytic activity of MnO; on repeated exposures to
high-strength hydroger peroxide. Added cupric oxide gave a constant
activity through repested tests at atmospheric pressure. Further addition
of FeOy improved both the strength and activity of tha catalyst, Sodium
carbonate was added to increase the porosity with the liberation of CO,
gas during sintering. The sodium ion, by destabilization, also improved
the starting characteristica of the catalyst, Adding small amounts of
calcium borate lowered the normal 3000°F fusion temperature of the
mixtures. Catalyst 50 was formulated accordingly,

Cobalt metal in bulk and as a powder decomposed hydrogen peroxide,
but with poor starting characteristics at rooin temperature, Adding sodium
chloride (catalyst 93) promotad surface porosity and reduced the fusion
temperaturs [rom 2700 to 2200°F. Activity also increased but tihe material
wae severely oxidized in high pressure tests with peroxide.

Catatyst 113 was then prepared by mixing catalysts 50 (1 part) and
93 (6 parts), This formulation had high activity and a longer active life
than the other formulations. It was also mnechanically stronger. Perforated
discs of this material pressed at 40, 000 psi, weare tested successfully for
10 hours and 20 cold starts using 98 per cent hydrogen peroxide in a 3-inch
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The kinetics of decomposition of hydrogen peroxide on metallic
cobalt at 20-25° was investigated by Lopatkin (236), Twenty milligrams of
cobalt decomposed 30 cc of 0.2 N H;0; in 11 minutes. Activity declined -

* rapidly after the first 7 minutes. The results fit a relation for autocatalytic -
reactions, dx/dt= (kg + kix) (a-x), where a iz the volume (cc) of oxygen
lUberated by tota) decomposition, x is the oxygen volume att, ks is the

. sintered decownposition rate constant, and k; is a constant,

In & 1957 U, S. patent assigned to North American Aviation, Sherwo»d 4
(321) described a hydrogen peroxide decomposition catalyst consisting of !
various laminated layers of cobalt that are consumed in the decomposition.
Tha catalyst is comprised of alternate layers of plated, porous, maetallic
cobalt and an activated cobalt prepared by immersing the screenin s
solution of AgNOy, HNO,, and a snluble cobalt salt. .

Waernlund and Bente (365), of Du Pont, obtained & 1958 U. S, patent
covering the use of a porous, cobslt-plated steel screen for the uecomposi-
tion of hydrogen peroxide. To prepare the catalyst, an iron or steel screen
is fixst electroplated with copper, then uaed in a electroplating bath with
cobalt anodes. The bath is a solution of CoSO¢ THO, (NH()3SO, and

' enough NH,OH to give a pH of 7. 5. Electroplating is carried out to give a

: coating of 0. 007 inch of cobalt. The final coating is rough, porous, and
fernlike. Its high activity can be increased further by dipping it in hydrogen ]
peroxide and allowing it to dry. ]

b, Cobalt Oxides and Hydrosxides

Ghosh and (Ghosh (87) found that the rate of decomposition of hydro-
gen peroxide in the presence of cobalt(Ill) oxide was first order, but tended
toward second order at low concentrations. The order also increased with
temperature. The suggested mechanism, a reduction-oxidation cycle, is
| similar to that for the reaction on MnQ; catalyst.

Zvorykin snd Perel'man (393) evaluated oxides of cobalt, nickel,
and copper, alone and in mixtures, as catalysts for decomposing hydrogen }
peroxide. For the individual oxide, equimolar quantities of a cobalt oxide,
CuO, and Ni;0, gave dacomnposition rates in the respective ratics 0. 013:
1,20:0, 029, Various ternary and binary mixtures were studied, but only
those with the compositions 80Co:20Ni, or 80C0:15Ni:5Cu were more
active than the cobalt oxide alone, Both mixtures gave eaction constants

. of about 1,40 on the same scale as the ratios mentioned.

The catalytic decomposition of aqueous solutions of hydrogen per-
oxide at 37° by a mired-hydroxide catalyst composed of Cu(OR);, Mn(OH)a,
and Co(OH); was investigated by Krause and Reysner (174). Catalysts were
prepared by simultaneous precipitation using NaOH at 18°, The composition
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vielding maximum decomposition rate corresponded to the respective ratios
1:5:19. Krause reported that under the conditions of these tests, ] gram-
atom of copper decomposes 12 moles of H;O; per second,

Krause and others (194) studied the catalytic activities of x-ray
amorphous Fe(OH);, Co(OH);, and CuO in the decomposition of hydrogen
peroxide at various temperatures. Co(OH), was the most active catalyst,
Rates in terms of the volume of 0. 1 N KMnO, canswned in the analysis arc
given, Respective temperature coefficients were 2,27, 2,27, and 2.67;
activation energics were 15,2, 15.3, and 18,2 keal/mole.

Mitsubishi Edogawa Chemical Company (106) patented solid catalyst
formulations of metal oxides useful for decomposing hydrogen peroxide. A
representative catalyst is prepared as follows: A mixture of 1,50 parts
PbO and 8, 50 parts CoO, is kneaded with an aqueous (5 per cent) soluble
atarch solution, then granulated and tableted. The tablets are heated from
500 to 890° for 20 minutes and ut 890° for 10 minutes, then cooled. The
following oxide mixtures are also suitable in place of PbO and CoO, (parts
by weight): 1.0 PbO and 9.0 MnO;; 8.0 MnO,, {.0 FbO, and 1.0 CegQy;
and 8.0 MnO,;, 1.0 PbO, and 1,0 CoOy, The representative catalyst decom-
posed 90 per cent hydrogen peroxide at a rate of 2 kg/kg catalyat/sec.
Conatant pressure was reached in less than 0.2 sec.

A 1956 British patent by Peers (287) describes a hydrogen peroxide
decomposition catalyst having cobalt or a similarly active oxide (including
MnO,, alkali permanganates, or chromates) as one of the major constituents.
The catalyst consists of (1) an active agent, (2) lead oxide, and (3) a
refractory cement. The lead oxide serves as a8 bunder before sintering and
a filler in the product. In a typical preparation a suspension of 200 grams
each of black cobalt oxide and PbO in 120 cc of water, and 100 grams of
portland cement in 55 cc of water or in 30 per cent KOH solution, are
mixed and allowed to harden. The product is ground and heated to 900° to
fuse the lead oxide.

Paers (288) also obtained a 1956 British patent for an "oxidized"
cobalt metal catalyst useful for decomposing concentrated hydrogen peroxide.
Metallic cobalt is first put into the desired form, such as sheeta, wire
gauze, or electroplated copper gauze, then oxidized by prolonged immersion
in a boiling 30-per cent solution of calcium permanganats. The catalyst is
sald to be useful in thrust units or engine combustion chambers.

¢. Supported Catalysts and Adsorbed lons - e

Krause and Wolski (152) studied the catalytic decomposition of aqueous
hydrogen peroxide solutions at 25° using Co(ll) ions and Ni(Il) ions supported
on & carrier consisting of a 1:] mixture of Co(OH); and Ni(OH);. The
carriers were prepared either by coprecipitation or by maechanical mixing.
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In the case of the coprecipitated carrier, Ni(Il) ions were without effect on
catalytic activity, but Co(II) ions made the catalyst passive, The mechani-
cally mixed carrier, on the other hand, was made passive by Ni(II) ions,
but very greatly activated by Co(II) ions.

The catalytic activity of Co(Il) ions supported on various basic carriers
in the decomposition of hydrogen peroxide was considered by Krause and
Domka (175). Co(ll) ions adsorbed on Zn(OH); or AI(OH)y were weakly
catalytic, but Co(Il) ions adsorbed on Mg(OH), was a good catalyst. A
catalyst of Co(Il) ions adsorbed on BaCO, was exceptional in that it was
strongly active. The phenomenon is believed caused by the formation with
BaCOj; of an imperfect complox with the properties of an n-type semicon-
ductor,

Krauee and Kukielka (181) pointed out that adsorbed ions can act
either homogeneously or hetsrogencously in the catalytic decomposition of
hydrogen peroxide. Mn(ll) ions catalyze the decomposition only hetero-
geneously when adsorbed on Mg(HCO,); or Mg(OH);. Co(Il) ions are active
cither heterogeneously only, as on T1;0,, or both homogencously and hetero-
gensously, as on Mg(HCO,); or Mg(OH);. Cu(ll) ionon Fe Oy decomposes
HCOOQOH heterogeneously only,

Highly active catalysts for decomposing hydrogen peroxide by using
Co(ll) ions adsorbed on zinc or zadmium carbonates were developed by
Krauio and Plura (189), The zinc carbonate carrier is prepared by pre-
cipitating a composition of the formula 2ZnCoy* 3Zn(OH); from & mixture
of ZnSO4 and NaC0, solution. The cadmium carbonate carrier was pre-
pared by precipitating CdCO, (containing about 4 per cent of HO) from a
mixture of Cd(NO,); and Na,C0O, solutions. The catalysts are prepared by
moistening the nrrier with CoCl; solution. By extrapolation it was shown
that about 10-1° gram of Co(ll) ions was the limiting amount that provided
an active catalyst. At that concentration Co(II) ions on CdCO, carrier
decomposed at least 80, 000 molecules of HyO, at 37°* according to a first
order reaction. Practically the same results were obtained for a zinc
carbonate support, and the over-all mechanism behavior is the same as
that previously reported (177) for Co(ll) ion on MgCO;4 carrier. These
results demonstrate that inorganic catalysts can be obtained with activities
as high an those of biocatalysta,

Krause and others (203) found that the so~called "catalytic mutation"
exists for the ion combination of Al** + MoO2" when adsorbed on the mixed
carrier Cd(OH);/Co(OH); and used for the catalytic decomposition of hydro-
gen peroxide. Catalytic mutation refers to the fact that the catalytic acti-
vity dlp.ndl on the order of adsorption of the ions. in this case, adsorption
of A", followed by adsorption of MoO,'~ on a 1:1 CdO:CoO carrier gave
a significantly higher reaction rate than did a catalyst made by reversing
the order of ion adsorption on the same carrier.
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Nikolaev and Kobozev (280) reported that CoSO, and NiSO,, either
in sclution or adsorbed on ashestos, Al;O,, BaSO,, H;SnO,, or charcoal,
do not greatly accelerate the decomposition of dilute hydrogen peroxide. '
Adsorption of the salts (Co(ll) and Ni(Il) ions) on silica gel did increase the |
rate of decompoasition. As the metal-to-silica cation ratio increased, the .
activity of Ni(lI} passed through one maxima, and the activity of Co(Il) . 4
passed through two maxima. These data led to the conclusion that the
active centdrs (''ensembler'') contain 1 and 6 ions in the case of Ni(lI), and
1,3, and 7 jonas in the case of Co(I). )
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SECTION X1IV.

NICKEL, PALLADIUM, PLATINUM

a. Metallic Nickel and Nickel Alloys

1, NICKEL ‘
| |
|

The catalytic prop.rties of annealed and purifiad nickel wire in the :
decomposition of hydrogen peroxide were evaluated by Uhara and others ,
(351), The tests were preceded by further annealing in a hydrogen atmos - ‘
phere over two temperature ranges to determine the effects of annealing.
Decomposition of 30 per cent hydrogen peroxide was carried out at 20°,

The rate data indicated that annealing at 300-400°C produced active centers
that were point defects at the surface. The point defects existed and
vanished with vacancies in the bulk metal, Annealing at 600-700° was said
to produce active centers corresponding to terminations of dislocations at
the surface. Extended cold-working was found to increase the differences
in rate obtained for the two ranges of annealing temperatures.

The structure of active centerr in nickel catalyst was investigated
(352) as a continuation of the above work., The changen in activity of cold-
worked nickel resuliing from annerling at various temperatures were in
accord with previous conclusions with regard to the effects responsible for
the existence of active centers, :

In & study designed to elucidate the mechaniam of heterogeneous
catalytic decompos.tion of hydrogen peroxide, Schwab (310) deisrmined the
activation energies of a series of catalysts, The catalysts included alloys
of nickel-copper, geld-iron, nickel-chromium, spinels of zinc and magne-
sium, metallic nickel and others, Arrhenius activation energies were
detormined from rate measurements and the equationd In k/dT= EA/RT.
Schwab, in trying to relate activation energies to known electronic structures,
concluded that ''reactions in which the mechanism of the catalyst action
involves a yielding of electrons display a lower energy of activatior: with
catalysts deficient in electrons, whereas the opposite is true for reactions
in vhich the mechanism involves acquisition of electrons."

In 1961 Walter Kidde and Company (358) undertook a laboratory
program aimed at 3 systematic understanding of decomposition catulysts
for decomposing hydrogen peroxidu at concentrations up to 98 per cent,

As an approach to correlaiing the general behavios of metals and
oxidos active in decompnsing HC;, atomic dimnetors were plotted against
stomic numbers of metals that are active, of questionablae activity, or
inactive, A straight line separated the active from the non-active metals,
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A second straight line, parallel to the first, comnected the points corres-
ponding to known highly active catalysts for HyO, decomporsition. The
correlations are considered useful in the selection of new catalysts, but
only in a general way, Some inconsistencies make experimental evaluation
essential.

Nickel and Mone! screens were coated with nitrates of lead, silver,
manganese, and copper in various formulations, then heated at high tem-
peratures. The purpose of heating was to increase the activity of the screens
by incraasing the surface area. It was found that the incorporation of
HyBO, as a bonding agent in the coatings appeared to provide some bensficial
offects in catalytic activity and mechanical strength when gilver and lead
were used together in catalyat coatings alse containing Al,0,. If the compo-
nents were present in the proper amounts, a catalyst of good activity,
minimum delay time, and relatively high strength at high temperatures was
indicated. Continuous exposure of silver-~lead formulations to dilute H;O,
showed no loss of the metals, Tests were also conducted with 98 per cent

Hp]c

Further work in this program involved the development of reliable
methods for testing and evaluating decompoasition catalysts. The program
terminated without additional major developments,

b, Nickel Oxides and Hydroxides

Hart and Ross (10]1) studied the decomposition of hydrogen peroxide
by NiO. A flashed film of NiO (95, 7u thick) gave an activation energy of
11,0 20,5 keal/mole under the same conditiona. It was also found that
0,004 to 2.1 per cent of LijO in bulk NiO promoted the catalytic activity.
Ga O added in the same amounts also promoted, but to a smaller degree,

Maxim and Braun (260) irradiated non-stoichiometric nickel oxide
in vacuum in a nuclear reactor, and found that the treatment increased
the catalytic activity of the oxide in the decompoaition of hydrogen peroxide,
Analysis showed that irradiation increased the quantity of surface oxygen,
presumably a result of the presence of weakly bound oxygen on the surface.
Thermal treatment after irradiation destroyed the increased catalytic
activity, '

Matsuura and others (259) evaluated zinc oxide and nickel oxide
(NiO) containing small wnounts of lithium, aluminum, and chromium, as
catalysts for the decomposition of hydrogen peroxide. Reaction rate was
proportional to HO; concentration, but the rate constant varied with pH,
reaching A maximum at pH 12-13, Low activation energies in NiO were
ascribed to higher concentrations of poaitive holes and in ZnD to lower
concentrationa of {ree electrons, The results wore discussed in relation
to previously proposed mechaniams for catalytic H;O,; decompoaition,




Zhuzraviav and others (382) extended their studies of the work functions
of catalysts iu wn attempt to correlats tham with changes in activity caused
by aging semiconductor catalysts. Work functions of NIO, NiO0,, CuO,
PbO, and Pb0 were determined immediately after thay were annaaled and
at various times for 12 days after they were first used as HO- decomposie
tion catalysts. Both the work function and the activity of NIO and N{,0,
ducreased, than leveled out as the aging period incressed. Work function
and activity changed in opposits dizections for CuO, PO, and Pb0, The
results are explained by the alectron theory of catalysis. Adsorbed reace
tants remain adsorbed on the catalyst surface after drying. Donor-type
reactions occurred on the nickel catalysts and acceptor-type resctions
occurrod on the others. This conclusion was corfirmed by determinations
of the signs of the surface changes on the catalysts from work function
measuremsents of the catalysts immersed in hydrogen peroxide solution.

¢, Activity of Adsorbed lons

The effect of traces of adsorhed lons on the catalytic activity of
Ni(OH); was examined by Krause and othars (158), Mn(II) lons were found
to be activators. The relative promoting effects of other lons in decreasing
order were: Mg(Il), Cr(III), MaO ", WO?", and UOtt, Ni(m), Za(mm),
Fe(IIl), Fb(I1), and Fe(CN))" were without effect. Ba(ll) and Fe(CN)-
acted as inhibitors. For mixed lons, the combination Ni(OH);«Fe(CN)s**-
~Cu(ll) gave the most active catalyst.

Krause and Domka (201) found that both Fe(IIl) and Cu(II) ione
increased the normally {feebla activity of Ni(OH); as a catalyst in the decom-
position of hydrogen peroxids. Fe(Ill) increases the rate slightly, and Cu(Il)
more strongly, but the greatest increase results from the ions in combina-
tion, The order of addition is almo important: N{(OH);+ Cu(ll) + Fe(ILX)
ylelds markedly greater activity than Ni(OH)a+ Fe(IlI) + Cu(Il). In all cases
the reaction was firet order. The mechanism suggested was adesorption
of lons at the Ni(OH); surface, resulting in complexos that facilitate elec-
tron transfer,

These same investigators (182) found that nickel (II) {ons at low
congentrations markedly affect the rate of catalytic decompositon of hydro-
gon psroxide when adsorbed on cobalt carbonate carrier. The decomposi.
tion rate of 0.3 per cent H;O; at 37° was determined for additions of Ni(I1)
ions to 1.0 mg CoCOy Co(OH)y' 3. SH;O. The rate increased to 8 maximum
at 10°% gram Ni(II), dropped to & minimum at 10 gram, and at 10°! gram
ross back to the rate due to the cobalt carbonate alone,

It was also found (184) that Ag(l) and Mna(Il) ions, which are normally
inactive in hydrogen peroxide decomposition at 37°, can accelerate the
reaction Uf they ure adeorbad on 2NiCO;* Ni(OH);¢ THO carzier, Each lon
adsorbed alone promotes decomposition. However, in combination they
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are loss active, and the degree of activity depends on the order of adsorp-
tion (catalytic mutation). The results are obtained for roncentrations of

1 mg of {on par 0.1 gram of carrier, If the loa concentration is doubled,
the effects are not observed.

Tomassi and Jankowska (341) used a potentiomaet:lc technique to
study the catalytic decoinposition of hydrogen peroxide by nickal jone
adsorbed on silica gel. It was found that the gel would actively catalyze
the decomposition when the potential difference batween a NiSO,-silica gel
&nd a calomel clectrode was between 55 and 160 millivolts, A gel with 2
per cent of NiSO( gave the highest activity. In the cell, potential increased
if the concentration was higher, and dropped if it was lower,

2. PALLADIUM

The catalytic action of palladiwm foils at 37°, 50°, and 70° in the
decomposition of hydrogen peroxide was examined by Krause and Hermann
(170). It was found that the reaction was {irst order and that palladium
lowered the activation energy by 1-2 keal/mole. Etching the foils increased
the activity, o

Sai'nikov and athers (303) regenerated spent palladium dust catalyst
by exposure to an ultrasonic field, Best reaults for a catalyst used to
decompase hydrogen peroxide were obtained using about a 40 per cent
mixture of the dust in Decalin, irradiated in a field of greater than 3.5
witta/sq em intensity for 5 to 10 minutes., Before treatment the dust
sbould bs washed with boiling alcohol and hot water; after treatment, it
should be washed with benzene, then dried.

The relation between crystal structure and cetalytic activity of
thermally treated palladium filpis wes studied by Umeda and others (353),
Electron microscope and x-ray diffraction analysis indicated that the lower-
ing of activity was caused by a decrease of lattice interplanar distances,
by growth of crystallites, and by a decrease of distortion and disorder {n
the lattice, Ums da and others (354) used difforential thormal anajysis to
determine the reiative catalytic activities of evaporated metal films.
Reaction rats was proportional to the quantity of metsl. Increasing the
pH decreased the activation energy, The order of activity for various
msetals was Pd> Pt> Fe> Aw Ni> Ag> Cr> Cu> Al,

Umaeda and others (355) also observed that the electrical resistance
of & palladium film increased during the catalytic decomposition of hydro-
gon peroxide. Applying a negative potential increased the catalytic activity.
Measurements also showed that at the pH yielding the highest activity, the
elactrical capacity of the double layer at the surface was large, Electron
transfer {rom the surface to H;O,; molecules was said to be the rate-
determining step of the reaction.
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Kokado and Okubo (125) measured the effect of hydrogen peroxide
sad palladium sol concentrations on the rate constant for the catalytic
decompoasition of hydrogen peroxide. Below & peroxide concantraticn of
0,05 M the first-order rate constant was indepencent of concentration. At
high concentrations of peroxide ths rata constant was proportional to the
concentration of ths palladium sol.

Tverdovakii and Karpova (348) studied the catalytic properties of
palladium-nickel alloys in the decomposition of hydrogen puroxide. Rate
constants were deteirmined as a function of nickel content and at 40°C,

The rate passed through a maximum at 25-30 per cent nickel, dropped
gradually to & plataau at 40-60 per cent. dropped abruptly to a second
plateau at 65-83 per cent, and finally declined to zero at 100 per cent
nickel, In all casen the reaction was first order; Arrhenius equation acti-
vation energy and frequency factor reached maxima at 20-25 per cent nickel.

The decompos.tion of hydrogen peroxide by palladium-gold alloys
in normal H;SO4 at 18 and 35° C was investigatad by Mosevich and othears
(270)., The first-order reaction rate constant was unchangad for gold con-
centrations from 0.0 to 60-65 per cent, At higher concentrations the rat»
constant decreased to zero as gold concentr:tion increased to 100 per cent,
The activation energy was unchanged up to 55 per cent of gold, increased
sharply before leveling off at 60-70 per cent of gold, then declined in the
region of 704100 pcr cent of gold. No explanation of the results was given.

Pospelova and Kobozav (294) stuidiad the rate of decomposition of 30
per cent hydrogen peroxide by silica-supported palladium in the pressnce
of HCN, HCI, and H,;S0,. In sulfuric acid the reaction was first order and
practically independent of the acid concentration. Hydrochloric acid also
gave a fivst order reaction, but a decline in activity with increased con.
centration., Ja HCN, the reaction increasingly deviated from a first order
reaction and the catalytic sctivity continuoualy declined as concentration
was increased. The degrae of coverage of the silica support by the palla-
dium catalyst mazkedly affected both the over-all and the specific activity.
Activity increased slowly in the range of 0.3 to 1, 0 per cent and rapidly
above 1, 0 per cent of palladium. It was concluded that the mechanism

involved cleavage of a hydrogen atom rather than cleavage of an oxygen
atom,

Hayashi (104) reported that lead ion accelerates the decomposition
of 11;0; by palladiumn, lead inhibita platinum, however, as & result of a
Gibbs-type adeorption on the catalyst surface,

Ishisaki (112) reported that saponin inhibited the decomposition of
hydrogen peroxide by palladium.
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3. PLATINUM

8. Untreated Platinum as a Catalyst

Tovbin and co-workers conducted a series of studies on the none-
stationary catalytic decomposition of hydrogen peroxide with platinum,

It was found that the activity of a fresh platinum surface increased
with time of contact with hydrogen peroxide (343), The results showed
that oxygen compounds produced on the surface cause the highaat activity,
It was demonstrated that the decompoasition reaction continues in the sub-
strate for a time after the catalyst is removed.

Tovbin and Lyashev (344) decomposed hydrogen peroxide solutiona
flowing through a tube coated internally with bands of platinum catalyst,
The amount of peroxide decomposed was found to increase with the length
of the non-coated portions of the tube up to & point where the peroxide
remained out of contact with platinum for ten zeconds., The total length
of the portions with platinurn bands was held constant, These experiments
were said to demonstrate that the decomposition is & chain reaction, initiated
at the platinumn surface, and propagated within the liquid itself.

It was pointed out in a later paper (345) that the tube experiments
do uot conclusively prove that the decompousition reaction proceeds in the
homogeneous phase after initiation by a platinumn surface, It was argued
that if the rate were diffusion-controlled, the flow past the tube wall con-
taining no platinum would allow diffusion of fresh material for contacting
& subsequent catalyst band, with the net result that the effect of the same
length of platinum is increased. Later experiments used a rotating platinum
catalyst that gave an increasing decomnoasition rate up to 450 rpm, beyond
which the rate leveled off, Further evidence of the diffusion effect is that
samples ejected from a narrow platinum tube into a permanganate solution
for analysis, consistently gave lower rosults than if the samples were held
1 to 2 minutes in the tube before analysis. it was also shown that hydrogen
peroxide put in contact with platinum bleached methylene blue more rapidly
than peroxide that had not been in contact with platinum. These results
showed that although the reaction is diffurion-controlled, it is to soine

extent propagated by reaction in the body of the liquid after contact with
the catalyst,

Earlior experiments (344) indicated that oxygen compounds were
the real catalysts for the decomposition. Activity ¢f the platinum was
observed to increasc with use. Surfezce treatments also affected activity.
The best catalyst resulted from treatment of platinum with hot chromic
acid, followed by air drying. Treatmen: by heating in a stream of hydro-
gen gave a considerably poorer cutalyst. )
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It was found that the catalytic activity of platisum declined with
exposure to successive samplas of hydrogen peroxide (345). Treatment
with chromic acid between exposures, however, sustained the high activity.
In experirnents where hydrogen paroxide was passed through a {resh plati-
num tube, the first-order reaction rate constant was detevrnined to be
8.9 x 10°¥/min. Sustained flow experirnents gave a reaction order of 1. 173,

Satterfield and Yeung (306) studied the decomposition of hydrogen
peroxide vapor on platinum and stainless steel in a tubular reactor,
Temperature ranged from 130-460° and H,O; concentrations up to 2. 1 mole
per cent, Both mass transfer and surface reaction were found important
in the overall process. It was unexpectedly found that the true surface rate
went through a maximum as temperature increased. Surface rate constanta
for both catalysts were determined.

Kravee and Hermann (165) reported that scratching the surface of
platinum or palladium increased considerably the acilvity as a catalyst in
decomposing hydrogen peroxide. Scratching did not affect the activity of
gold. The effect {s attributed to increased ease of radical formation,

Franklin and others (80,81) found that the decomposition of hydrogen
peroxide by platinum in 2N H;50, was a first-order reaction. From
measurements of the absorption by hydrogen of the platinum surface, it
was determined that hydrogen peroxide decompused at certain sites only,
wheress quinozs could be hydrogenated using the entire platinum surface,

The problem of "active centers! in catalysts such as plasinum used
for the decomposition of hydrogen peroxide was considered by Exrbacher
(54), Various investigators have attributed high catalytic activity to edge
effocts of the particles, edges of crystallites, or riechanical discontinuities.
Erbachar argues that since all heavy metals except platinum have straight-
line Jogarithmic adsorption {sotherms, and since the absolute surfaces
found by monatomic electrochemical exchange and from ion adsorption are
the same, only metal atoms are the active centeirs for most metals, The
fact that roughened platinum is more active than smcoth pletinum in the
deconiposition of hydrogen peroxide in attributed to the greater number of
adjacent discontdnuities,

The effects of various surface treauments on the rate at which plati-
num catalytically decomposed hydrogen peroxide were compared by Garton
and Turkevich (85), FPolished foils, heat«troated foils, and foil etched by
catalyzing the oxidation of ammonia were compared, The foils were
examined by an electron microscope. Etched platinum exhibited a million-
fold increasae in the number of surface peaks, and predominance of the (100)
faces. Rats data from the decomposition of peroxide indicated that activity
is proportional to surface area, although some crystal faces may have
greater activity,
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Keating and others (117) found that the decomposition of hydrogen
peroxide on annealed and cold-worked platinum foils was firat order. Ths
reaction rate constant increased with the degreo of cold work, The catalytic
activity could be correlated directly with the deformation of platinum.
Increased activity is attributed to deformation because any effects of pre-
ferred orientation or increased surface area were proved negligible.

The fraction of active centera on platinum black in the decomposi-
tion of hydrogen peroxide at 25°C was determined by Gorokhova and others
(94). Adsorption of lead acetate, which poisons platinum, was used to
control the extent of blocking of active sites., Adsorption isotherms in-
creascd rapidly up to an equilibrium value of 150 mg Pb/liter. The rela-
tion between the number of active conters and the probability of poisoning
could be expressed mathematically. ‘The fact that poisoning reduced plati-
num catalytic activity 65 per cent was attributed to mutual repulaion of
adsorbed lead ions. Active surface constituted 1/5 of the total according
to adsorption measurement and 1/3 of the total according to poisoning of
the catalyst,

Maxted and Ismail (261) investigated the uctivation of platinum by
various oxides. Small quantities of ThO,;, ZrO;, Cr;0,;, CeO, MgO, TiO,,
V04 Lad,, PryQy;, T1;0;, and Sm;0, strongly promoted the decomposition
of hydrogen puroxide by platinum pardcles at 20°, In general there is a
maximum in tae decomposition rate for increasing concentrations of the
oxides. The «rder of promoting ability for the oxides is as foliows:

ThO > 210> Cr0y> CeO> MgO> TiO> V0,3 S LA PrQ)y> T10> Emy0s.
Activation in many cases is considerable; ThO; and ZrQ, increase it 9
timss the value of that for platinum alone,

Dole and others (51) evaluated the fractionation of isotopes in the
decomposition of hydrogen peroxide by metallic platinum, It was established
that some of the liberated oxygen comes {rom the substrate water when the
percxide is decomposed. The enhanrement of the 0'' perceatage is not
explained.

Myuller and Nokrasov (272) obtained electrochemical evidence indi-
cating that a platinum. oxide forms by a chemical process as an intesmodiate
in the catalytic decomposition of hydrogen peroxide by platinum, Oxygen
reduction in 0, 125 N KOH was studied as a function of various platinum
electrode troeatments, Treatmont for 5 minutes at -0, 25 v gave a more
positive half-wave potential for the reduction of oxygen to H;O; than did a
similar electrods treated for 1 minute at 1. 30v. This fact indicated that
the first satage of the reaction was electrochsrmical and did not involve
participation of the surface oxide. In another experiment, it was shown
that in a ring-dish electrode, all the svolved oxygen could be attributed *o
HO; decomposition. This result supported the conclusicn that thy ~ztalytic
decomposition involved a layer e¢f Pu) forimnd o1 :a surface, The first
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stage of the reaction up to & maximum potential corresponded to the reaction
HOy+ PtO = Pt+ HO +0;. A decrease of the cathodic current in the region
where the diffusion potential was Jess than the maximum was attributed to
platinum reduction at the surface.

Hickiing and Wilson (105) found that platinum, platinized platinum,
nickel, gold, and graphite, anocdically decomposed hydrogen peroxide at all
but very high current densitiss. The reaction postulated for alkaline solu-
tions, HO," a Ht + O3+ 22, is rapid. It is also diffusion-controlled and
independent of the electrode material. Potentials about 10 timas higher
are required for decomposition, and the reactions that do proceed require
poteutials equal to that for the same reactiun in an elsctrolyte not containing
hydrogen peroxide. These facts suggest that an OH radical participates as
follows:

OH-=2OH+ e~
OH + HyO,; » HiO+HO,3
OH + HO; = HO + O,

The behavior of platinum and platinum electrodes in acids and neutral solu.
tion indicates that platinum oxides are reaction intermediates in these
processes,

Gerischer and Gerischer (86) examined electrnchemically the
decomposition of hydrogen peroxide by platinum. A reaction mechaniam i»
proposed to account for the results, Reaction is initiated by electron trans-
{er from the metal to H;0;. The radicals OH and HO; produced remain
adsorbed on the surface. In acids the radicals react to form OH® and O,,
principally by clectrochemical reactions. A parallel chain reaction speeds
up the decomposition, particularly in neutral or alkaline solution.

Bianch! and others (18) investigated the catalytic decomposition « £
dilute solutious of hydrogen peroxide by platinu. {ridium, palladium, and
gold. In sulfuric acid, gold was the only inactive catalyst. None of the
matals was active in hydrochloric acid solutions. The decomposition
seactions were first order. Polarization, decay, and charging curves for
the matals as ele~trodes showed that the catalyat surfaces become coated
by practically a monolayer of metal oxide during the reaction. Actlvity
is lost if the metal cannot be covered by an adsorbed oxide layer, as when
direct complexatioa by the solution prevents oxide formation. This explaiaas
the behavior of platinum and iridium in HCl solutions, and of gold in H,50,
solutions, It is also apparent tha: the rate of HyO; decomposition is deter-
wansd by Wi &1%fevauces in the rate of formation of oxides and Ly the rates
at which the oxides decompose the peroxide.




Polarization curves for the reductionof oxygenon platinumelectrodes
in the presence and absence of hydrogen peroxide wars obtained by Berenblit
and Lantratova (16), The results were applied to a chain reaction mecha-
nism for decomposition of hydrogen peroxide, All electrochemical evidence
indicated that deccmposition at platinumn electrode should proceed at equal
rates in acid and alkaline sclutiurn. 1~ fact that the acid reaction is faster
is explajned by the bigher probahii'*y ~/ ctain reaction in alkaline solutions.
The results also indicated that elucicochzmical processes play an important
purt in the catalytic decomposition of hydrogan peroxide by metals,

Forker (76) studied the catalytic decomposition of hydrogen peroxide
on platinum sheets immersed in buffers of various pH at constant ionic
strength, Decomposition rate varies with pH and reached a maximum at
pH 12,1, Potential measuremernts on the immersed sheets showed charac-
taristic alterations to the platinum surfaces. Reacton velocity constanta
and & mechaniam for a first-order reaction were presented,

As part of a general analysis of catalytic reactions aimed at a
better understanding of biochernical catalysts, Kobozev (123) compared
various catalysts in which it was attempted to determine the effect of the
support and linkage with otherwise inactive groups on the active catalysts.
The relative activities »f various H;O; decomposition catalysts were deter-
mined. Relative to a value of 1.0 for Fe(lll) ions in solution, the activities
were: MoO¢ °, 0.1; CrO.2", 0.1; WO, 0.1; CrwOy %, 10 (all in solution);
Fe(lll) ions on carbon, 100; hemin (in soluton) 100, hemin on carbon,
1000; Fe O, 10, 000; MnO;, 10,000, platinum, 500, 000; hemin on albumin,
500, 000, 000. Othor examples of blochemical catalytic reactions are used
to illustrate the effects of using different supports,

The catalytic decomponition of 3 per cent hydrogen pe roxide by
platinum electrodes was used by Flis (59) aa the basis for potentiometric
titration. The electrode potential is proportional to the pH of the solution,
Hypochlorites, hydroxides, carbonates and other anions can be deteimined.

b, Effects of Thermal Treatment

Nikolaev and Shlygin used electrochemical methods to study the
sintering of platinized platinum and the ef{fect on the catalytic decomposition
of hydrogen paroxide. '

The effacts of thermal treatment of platinum in hydrogen atmos-
pheres on the polarization curves and the reacton rate constant for the
decomposition of hydrogen peroxide was determined (282). The polarizs-
tion curve of platinum immersed in 0, I N H;SO, was used as a standard,
and all measurements were taken at 70°, Folarization curves and rate
constants ware then detsrmined for the same electrode hoated for one hour
each at 40, 60, 80, 100, 120, 150, 200 and 250°, Invariably the potential
required to reach a fixed value relative to a hydrogen electrode in 0. I N
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Hy904 decreased for higher heating ternperatures. The decrease was about 4
10 per cent for the lower temperatures and about 96 per cent at 300°, The )
rate constant decreased to about 75 per cent after haating to 60°, incruased {
to 40 per cent after 80°, then graduslly declined to 3 per cent after 300°,
It was concluded that below 80°, only lattics faults, which are catalytically
1, active, disappear. Platinum starts to recrystallize at 80¢, but adsorbed |
{ hydrogen evidently distorts the lattice, causing increased catalytic activity,
' It s further concluded that hydrogen accclerates sintering instead of stabi-
lizing the surface by adsorption.

Theae studies were extended (283) to include heat treatment in air,
Platinized platinum heated at 0°, 100°, 300°, and 400° gave values for the
relative reaction rates of 100, 34, 127, and 105 respectively. Increased )
values of the rate constant wers attribited to deformation of the platianm |
lattice by the oxygen adsorbed. 1

v

The same meth:d was usad to dutermine the effnrts of thermal
treatment in a nitroge: atmosphere (284). Platinum was sintered in nitro-
gen at 20, 100, 200, .: 0, 400, and %00°C. Measurements of catalytic acti-
vity showed that adsorption capacity decreased with increasing temperature,
& fact attributed to a decrease in the true surface area. Sintering at 300°
and above markedly incrsused the activity, presumably because of activated
adsorption. A general ohservation was that recrystallization rates at the
surface were much less in a nitrogen atmosphers than in a hydrogen, but
l greater than in an oxygen atmosphere.

Stirel'nikova and ot ras (328) investigated the therma' activation and
deactivation of platinum black over tha range 100 to 700°, in the curvo of
catalytic activity ia H;O3 decomposition plotted against calcination temper-
ature, maxima resulted at 169, 220, 250 and 500°. Theoe experiments
confirmed earlier ones (326) that indicated a drop in activity when platinum ;
black is calcined between 250 and 500°, i

The elfect of thermal treatment on the catalytic activity of platinum !
was investigated by Lopatkin and others (234). Over the range 100-700°C,
& curve of activity againat temperature disclosed reactivity maxima at 100, !
220, and 250°, Activity declined steadily {rom 260 to 500°, at which point '

it increased alightly, then continued a steady decrease.

|
Strel'nikova and others (326! .tudied the thearmal activation and l
deactivation of platinum adsorbed on silica gel in the decomposition of hydro- l
gon peroxide. Samples were preparad with different degrees of filling of
the support by the catalvet, and igrited at 300-700°C., Curves of activity |
Against treatment temperature gave regions of activation and of Jeactiva- |
. tion, as weli as prominent maxima. The carrier tended to stabilize the |
catalytic platinum centers against temperatura eiiects, particularly as the '
effects bacome more provounced at higk platinum coatsnt, Ac\.vity l
maxima shifted to high temp ;ratures with more dilute catalysts, an eifect i

R e ks
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that was compared with extinction of luminescence snd magnetic effects.

Strel'nikova and others (330) alno studied the effect of sintering
temperature on catalytic decomposition by platinum supported cn silica,
Activity isotherms for the decomposition reaction as a function of duration
of sintering (400-700°) passed {rom the type having several maxims tc the
type in which activity fell off initially, then leveled. The pattern was
ascribed to changes in the number of active catalyst centors on tlie adsorbed
platinum, Both trends in activity and calculated apparent activation enerj.es .
supported the conclusion,

Strel'nikova and Lebedcv (327) studied the cffect of sintering temper-~
ature and degree of coverage on the actvity of platinum catalysts, supported
on carbon, silica, and cadmia, Catalytic activity was determined {rom
activation energies and ti.c number of active centers, whic:. is in proportion
‘o the exponential coefficient, ko, ir the Arynenins equation. The authors
distinguieh nine theoretically possible types of catalyst behavior, as deter-
mined by relative variations in the activution energy (E) and the exponential
coefficient. The two most common tyr<s are an increase in kg compensated 1
by an lucrease in E, and a decrease i k, compensated by a decrease in E.
Experimental examples of the various types are cited. Changes in acti- ]
vation energy with the degree of carrier coverage by the catalyst were
atiributed to the formation of dilferent valent-activity structures,

Tyurin and Shlygir (349) used charging curves as a basis fur a
method to determine the effects of siatering on the catalytic decompositicn
of hydrogen peroxide by platinum. The aim was to dete rmine the relation
butween catalytic activity, specific surface, and adaorbing capacity for
hydrogen and oxygen. Charging curves were determined by suspending the
catalyst powder in a basket immersud in an elec -olyte, and muasuring
the quantity of electriciiy passed as & function of cential. Surfsce areas
could be obtained from such measurements. Th. .sultc showed that ; )
sintering had no effect on the bond energies of adsorbed gasvs or the cata- : l
lyst surface except in the case of oxygen, where the increased bond strength i
was attributed to penetration of the gas into the platinum crystal lattice

. during the recJystailization caused by thermal treatmernt, Oxygen adsorp- l "
. ‘fon markudly activatud platinum in the catalytic dxcomposition nf hydrogen { ]
| peroxide.

Tyurin and Feoktistov (350) studied further the offact of sintering l

on the activity of platinum black catalyst at 20°C, The effect of adsorbed ,

oxygen was determined by sintering the catalyst at 100-600°C in an oxygen |

atmosphere. Surface properties were determined by the charging curve T
method. The . pecific catalytic activity declined severely to & miaimum

{ot sintering temperatures up to about 180°, At higher sintaring temper- |

atures, activity increased to & maxdmum at 500°C. It was concluded that !

the initial decline in activity is due to the blocking of active centers by !

adsorbed oxygen. Antiviry increases at the higher tempseratures were |

|

!
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attributed to the formation of platinum oxides. :

The effects of long-term storage on the catalytic activity of a silica-
supported platinum catalyst were measured by Strel'nikova and Lebedev
(331)., Catalytic activity was first mcasured 3 days after the catalyst was

. prepared, after which it was etored in a desiccator for 2 years. Regardless
of platinum content of the catalyst, storage decreased the {irst orderreaction
r rates by a factor of 10, Storage did not change the relative activities of
) catalysts having different amounts of platinum, The ratio of active centers

‘ in catalysts of various platinum contents was also unchanged. .

Lopatkin and others (235) correlated magnetic susceptibilities with
thermal treatment for three compositions of platinum-on-silica catalysts
(surface fractions covered = 0, 0054, 0,0178, and 0,035), For the two
catalysts with thehighest fraction of platinum, variations in susceptibilities
with treatment temperature werc ideniical, For the remaining catalyst it
was found that the paramagnetism increased with any increased activity
towards hydrogen peroxide decomposition produced by thermal treatment. .
This was true for the first two catslysts below 550° only,

c. Effect of Irradiation and Ultrasonics

|
The cffect of the electronic properties of carriexrs on the photo- !
sensitivity of platinum catalysts in the decomposition of hydrogen peroxide
was studied by Krylova and others (207), Irradiation reduced activity in ;
all cases. Charcoal, germanium, and bismuth were the carriers used,
The source of irradiation was a mercury quartz lamp. A catalystofl,5
per cent of platinum aon charcoal was irradiated at a pressure of 0.5 mm
Hg. Two catalysts, C.5 per cent of platinum on germanium, and 0.5 per
cent of platinum on bismuth were irradiated at | atmosphere pressure,
Activity declined 50 per cent after exposures of 20, 5, and 10 hours respec-
tively for the three catalysts, The magnitude of the changes in activity
were related to the ease of electron exchange between the carrier and the
adsorbed metal. In passing from dielectrics to semiconductor to metals
the zone of forbidden electron energies narrows, thus increasing the possi-
bility of electron exchange, Carrier paramagnetisin increased as catalytic
activity decreased.

Krylova and others (207) evaluated the reduction in catalytic activity
by irradiation of silver, platinum, and palladium catalysts in the decompo-
sition of hydrogen peroxide. Irradiation of platinum and palladium with a
mercury arc lamp reduced the activities by 70 per cent, Losses were
even higher for the metals adsorbed on silica or alumina. The dcactivations
were Ascribed to formation of inactive ions (loss of valence electrons)

. instead of formation of active adsorbed ions of the metals,

Kobosev and Krylova (124) measured the effect of ultraviolet
irradiation of platinum, palladium, and silver, on the catalytic activity
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toward the decomposition of hydrogen peroxide. Platinum {ree and adsorbed
on silica gel, carbon, germanium, and bismuth were the catalysts examined
in detail in varivus atmospheres over a range of pressures., Inall cases,
irvcdiation decrcased the activity. Declire was least in a hydrogen =2imos-
pliere and greatest inan argonatmosphere. Activity could be restored by
heating the catalysts for 2 hours in vacuum at 180°, The changes in activity
are attributed to ionization of platinum and consequeat trapping of the
electrons at stable levels of the carrier.

Krylova and others (208) studied the effect of ultraviolet radiation on
reaction order, activation energy, and rate of catalytic decomposition by
platinum supported on silica gel. All these variables were found to depend
in a complex manner on the amount of irradiation, tie atmosphere in which
the experiments were condusted, und the degree and kind of snnealing treat-
ment given the catalyst, Activation energy varied from 5700 to 10, 800
cal/mole, The results indicate that photo-oxidation of platinum cannot
explain the deactivation by irradiation,

The effect of y-~radiation on the catalytic activity of platinized
aluminosilicate was determincd by Minachev and others (264)., Reduced
platinic acid gave a catalyst of 0,5 per cent platinum, with a surface area
of 252,2 sq m/gm. Radiation of (0.27-10)x10~!? electron volts increased
the catalytic activity in accordance to the dose. The increase due to irradi-
ation was lost in six months.

Minachev and Khodakov 265} studied the effect of y-radiation un
alumina-supported platinum black catulysts having variout platinum con-
centrations, and treated under different thermal conditions, In one case,
irradiation had no effect; a deactivation was reported for the other cases,

Li and co-workers (228-231) conducted a series of investigations on
the effect of ultra-sound on the catalytic activity of platinum and other
catalysts in the decompoasition of hydrogen peroxide,

The activity of a pletinum-black catalyat could be increased or
decreased, depending on the ultrasonic frequency, the atmosphere (alr,
nitrogen, hydrogen) and peroxide concentration (228), Highest activity was
observed for nigh frequencies, a nitrogen atmosphere, and platinum pre-
pared from diluted H;PtCly solutions (230).

Platinum black and palladium black were prepared by the reduction
of the chlorides by 40-45 per cent formaldehyde, placed for 3 hours in an
ultrasonic field of frequency 20-3000 kc, and in nitrogen, air, or hydrogen
atmoasphere. The greatest activity resulted from platinum prepared in a
nitrogen atmosphere at 3000 ke, The treatment more than doubled the
catalytic activity. The treatment also increased the magnetic susceptibil-
m‘ from 0,866 x (¢~ to 1,70 x 10~%, the «pecific surface from 11,7 lo 19,0
m®/g, and the linear dimension of the crystals from 85 to 106A. Palladium
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increased in activity as the ultrasonic {requency was decreased to 20 ke

(229),

Li and others (231) aloo determined the effect of ultrasonic treat-
ment on the activity of catalysts prepared by adeorbing platinum ammoniate
or HyPtC); on silica or alumina, followed by reduction with hydroge. (300°).
Exposure to an ultrasonic field before the reduction step did not a‘tect
catalyst activity,

d. Supported Platinum

A 1964 U, S, patent by Andersen and Romeo {6) assigned to Englehard
Industries, covers the use of platirum, ruthenium and palladium supported
on carbon as a catalyst for decomposing organic peroxy acids and H;O; in
solution, A typical catalyst contains 5 per cent each of platinum, paliadium,
and ruthenium on carbon,

Kobozev and Reshetovskaya (122) investigated active 'ensembles"
on catalyst surfaces used in hydrogenation and the decomposition of hydro-
gen peroxide, Carbon and alumina were used as supports for platinur,
The number of platinum atomns in the active '"ensemble' and the area of
the ""migration cell” were calculated from the catalytic activity and the
{raction of surface coverage. In the decomposition of hydrogen peroxide .
the number of platinum atoms in the active ensemble was 1 for carbon and
4 to 6 for alumina, The "migration’ cell was on the order of 10~!? sq cm,
with a specific value for each support.

Studies of catalyat poisoning by decomposition products of hydrogen
peroxide and other reactions led to an analysis by Lebedev and Strel'nikova
(224, 225) of active centers in the decomnposition of peroxide, Experimental
data for platinum supported on carbon, silica, alumina, cadmium oxide and
cadmium were summarized and examined, It was deduced that active centers
in catalysis are formed only by odd numbers of platinum atoms, e.g.,

Pt, Pty, Plyand Pt;. An interpretation based on kinetic data was attempted.
A rats equation could be developed by assuming an intermecdiate compound

of the type Pt:O: O in the reaction, An explanation of the odd number of
atoms in active center could then be obtained by a graphical analysis of the
experimental data applied to the rate equation.

To determine whether decomnposition of hydrogen peroxide does take

place at active centers of odd numbers of platinum atoms, Lebedev and

Trosman (226) examined the reactionusing platinum on cadmium (semicon-

ductor), (orbon, and silica gel. The results corroborated the theory that

active centers contain odd numbers of platinum atoms. The data for cadmium ;
showed that the composition of the active center is determined only by the X
reaction taking place, and not by the physical nature of the support. The l
relative specific.activitizs for the three supports were C < Cd = Si0;, '




Lebedev (22)) determined the Arrhenius equation parameters for
platinum catalyets on silica pel and caroun applied to the decompousition of
hydrogen peroxide. Decomposition was carried out at 20-30° using cata-
lysts reduced in a strcam of hydrogen at 300° for 12 hours, Packings on
silica gel carriers were 0.00005-0,05 and 0, 0005-0. 03 monatomic_plati-
num layer, Values of paramecters in the Arrhenius equation 2= ae ’
weure, respectively for the two catalysts, E= 2000-12,000 cal/mnrle and
E= 4000 to 21,000 cal/mole; log 2= 1.5t0 6.5 and log z= 3 to 14,3, The
teraperature used for thermal treatment of the catalyst is essentially t'e
same as the experimental range of the catalytic activity, Platinum at
packing fractiors of 0,01, 0,02, and 0,04 was calcined in vacuum at 350-
700* at 20° intervals for 3 hours., At each temperature, E in the Arrhenius
equation ranged from 2700 to 21, 000 cal/mole, log z from O to 15, and a
from 0,0 to 0,1, Calculation of the heat treatment temperature {rom log
ko» f(E) approximated the experimental temperature used to determine
catalytic activity., '

Lopatkin and others (233) investigated platinum on silica in the
decomposition of hydrogen peroxide at 25°, Ft-to-Si0D; weight ratios of
0.0015 to 0, 05 were included, The reaction was second order. Activity
increased with '"available" surfacc of the carrier, but it was a complex
Iunction of the weight ratio of Pt to §i0,, Relative maximum activities
were 16, 27, and 28 for weight ratios of 0.013, 0,027, and 0, 042, Relative
minimum activities were 12.5 and 20 for ratios of 0,02 and 0.035, Thia
behavior was attributed to the existence of active centers with definite
compositions and to energy heterogeneities at the carrier surfacc.

Strel'nikova and others (329) determined the catalytic activity of
platinum supported on ¢cadmium oxide (CdO), Owver-all activity was deter-
mined by plotting moles HyO,; decomposed/sac/gm catalyst as a function
of the number of atoms on the surface of the catalyst. The curves passed
through three maxima corresponding to active centers of odd-number
platinum atom groupings (Pt);, (Pt);, and (Pt)s. The kinetics of the reaction
were formulated on the basis that PtO, dissociated reveraibly.

Shashkov and others (313) attempted to correlate electron emission
with catalytic activity of platinum supported on BaSO, in the decomposition
of hydrogen peroxide at 20°, X-radiation was used to induce emission.

At a concentration of 2 x 10°* gm Pt/gm BaSO,, the emission intensity was
double that cf BaSO4 alone. As the platinum concentration increased the
intensity decreased. At (2-4) x 107* gm Pt/gm 13aSO,, the intensity was
constant and about the value of that of the carrie: alone. At4 x 10°% gm
Pt/gm BaSOy, the intenaity decreased to 1/2. Plotdng catalytic activity
against the logarithm of concentration gav. S-shaped curves. Plotting
emission intensity against temperature gave peaks at 110 and 160°, whereas
the same plot for BaSO, alone gave a single peak at 140°. Changes in
emission intensity with time could be mathematically correlated. Magnetic
measurcments showed that for concentrations of 0.0018-0, 0036 gm

Pt/gm BaSO,, the catalyst is diamagnetic, and for concentrations of
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0.00001-0,000036, it was paramagnetic. At low concentrations, catalytic
activity is associated with electron emission extinction and reflective

capacity.

The catalytic activity of platinum on silica as a function of its method
of preparation was determined by Adamenkova and Poltorak (1), Silica
was prepa.ed by hydrolyzing SiCl,, H;PtC); was treated with ammonia and
the platinum compound adsorbed on the silica. Reduced platinuin was ob-
tained by passing hydrogen through the heated silica granules, Catalytic
activity towards H,O; decomposition was higher when the granules were
made smaller. Optimum temperature for the bydrogen treatment was 300°,
Specific activity increased with platinum content and it was affected by
the nature o1 the H;PtCl, used,

The same investigators (2) later attempted to define the parameters
affecting the performance of platinum supported by silica in the decomposi-
tion of hydrogen peroxide. Recommended techniques for measuring actlvity
are stated. The activity depends on the starting pirtinum compound selucted,
the method of application to the silica, drying conditions, and reduction
conditions,

Kersonov (118) compared the catalytic activites of ionic ytterbium
on sugar charcoal with that of an ytterbium-platinum mixture on the same
support. A constant 0,05 per cent platinum and a variable quantity of
ytierbium salt were uscd. The aalt alonc had very low catalytic activity
that increased only slightly with concentration, The mixad catalyst was
more active than platinum catalyst alone, as indicated by a decrease in the
activation energy from 12,7 kcal/mole for platinum to 9.9 kecal/mole for
the mixed catalyst. Increased concentrations of ytterbium in the mixed
catalyst led ultimately to a decline in activity, At & Pt/Yb ratio of 2:1,
activity was lower than that of platinum alone,

Enright and others (290) studied the effect of adsorbed metal fons
on the decomposition of hydrogen peroxide. Experimerts denionsirated
that heavy metal ions such as Hg(ll), Pb(ll}, or Ag(l) have little oz no effect
on the decommposition of hydrogen peroxide in agusous soluticn unless they
are »dsorbed on a rigid carrier. An explanation of the profcund influence
of the nature of the carrier on the catalytic behavior of these ions is pre-
sented on the basie of K. Fajana' theory of the polarization of ions,

e. Platinum Alloys

Zubovich (384-390) carried out a series of studies on binary, noble-
metal catalysts deposited on alkaline earth carbonates or sulfates. These
studies werc in part an attempt to relate catalyst activities to electronic
structures and magnetic properties,

An {nteraction was found between the components of Pt-Ag, Pt-Au,
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Pd-Ag, Pd-Au, and Pt-Pd mixed catalysts ausorb d oa alkaline earth sul-
fates (384), Behavior could be relaied to the position of the clements in the
periodic table and to effects of the cerrier., Maxirram activity resulted
when the elements were in the stoichiometric proportions of 1:1 or 1:2.
Silver exhibited a poisoning effect on platinum and palladium, Polisoning
was & maximum at & silver concentration of 0, 02750, 055 per cent on the

’ carrier, which corresponds to a proportion of Ag to Pt or Pd of about }:l.
The dacline of catalyst activity in H,O, veduction was accompanied by a
considerable increase in activation energy, from 6,6 to 22 kcal/mole for
a 0. per cent Pt-on-baSO4 catalyst when the Ag:Pt ratio was I:l. Addition
of gold to palladium or platinum catalysts resulied in a different behavior.
Gold elightly reduced the activity of platinum, but it increased the activity
of palladium up to & maximmum for a Pd:Au ratio of 1:2,
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Zubovich (385) showed that experimental data for the decomposition
of hydrogen peroxide by Pt-Ag and Pd-Ag mixcd cetalysts supported on
alkaline earth sulfates agreed with the theory of catalytically active
ensembles, According to the theory, the cztalyst activity is related to the _,
amount of catalyst present by the expression ;

AwmA e exp (-g/z°)

where A is the original catalyst activity, g is the concentration, and z° is
the numuer of catalyst migration regions on the surface. For other binary \
alloys, it wae found that, unlike silver, palladiuin activates platioum in )
. Pt-Pd mixtures. Gold activates palladium, but does not affect platinum
sctivity, Additional experiments confirmed the previous result (384) that
in those mixtures the strongest activation occurs for a Pd:Au ratio of 1:2, ,

- bt

Zubovich (386) also studied thin layers of Pt-Ag, Pt-Au, Pd-Cuy,
, Pd-Ag, Pd-Au, and Pt-Pd ratalysts supported on slkaline earth carbonatcs ;
] and of Pt-Cu catalysts on 5rSQ0,, Catalytic behavior w.es related to the :
’ electronic structure of the meotal ions, to the existence of unpaired electrons,
, and to carrier properties, In agrecment with previous results, highest
£ activities resulted with catalysts having the simplest stoichiomeiric ratios
of active metals on the carrier, Minimum activity ylelded maximum acti-
vadon energy. Catalytic activity was alsc related to changes in magnetic

susceptibility.

The poisoning of platinum by silvcr as mixed catalysts supported ;
on lead sulfate was also investigated (387), The behavior was jidentical to
that ottained earliex (384) for the same catalyst supported on barium sulfate ‘
and minimum activity resulted when the Ag:Pt atomic ratio war 1:1, .
Zubovich suggests, therefore, that the behavior oy the mixed catalyst
depends on the paturs cf the components, and not on the properties of the
carrier,

In a further study of the poisoning of platinuni by silver, Zubovich
(388} used arntaxe and rutile (twn crystall.ne forms of TiO;) as supports,
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In this case it was found that minimum catalytic activity corresponded to a i
1:] Pt:Ag ratio on rutile, but to a 1:2 Pt:Ag ratio on anatase. It waspointed

out that the general behavior is the same for semiconducting rutile as it

was for a'kaline carth sulfates (384, 385, 337) and carbonates (386), which

are not semiconductors.

Zubovich also observed a correlation between changes in catalytic
activity and magnetic susceptibility uf palladium-siilver catalysts supported
on polymorphic TiO; (389) and of platinum-silver catalysts supported on
sugar charcoal, carbon black, und grephite (390).

Bogdanovskil and Shlygin(27) reported that the addition of palladium
to & platinum cutalyst does not noticeably promote the rate of decomponitionof
hydrogen peroxide, However, palladium does prevent self-poisoaing of the
catalyst, particularly when added in amounts of 10 pur cent and higher,

Lopatukhina and Shlygin (232) found that an electrochemically
prepared palladium-platinum catalyst prepared from PdCly- PtCly solution
was 100 times more active than palladium alone in decomposing hydregen
peroxide, Greater hydrogern and oxygen adsorption stiwed that the mixed
catalyst had o more highly "developed' surface; however it was concluded
that the catalyst did not consist of mixed crysvals; it was probably a solid
solution,

{. Platinum Colloids

Blesa (20) studied the effect of micellar surfaces on the catalytic
decomposition of hydrogen peroxide by platinum sols prepared by the
electrolytic Bredig method. In the first study, the effect of KCN on the
rate of decompos‘tion was determined, Platinum sols with particles in the
range 75-95 millimicrons were prepared electrolytically. Small concen-
trations of KCN decrense the rate of decomposition of hydrogen peroxide,
but Jarger amounts iacr:ase the rite, The concentration of KCN that yields
the minimum rate increases roughly with the total surface area of the sol
particles. A nearly constant value of 0,65 mg per sq cm was obtalaed for
81} wols studied. Substitutior of iodine in place uf KCN gave similar results,
but in this case the dose required for minimum rate was nearly a constant
0. 095 mg per sq cm of scl surface.

In u second study by Blesa (19) the relation between the particle
size of the sol and ths amount of poison necessary to produce & minimum
in the vate of decompousition of hydrogen peroxide was investigated, Each
salt was found to have a specific value. Substancea studied included KCN,
thiosulfates, jodine, and lodides,

Hasegawa (103) mearured the decomposition rate of hydrogen per-
oxide by platinum sol over the range 30 to 50°C, An initial decrease in
reaction rate was followed by a main stage in which the reaction was first




order with an apparent activation energy of 11,6 kcal/mole, The initial
retardation was attributed to the accumulation at the surface of reaction
producis which blocked active sites,

Kokado (120) reported that tannic acids inhibits the catalytic decom-
position of hydrogen peroxide by platinum sols. The logarithms oi the

firsteorder rate constant and tannic acid concentration followed a linear
rezction.

The effect of deute rium oxide on the decomposition of hydrogen
peroxide by solutions of colloidal platinum was determined by Deleo and
others (47, 48). A regular relationship between the concentration of deute«
rium oxide and the inhLibition of the decompnsition rcaction rate was estab-
lishnd. A series of exchange reactions is postulated to explain replace-

ment reactions that took place, All rcsults were for 0. 05N hydrogen
peruxide at 25°,

Kobozev (121) derived kinetic data for the catalytic decompoasition

of hydrogen Jeroxide on several catalysis by analyzing experimental results
based on three rcactions:

(1) Cat+ H; 0, = Cat*O + H;0, K,
(2) Cat+ 2H0; = Cat:g + 2H0, K,
(3) Cat:g ¢ Cat+ O k

T

where ''Cat' is the catalyst, Reactions (1) and (2) were considered rapid
reactions that could be treated as steady-state equilibria. Reaction (3)
was the rate determining step, Experimental rate data were plotted in a
manner that yielded values for the constants K;, K; and ky. The relative
"time activities per active center” for various catalysts at 0*” vere as
follows: MoO,”, CrO,”, WO,", and iodine, 0.1; Fe'*, 1.0; C._ 127, Il
Fe't on charcoal, 100; hemin, 50 to 650; hemin on charcoal, 800; catalase,
5x10% Fe;O4 and MnO,, 10% and Pt-black sol, 10% Since the value of kg
in the expression k. = k E'q}RT (9o = activation energy) was approximately
10" for all catalysts, the increcased activity of t : mixed catalysts was
attributed to a lowering of the activation energy only. A plot of log k,
against the diffcrence in {ree energies of reaction (1) and (2) gave two
straight lines, one for homogeneous catalysts and the other for hetero-
geneous catalysts. Enhanced catalytic activity for either series vvas attri-
buted to decrca-~ing repulsion between the oxygen atoms of the intermediate
couples, Cat:d, A thermodynamic analysis permitted a model in which the

repulsion decreased proportionally to an increase in the total amount of
supporting material to which active centers are attached.




g, Elfects of Accelerators, Poisons, and other Agents

Horiba (109) studied the effect of methyl, ethyl, and propyl alcohols
on the decomposition of hydrogen peroxide by a platinum-palladium mixed
80} and activated carbon powder. Methyl or ethyl alcohol in small amounts
accelerated the reaction, but equivalent amounts of propyl alcohvl depressed
the rate, All three alcohols depressed the rate at high cuucentration, In
most cases it was possible to eetablish 2 linear relation between the reaction
rate constant and the dielectric constant of the alcehol,

In further studies of catalytic poisons Kdpp:an (134) reported that
thiophosphate esters retarded the catalytic decompusition of hydrogen per-
oxide by acidic, platinum-coated silica gel. In this case, however, the
retardation could be eliminated by adding what was found to he the optimum
amount of saponin to the reacting mixture. Foam was produced in proportion
to the amount of oxygen evolved in the reaction. Foam height was more
sensitive than foam amount as a measure of the decomposition rate.

Strel' nikcva and Lebedev (332) studied the poisoning of catalytic
platinum in various forms by hydrochloric acid, Colloidal platinum, plati-
nated, dehydrated SiO; and platinum black were examined in the decoimposi-
tion of hydrogen peroxide. The poisoning is related in a complex manner
to the partial dissolution of surface atoms (usually up to 1 per cent, but
up to 33 per cent for plutinum black) as 3 result of simultaneous reaction
of H;O; and HCL, The hivalent surface atoms are assumed to represent
active centers, which can form intermediate compounds that dissolve in
HCl. The fact that activity towards the hydrogenation of cyclohexane was
also observed for this catalyst is taken as evidence of supporting the
assumption.

‘The same investigators (334) studied the effect of HNO,, K;SOyq,
and HCl on platinum-on-silica catalysts in the decomposition of hydrogen
peroxide in order to ¢:termine the anomalous Lehavivur of HCl, Platinum
was soaked in the various acids for & hours, after which 2N H;0, was added.
Nitric acid deactivased the catalyst least, followed by sulfuric acid. Hydro-
chloric acid was several tens of times more effective in deactivation, a
magnitude too great to be attributed to pH. A distinction is that HC] can
dissolve adsorbed platinum, which is taken as an explanation for the action
of this acid. It is pointed out as very significant that no more than one per
cent of the surface atomas is responsible for the catalytic activity,

In a study of the poisoning effect of mercuric chloride on platinum
catalyst supported by cadmium oxide in the decomposition of hydrogen per-
oxide, Strel'nikova and others (333) found that platinized CdD adsorbed
more HgCl, than CdO alone, regardless of HgCl, concentration. Catalytic
activities of platinized CdO treated with various concentrations of HgCl,
were then determined, as was the activity of an untreated platinized CdO
catalyst. The log of the ratios of the activities plotted against the amount
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of HgCl, adsorbed gave two intersecting straight lince, The reaults could

be expressed by a rn:athematical relationship involving the relative activities

of poisoned and urpeisnned catalyst, the probability of poiscning an active

center, the number of reyions of poison migration, and e quantity of

adsorbed poison. The activation energy was independent of the quantity of

poison adsorbed, and varied irregularly with the armount of piatinum

employed. .

Zykova and others (394) studied in detail the poisoning of platinum
black by Jarge amounts of mercuric chloride, In the presence ¢f hydrogen o
peroxide, HgCl; is reduced to Hg,Cl,;, which is then adsorbed by platinum. .
Hg,Cl; is not adsorbed by platinum in the absence of hydrogen peroxide. '.
Since crystals of Hg,Cl; were observed on the catalyst surface, the amount
of HgCl, reduced considerably exceeded that amount needed to form a mono-
layer. Abusorption isotherms possessed three distinct regions, but eventually
leveled off as the surface became saturated. No alteration ir activaticn
energy was observed for various surface coverages, which was taken as
confirmation that the artive centers are energetically uniform on the cata-
lyst surface.

Suito (335) studied the effect of verious poisons of platinum sols
towarc the decomposition of hydrogen peroxids. Poisons included HgCl,,
Hg(CN);, KCN, and KCl. Activity declined in proportion to the logarithm
of the concentzations vf HgCl; and Hg(CN),; in the case of KCl, a linear
relation was found between the logarithms of activity and poison concentra-
tion; the behavior of KCN was more complex. The relative degrees of
poisoning were Hg(CN);> HgCi; > KCN> > KCl. The relative quantities
required to reduce catalytic activity by 90 per cent were 0,008, 0,02, 0,03,
and 289, respectively, Complete poiscning corresponded to a unimolecular
layer of the poiscn on the catalyst surface, Kinetic evidence showed two
types of b:havior. Poisouing by mercuric and chloride ions did not involve
reaction with hydrogen peroxide; but in the case of cyanide jon, poisoning
did involve reaction with the peroxide.

Misuwatari (266) used a fundamental pyrolysis equation to derive
firet-and second- order equations applicable to the decomposition of hydro-
ger peroxide by platinum sol, Experiments were conducted in order to
determine the voisconing effects of CO, HgCl,, Hg(CN);, KCN, and KCl.
Various expianations are advanced to rationalize th~ inhibiting effeccts.

Gonzalez-Salazar and Blesa (93) observed that potassium iodide
inhibits the catalytic decomposition of hydrogen peroxide by colloidal
platioum. Reaction rate i3 a minimum at a concentration of 9, 146 mg Kl
per squax= centimeter of platinum sol surface area,
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SECTION XV,

COPPER, SILVER, GOLD

 } 1. COPFER

a. Metallic Copper nd Copper Alloys

Markovic (243) found that dilute hydrogen peroxide waa decompoeed
by copper at 20* by a zero-order reaction, A reaction machaniam was
proposed on the basis of adsnrption potentials for oxygen, water, and hydro-
g gen peroxide. The double layer on copper electrodes in hydrogen peroxide
sclution was studied by measuring the growth rate of polarization potentials.
It was found that only high peroxide concentrations affect the size of the

b hydrogen double layer and that the charge on the double layer in a nitrogen
L'i Atmosphere was about the same as that of all polycrystalline metals.

el D SR,
- A .

Kotkowski (135) determined the kinetics of decornposition of dilute
, solutions of hydrogen peroxide by powdered copper. Solutions containing
E: 0.3, 0,6, and 0,9 per cent H;0, at 27, 37, and 47® were examined, Electro-
5 lytic copper and copper reduced in hydrogen gave different kinetic equations
_ that permitted distinguishing the two procescea. In the case of electrolytic
y copper, chemisorption of atomic oxygen (HyO, = H;O + O} was followed by
g desoprtion (O + H;0; = H0 + O;), at measurable rates, For hydrogen-
reduced coppcr, the chemisorption step is so fast that only the desorptivn
rate is measurable. It was found that the rate depended more on the degree
of disperaion of the catalyst than it did on the catalyst concentration.

! Ross (301) examined the activities of abraded copper-copper oxide
i } foils in the catalytic decomposition of hydrogen peroxide, The foils were

K prepared by depositing films of CuO on smooth and abraded copper sheets.
i The reaction was studied in a flow reactor at 40 to 100°C., Abraded foils

. were more active than smooth ones, particularly at low temperatures.
' Smooth foils gave an activation eneryy of 18,4 keal/mole; abraded foils
gave G.2 kcal/mole. Since no significant differences in surface area could
be detected, increased actlvity with abraded folls were attributed to changes
i ia the dislocation site density caused by abrasion.
- ) On the basis of the hypothesis that reactions controlled by the rate
: of transfer of an electron from metal to substrate should decrease {n rate
as the 3d band begins to empty, Dowden and Reynolda (52) conducted experi-
. ments using nickel-copper alloy foils to decompose hydrogen peroxide. Rate
determinations as a function of the atornic fraction of the alloy components
provided general confirmation of the hypotheais, Activation energies and
frequency factorc for the various alloys were also determined.

Krause and Kotkow ki (178) compared the activity of {resh and used
catalysts of copper-iron alloys in the decomposition of hydrogen peroxida,

6l
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The criteria for activity was the rate at which the catalyst decolorized
indigo carmine. Mn(ll}, Cu(ll), and Fe(Il) ions were adsorbed on fresh
and used catalysts and the activation or inhibition towards further catalytic
activity observed. Mn(ll) inhibited the fresh catalys: but activated the used
catalyst, Cu(ll) and Fe(lll), either alone or in combination, activated both
catalysts.

b, Copper Oxidcs and Hydroxides

Shashkov and Krylova (314) studied the activity and magnetic sus-
ceptibility changes in Cu, CuO, Cu0, and CuOOH during repeated use as
decomposition catalysts for hydrogen peroxide. In some instances it was
observed that the changes of activity in one catalyst ingredient were com-
pensated roughly by opposite changes in another ingredient. A mixture
of Cu, Cuy0, CuO, and CuOOH in the respective ratios by weight of
§0:62. 5:57:75 gave constant activity through repeated H;O, decomposition
processes, The following mechanism was postulated to accouut for the
results:

2Cu0 + HLO; ~Cy0 + HO + 0y
CuQ + HO; ~=2Cu0 + HO.
Cu(il) ions were said to constitute the active centers in the catalysts,

Zhuraviev and Kolosova (383) examined the relation between tie
distribution of thermal emf over the surface of cupric oxide and the catalytic
sctivity of the cxide. Cupric oxide plates were prepared by compressing
the powder at 400 kg/cm?, followed by sintering at 580°., Measurements
of thermal emf potentials over the surface were distributed as a normal
Caussian type in every case, though average deviations from the normal
varied. Increased deviation from the normal corresponded to an increase
in the catalytic activity towards the decomposition of hydrogen peroxide,
Thus the activity was higher for samples with a flat distribution curve than
for those with pointed distributions. It is concluded that since the probabil-
ity ¢’ the development of a high-potential field between adjacent points of
the surface must be greater for catalysts with flat emf distributions, the
activity in those cases must be higher.

Zhuraviev and Kruzhelyuk {379) measured the emf of & cell con-
taining hydrogen peroxide in which one eiectrode was a catalyst and the
other electrode a non-catalytic conductor. When copper oxide (CuQ) was
used as one electrode over the range of 20 to 90°C, the emf passed through
a maximum at 40°, and & minimum at 60°, beyond which it increased. The
decrease in emf in the ternperature region of 40 to 60* was accompanied
by & small increase in decomposition rate, which indicates that there is
some connaction beiween the emf and the reaction taking place in the cell.
The same results were obtained using rinc oxide on copper as the active
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elsctrode,

Hart and Weir (99) used thermistors to study rapid changes of
catalytic behavior in the decomposition of 1 to 4 N H;O, by copper oxide
(Cuz0). Temperature changes were measured by thermistors at the up-

. stream and downstream surfaces of the catalyst in a flow apparatus. The
temperature differences were extremely sensitive to changes in activity and
provided a continuous measur= of catalyat efficiency. Eifects unobservable

‘ in a static system can be studied with this technique,

D' Ans and Mattner (45) reported that Cu(OH]); catalyzed the decom-
position of alkaline hydrogen peroride according to a first-order reaction. {
Based on the fact that magnesium hydroxide adsorbs traces of copper from
solution, & ceries of experiments waa carried out to determine the fixation
by Mg(OH); of copper dissolved in sodium hydroxide and th catalytic action
of copper on hydrogen percoxide in 1 N NaOH solution,

vapors by catalysts containing equiinolar binary mixtures of CuO with
Fes04, a+Al;0,, and CoO,. Catalysts were heated to 600° as part of the
preparation. A mixture of CuO and Fe;0O3 was more active than either oxide
separately. CuO - a<Al;Oy mixture was no more active than CuO alone,

The high activity of Co 03 prevented distinguishing effects due to CuQ in
Cu0 - Ce ;03 mixtures,

Hart and Ross (100) studied the decomposition of hydrogen peroxide )

The effect of various ions on the activation of CuQO, sintered at
600¢, in the decomposition of hydrogen peroxide was investigated by Krause
and Wolski (154). Iron(lIl) was the best activator, Thorium(lV), manga-
nese{ll), zirconium(IV), cobalt(l), lead(ll}, lanthanum(ill), and mercury(ll) ,
also activated CuO, Aluminum(lll) was the poorest activator. Chromium(lIl)
ions destroyed the catalytic activity of CuO completely. Combinations of |
the above ions with CuO were slso investigated as catalysts, Cations of
the first~ and second-grouy elements were sctivators. Vo

Krause and Wosinska (144) studied tha activation ard inhibition
of copper hydroxide in the catalytic decomposition of hydrogen peroxide.
Calcium, magnesium, and cobalt(Ill) hydroxides activated the catalysts |
when pracipitated with Cu(OH);. Precipitation with beryllium, lead(Il), and '
nickel(ll) had no effect on the catalyats. Cadmium auad zinc hydroxides were :
inhibitors., Calcium and magnesium ion do not appear to affect the catalysis, Lo
but cobalt(Il) ion inhibits i:,

' Krsuse und others (163) studied the effect of various ions on the
catalytic activity of CuzO in the decomposition of hydrogen peroxide at
. 371°C. In the case of single ion species on CuD as a carrier, catalytic

activity was increased by [ Fe(CN)] 4=, w0 3", Mn(Il), Fe(IIl), and Cu(ll).
Catalytic activity was decreascd by AI(IN), Ni(lI), Na* and NH* . It was
found that the activity of catalysts containing mixtures of the above ions
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depended on the order of addition of the ions (an effect known as catalytic 1
o mutation). Mutation was most pronounced for ordexs of addition

; CuO-[ Fe(CN) ]4" -Fe(Il1) and Cu,0-Fe(ll)-[ Fe(CN)]*", and the six possi-
ble arrangements of Cu;O, [ Fe(CN)]**, Fe(lll) and Cu(ll). Catalytic muta-
tion is observable when 0, 0] gram of carrier is mixed with 1, 0 mg of the 1

given ions. Krause and Smoczkiewiczowa (155) evaluated the relative acti- .
peroxide. Minerals included chalcocite, covelite ] and II, chalcopyrite,
bornite I and II, cuprite I and II, malachite, pyrites I and II, marcasite, .

hematite, and FeS. The action of the various metals in the minerals was

i

', vities of 14 iron and copper minerals in the decomposition of hydrogen

i

I
, sslectiva and specific,

:: K3ppen (132, 133) invented a means for determining waste waters
| from the pcisoning effects of biological materials in the catalytic decompo-
| sition of hydrogen peroxide, Potassium cyanide shows marked effects and
: thercfore illustrates the process. The rate of decomposition of 30 per J
i cent H;O, decreased by half in the presence of 0, 000002 molar KCN, The

{ effects of hardness, pH, and dissolved salts can be buffered by adding

' sbout 0.5 per cent of glycine to the solution, The method is general for

‘ any inhibitor by comparing the rates for a test substance and thatofa
blank. Koppen reported that low conceniration of KCN accelerates rather
than retards the decomposition rate for hydrogen peroxide by CuO, raineral
MnO;, and precipitated ferric oxyhydrate,

¢. OQther Copper Compoundas

The effect of pyrolyzed tetraethyl lead on the catalytic activity ol
A copper chromite catalyst for decomposing hydrogen peroxide was deter-
mined by Zhabrova and others {376), The catalyst material was prepared
by heating CuCrOq4. then removing excess CuQ to yield a material corres-
ponding closely to CuCrzO4. The friable, porous, crystalline catalyst was
treated with tetraethyl lead in solution or as a vapor, The mixture was
treated thermally or photochemically to decompose the lead compound.
About 1/8 of the lead was taken up by the catalyst, Rate measurements for
the decomposition of peroxide (1.7 molar) showed that the rate reached a
maximum for a catalyst containing 3 per cem of PbO,;, The reaction was
first-order., Although the rate was higher, there was practically no differ-
ence in activation energy (20 kcal/mole) between the promuted aad unpro-
mecied catalyst,

Wolfrum (368) measured the effect of added silics gel on the
catalytic activity of FeCly (0.1 M) and CuCl; 10, 05 M) solutions, Silica gel
of 3.2 m¥/gram and 60-100 micron particle size was used. Adding gel
doubled the activity of CuCl;, but slightly decreased the activity of FeCl,.
Wolfram suggested that in the case of CuCl; very active intermediates such as .
HyCu O are formed, In the case of FeCly, active micelles that form are
adsorbed and deactivated on silica gel.
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Constable and Ohanian (36) studied the variation in activation energy
for the decomposition of hydrogen peroxide on copper ferrocyanide. For
0.1 mg/cc of Cu,Fe(CN), and temperatures of 2-48.4°, the reaction followed
the relation log k = 7,31 - (3788/T) + (121, 3 pH/T), where T is the absolute
temperature. The apparent activation energy depended on pH according
to Eg x 4,57 [3758-121.3 pH) and varied from 17,080 cal at pH 1 to
11,540 cal at pH 10, '

Constable (37) determined the catalytic activities of (1) copper
ferrocyanide (Cu{Fe(CN)], (2) Prussian blue, Fe, [ Fe(CN)e];, and (3)
Turnbull' s blue, Fey[ Fe(CN)];. In all three cases the reactions followed
the relationlog k = log m + A-B/T + C(pH)/T, where k is the unimolecular
rate constant ( time in minutes ), m is the catalyst weight (mg), T is the
absolute temperature and A, B, and C ara constants, with these values for
the above catalysts respectively (1) 5.612, 3738, 121,31 (2) 4. 809, 3243,
98.6; and (3) 5.108, 3275, 53,6,

Erkut (55) reported that colloidal Cu,( Fe(CN),] is an excellent
catalyst for decomposing hydrogen peroxide. Catalytic activity was
depressed in the presence of salts of cobalt, nickel, cadmium, lead, nrer-
cury, and mangancee, Copper salts had practically no effect. Ferric
chloride and alkaline sulfide solutions increased the activity, Erkut also
reported that Fe [ Fo(CN)] did not significantly catalyze peroxide decompo-
sition, and that the ferrocyanides of nickel, cobalt, manganese, cadmium,
lead and silver were inactive.

The effect of hydrogen-ion concentration on the catalytic activity
of copper ferrocyanide for the decomposition of hydrogen peroxide was
studied by Kandare and Constable (116). Finely divided Cu,{ Fe(CN),] was
investigated at 2-48°C and pH 2-10, Phosphate buffers were used above
pH 5. The reaction was unimolecular, with a reaction rate constant related
to pH and absolute temperature as follows: log k = a-(b/T) + ¢(pH), where
&, b, and c are constants. For 0.1 mg/ml of Cu;[ Fe(CN),], a = 3.987,
b= 2746, and c = 0. 4039,

Krause (143) reporied that although AI(ILI) ions do not catalyze the
decomposition of hydrogen peroxide, they do promote the decomposition
by copper-~iron ferrocyanide gels. AI(II) ions inhibit the catalytic activities
of CuO, Al(CH)y-Cr(OH)s-Fe(OH)y, Cu(OH);-Pb{OH);~Fe(OH)y, Mg(OH),-
=Cu(OH};~Fe(OH);, and Co,[ Fe(CN)y] gels.

2, SILVER
a. Metallic Silver
Davis and McCormick (46) presentcd an analyois of design para-

maeters in the use of samarium oxide-coated silver catalyst for decomposing
high-sirength hydrogen peroxide to oxygen and superheated steam, Various
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applications were discussed,

Shell Development Company (316) conducted a comprehensive
program in 1057-58 to study decomposition catalysts for 90 per cent hydro-
gen peroxide. The effects of impurities, the mechaniom of the reaction,
effects of promoters, silver ioss rates, and new cutalysts were included.

Silver was the catalyst of principal concern. Detailed analysis

5 of the klnetice of decomposition in catalyst beds of silver screens supported .
ﬁ by stainless steel screens led to the conciusion that there are four reaction

zones, each dominant for a range of bulk solution temperaturcs,

In the low temperature zone, the rate is probably chemically con-
! trolled. Rate variea with surface parameters, heat transfer (convection)
to the solution is rapid, and the catalyst is only slightly above the temper-
ature of the solution. On the bawnis of experiments, two plausible reaction
mechanisms are proposed for the reaction in this rone,

——ennd

In the nucleate boiling zone, liquid contacts the surface and there- 1
fore the catalyst temperature does not exceed the boiling point of the liquid.

At higher temperature the nucleate boiling zone changes to the film
boiling zone. Liquid contact no longer transfers all the heat from the sur-
face, a vapor zane forms, the rate of decomposition declines, and the
catalyst surface temperature exceeds the boiling temperature of the liquid.

In the high temperature reaction zone, hydrogen peroxide decom-
poses rapidly without need for a catalyst., Homogeneous decomposition is
rapid in both liquid and vapor, and relatively inert materials become active
heterogeneous catalysts,

The effects of impurities in hyd.oven peroxide on the decemnasgition B
by silver were studied in detail. This work was aimed at gaining a more . l
complete understanding of how impurities modify the decompowition mecha- :
nism. It was concluded that quantitative correlation of the results was not
possible because of the various results obtained under different conditions,
and because of the complex behavior of mixed impurities., The large numbers
of inorganic and organic impurities were classified as poisons, innocuous
compounds, or promoters. Ammonium perfluorocaprylate was found to
greatly promote the decomposition by silver in the low temperature reaction
zone. The rate is accelerated by a factor of 50 at the concentration (0. 075
gram/liter H;0;) of maximum activity, Process carbon concentrate behaved
similarly, but to a lesser extent. *

Among the other catalysts investigated, an alloy of 1 per cent gold .
and 99 ser cent silver was found to be far superior to silver catalyst alone.
Decomposition rates were higher and catalyst loss rates were lower, In
practice this could mean faster start-ups at low temperatures and fewer
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clogging difficulties caused by catalyst deposition downstream. Other y
gold-silver alloys with up to 20 per cent of gold had activites comparable
to that of silver, At higher gold contents, activity was much lower, ]

The behavior of a | per cent palladium-in-silver alloy relative to

. silver alone depended on the decomposition temperature, At low tempera-

{ tures, the activity was about the same as that of silver. Activity declined s

" at intermediate temperatures then incressed markedly at 212°F, Veryhigh
rates of silver loss were apparent in this alloy. Increasing the pslladium

content to 10 per cent reduced the silver loss, but the activitv was aleo (

auch less. - E

Experiments with silver-platinum, silver-copper, and silver- !
copper-iridium alloys indicated that activities were not high enough for P
practical applications in propulsion. The fact that copper alioys accelerated |
the decomposition rate led to the suggestion that copper ion in solution could :
provide higher decomposition rates by homogeneous decomposition at high

tamperatures, i

A report on the state of the art of catalyst packs for use in rocket
applications of 98 per cent hydrogen peroxide discussed some of the work
carried out by FMC Corporation before 1962 (73), Some of the problems of
improving catalyst performance and design were also covered, ;

A prograra carried out in 1958 by FMC Corporation (73) was designed i
specifically to develop a satisfactory catalyst for rocket applications of 98
per cent hydrogun peroxide. An improved approach wase to put a few silver
screens above a section of Monel screens in the catalyst pack. Presumably ]
the silver screens would start the decoinposition but escape the high temper-
atures produced by complete decamposition. Monel screens would then
i complete the decomposition. The partial success of the system led to the .
' development of a gas generator employing it. The average starting transient :
of 1/2 second (room temperature feed) was considered a drawback for some
of the other applications of interest. Adding fine-mesh plated silver screens
above the pure silver screens already in the catalyst pack reduced starting
transients, but erosion was severe enough to retnove the plating within three

starts.

A second approach was to use platinum-plated steel acreens alter-
nated with Monel screens in the lower part of the catalyst pack. Starting
transients wera still not small enough and the Monel screens were severely

oxidized.

Another approach was to replace the Monel écreens with nickel
screens. This system operated satisfactorily for long periods but starting
transients were impractically long.

A further approach was to use cobalt-plated iron or nickel screens
in place of the Monel screen. In decomposition trials using packs containing
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16 silver screens at the inlet end, cobalt was completely eroded from the
iron acreens, Starting transients were short, but increased with successive
starta., Cobalt-plated nickel screens were interspersed with oxidized nickel
screens in order to test the possibility that electrochemical interaction would
increase the stability, No silver screens were used in initiul tests, Good
performance and small starting transients resulted, but again the transie:uts
increased with successive starts, When the 16 silver screens were usud

at the inlet section of this catalyst pack, starting transien's changed very
little in successive starts,

In 1957 FMC Corporation (73) conducted a program on the develop-
ment Ot a gas generawr, As part of that program 31 number of different
catalysts, including copper-plated nickel, nickel, Monel, silver, and silver-
plated brass, were evaluated for decompusing 90 per cent hydrogen peroxide.
With the exception of silver alone, the silver-plated brass catalyst was the
mast active, Repeated tests, however, caused the plating to flake off and
the activity to decline., It was suggested that improved plating techniques
would improve catalyst performance,

Under a Navy contract in 1953, FMC Corporation (61) investigated
various catalysts in an attempt to prepave an effective and long-lived cata-
lyst for application in the Alton cycle power plant. Of the formulations
studied, including pellet-type catalysts, fine silver was found to be the best.
It could be furthrr activated by treatment with a 2 per cent solution of
samarium nitrate, followed by heating at 840°F to give a coating of the
oxide. Corregated silver spirals were found to be the best forms of the
catalyst in the application,

Laboratory and large scale tests of activities of several different
argent {(KMnO,-coated silver) and irium (cobalt-plated brass) screens
supplied by the Naval Underwater Ordnance Station were carried out by FMC
Corporation in 1956-57 (67), Laboratory tests indicated that irium screens
with rough surfaces were the most active catalysts. Smooth argent was
closer in activity to rough irium screens than were smooth irium screens.
Full-scale tests using large quantities of catalyst did not give the same
results as did the laboratory data,

Under a NASA program, Runckel and others (275) at the Langley
Research Center investigated the effect of variation in acreen composition
and arrangement on the performance of a 90- and 98-per cent concentration
hydrogen peroxide catalyst beds for rocket propulsion. Conventioncal cata-
lyst beds with certain modifications were found to be suitable for use with
& 98 per cent concentration hydrogen peroxide. Up to 25 silver screens
were used without excessive melting of silver provided they were located
at the upstream end of the bed, The use of 40~-mesh silver screens afforded
better starting response characteristics than 20-moush screens. The use
of 2 per cent concentration samarium nitrate, in lieu of 10 per cent, was
found to be adequate for treatment of silver screens under certain conditions,

68

- _w—-.~_—‘-—4¢.‘ LV S W




cab TEE R BN

Bed life wes sufficient for reaction~-control-rocket missions, The tests
covered environmental temperatures from 350°F to 820°F and a chamber
pressure range from 100 to 315 pounds per square inch absoluts.

Runckel «nd others (302) investigated silver catalyst beds for use
with 98 per cent hydrogen peroxide in reaction-contrcl type rocket motors.
Seven types of catalyst beds of lengtha from 1,38 to 1, 50 inches, containing
14 to 75 active silver scteens, packed at a pressure of 1000-1500 1b/eq in.
were investigated at 35-85°F, Catalyst beds for 98 per cent hydrogen per-
oxide with perforrmance about the same as for 90 per cent peroxide were
obtained. Melting was not serious when 25 silver screens were used, The
40-mesh screens were better than 20-mesh screens, Trestment of the
silver screens with 2-pcr cent Sm(NO,); solutions gave better performance
than treatment with concentration of 10 per cent. The best results were
obtained with the screers arranged as follows: 2 pieces of 20-mesh, 0,014
inch, stainless-steel screen, | antichannel baffle, 25 pieces of 40-mesh
0.010-inch silver screens treated with 2 per cent Sm(NO;);, | antichannel
baffle, and 60 pieces of 20-mesh 0. 015-inch nickel screen at a packing
pressure of 4000 1b/eq in.

Caooper and others (3) conducted an investigation of various citalyst
materials that might be useful for full-scale propulsion units in the decom-
position of concentrated hydrogen peroxide. Silver plated on copper gaure
wap found to be the outstanding catalyst. A manganese alloy prepared in
the form of scrolled strips showed some promise, Lut s cobalt-plated gaure
and copper-lead mixture were not effsctive catalysts.

In chamber tests using silver-plated copper screens it was found
that an optimum thickness of 0, 004 inch of silver deposited on 16-to 20-
mesh acreens gave good results. Quick starts were achieved by putting
some anodized screens in the top of the bed. Good starts resulted at a flow
rate of 60 pounds per square inch, Catalyst life was 3 to 4 hours, after
which silver was stripped from the support screen,

This investigation included an analysia of an involved concept of
ebullition temperature in the decomponition of H;O, vapor by silver screens,

A 1959 U, S, patent to De Havilland Engine Co. (97) relates to
metal-catalyst packs employing silver catalyst for use in rocket motors.
Several layers of transversely corrugated thin strips containing a catalyst,
at least on the surface, are separated by thin strips of the same material,
The strips are arranged edge-on to the fluid flow,

Jacob (114) obtalned an East German patent on the use of fuel-air-
hydrogen peroxide mixtures ignited by silver or platinum wire as a means
for starting gas turbines. Hydrogen peroxide concentrations above 70 per
cent Are used.
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Saunders (308) obtained a U, 5. patent in 1949 on a silver-plated
activator for decomposing hydrogen peroxide in underwater propulaion
systems, A steel screenis first electroplated with silver by a process that
yields a porous surface. The screen is then coated with a mctal permanga~
nate sclution and dried in an oven at 100-110°¢,

A 1957 U, S, patent assigned to D. Napier and Sons (44) rclates to ]
A catalyst suitable for decomposing high-strength hydrogen peroxide in
rocket motors. A thin layer of molten catalytic metal is sprayed on a per- '
forated support. For rocket motors silver supported by a copper gauze is
preferred. Start-up timmes are shnrtened by anodizing in a bath of sodium |
carbonate.

In a 1964 patent assigned to Bell Aerospace Corp., Sill (324)
described a thrust chamber catalyst structure useful for propulsion units
employing decomposition of 99 per cent hydrogen peroxide. The catalytic
bed itself consists of porous nickel plated with a 99:1 silver-gold alloy
having open surfaces. The alloy is plated in wrinkled surface form. A

Baumgartner and others (13) carried out extensive quantitative 1
studies on the decompositiun of 90 per cent hydrogen peroxide on silver
surfaces &t both low and high temperatures, They determined rates of
hydrogen peroxide decomposition and silver mass loss as a function of bulk
solution temperature, hydrogen peroxide concentration, and pressure. Two
distinct regions exist, corresponding to an abrupt change in mechaniem.

In the low temperature region, the rate is chemically controlled; in the high
temperature region, the rate is limited by heat transfer.

At low temperatures, hydrogen peroxide decomposes at a rate
proportional to catalyst surface area and peroxide concentration. Th. rate
of silver mass loss is proportional to the catalyst area and the square of !
the peroxide concentration, Silvex (I) ions and hydroxide ions present in :
hydrogen peraxide solution inhibit the rate of silver loss, In this region, ;
xeaction rate is chemicilly controlled; experimental evidence indicates a i
chaln mechanism. The abrupt transition from a lower to a higher rate is
strongly influenced by the raie of decompoasition at low temperature,

At high temperatures, the decomposition rate is limited by heat
transfer. Evidence for this is that at constant temperature of the bulk
snlution, both the catalyst surface temperature and the decomposition rate
increase with increasing pressure in a way expected for a heat-transfer-
limited process. Increasing the bulk solution temperature at constant
preszure incroases slowly the catalyst surface temperature, but decreases
slowly the decomposition rate and the silver loss rate,

Sutton (298) reported that the rate of decomposition of hydrugen L
peroxide on a smooth silver surface at 0°C rises linearly with concentra- '
tion of peroxide up to about 50-60 parcent w/w and then becomes independent
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of concentration up to about 70-80 per cent w/w., At still higher concentra-
tions the rate rises again. It is tentatively concluded that decompoasition
occurs by a strictly heterogeneous mechanism at the metal/liquid interface
in concentrations up to about 70-80 per cent, but that a free-radical chain
mechanism is superimposed above this concentration.

According to Hazlett and Pilato (276) the decomposition of liquid
H;O; on a silver catalyst is complicated by the existence of a vapor barrier
at high peroxide concentrations. The barrier arises because localized
decomposition at the catalyst surface raises the temperature of the silver
far above the boiling point of the peroxide, and liquid approaching it is
vaposized. Passing water through the catalyst can lower its iemperature
and suppress the vapor barrier., Under these conditions the decomposition
is changed and approaches the expected behavior. The film barrier is also
diminished by increasing the pressure. This affords a greatly altered
decomposition curve and supports the thesis that the vapor barrier masks
the chemical kinetics of the decomposition. Results with the pressure
system indicated that the film barrier is not important in a rocket motor.
As the pressure in the reaction chamber is increased, the silver loss is
descreased.

In a program conducted by FMC Corporation (68), silver metal
was reacted with both dilute and concentrated H,O, semi-adiabatically and
at atmospheric pressure. A method was developed for preparing silver
surfsces which were reproducible in their reactivity toward both dilute and
concentrated H;O,, as evidenced by the rates of oxygen evolution measured
in the static-type reaction systems. The pure metal was found to be more
reactive to HyO; than metal which had been either tarnished by exposure to
the atmosphere or given Sm(NO,); treatment. In the case of tarnishing, the
initial reaction rate is believed to be controlled by the diffusion of HO;
through a layer of combined oxygen on the silver surface.

The Sm(NO,);~treated metal afforded a '"catalyst'’ which was not
reproducible in activity towards HyO,. The nature of the coating produced
by such treatment is discussed. The phenomenon of Sm(NOjy); ""activation'
of pure silver surfaces in the decomposition of cuncentrated H 0, was
attributed to a decrease in the degree of vapor binding at the metal surface.
A detailed mechanism for this reduced vapor binding was offered. The
merits of a heterogeneous surface, composed of active and inactive centers,
are discussed with respect to increased efficiency of decomposition of
concentrated hydrogen peroxide,

Results indicated that, at room temperature and atmospheric
pressure, the rate limiting process in the decomposition of concentrated
HgO; is the migration of O, and water vapor buhbles from the '"catalyst"
surface. For dilute H;O; of high purity, the primary rate controlling
process was considered to be oxidation of silver metal.

[ NPRIIIY- SN S WS TEIV 395S -]




Ll

. e a— e

The reactinn between pure silver and 5 per cent HQO; followed firat
order kinetics very cloaely; Sm(NO,),-treated silver, however, rearted
with the same H;O, to give very nearly a zero order reaction. The latter
reaction therefore appeared to be controlled by the rate of diffusion through
the coating formed on the metal surface as a result of the treatment.

—— e

The isothermal reaction between silver metal and 90 per cent H,0,
at 20°C and atmospheric pressure was examined in detail by FMC Corpora-
tion (69). The reaction was followed by measuring the rate of O; evolution
and the rate of dissolution of silver, Calculations were made in such a way
as to be independent of the siiver surface area. The primary reaction was
considered to be oxidation of the silver; results were consietent with the
idea that this process is followed by free radical chain reactions, which are
responsible for the major portion of the H;O,; decomposition, the mole ratio
of O, evolved to silver dissolved was .ound to be in the order of 10 in the
decomposition of 90 per cent H;0,. Vapor phase decomposition, and thermal .
decomposition of peroxide vapors, played a negligible role in the reaction. :
The simultaneous rate controlling factors were considered to be the oxida-
tion of silver and the concentration of adsorbed free radicals, with the .
possible rate limiting process being the migration of O, bubhles from the
reaction surface,

In order to study the effect of trace impurities upon the reactiorn,

the following compounds were added singly to 90 per cent HO, (unhydrated
formulie given): Na,50,, NayPO,, Na,;Sn0O,, Na;5i0,, NaCl, KF, NaCN, .
NaNQ,, CuSO,, Al;(SO4)y, (NH4),S0, KOH, H,;S0, and AgNOy. Inno case ;
was there a promotion of the decomposition. The main depressants, Na;PO,, '
Na,;Sn0,, Al1;(50,)y and AgNO,, all had the same general effect upon the
- decomponition, i.e., the rate dropped sharply and then leveled off as the

impurity concentration increased. In no case werv impuritics visually

observed to build up on the silver surface. This fact, coupled with measure-

ments of the ratio O,/Ag, led to the conclusion that trace impurities that

lower the decomposition rate under the experimental conditions do so either

by capturing {ree radicals or by affecting the adsorption of free radicals at

the reaction surface,

It is concluded that if the above conclusions are correct, silver
metal cannot be considered a true catalyst in the H,C, decomposition.
General requirements for a solid reagent for HyD; decomposition, based
upon the silver mechanisra study, are discuseed.

Bagg (7) measured the effect of pH and concentration on the rate
of decomposition of HfO, by a single crystal of silver. Reaction order
varied with concentration for various concentrations of up to 1.8 molar
HyO; and 1. 0 normal NaDH. AgO was identified on silver crystals after
catalytic decompouition of HyC, and silver(l) ions were found in the solution,
The first urder reaction at 0. 16 molar H0O; and 1.0 normal NaOH was
postulated to proceed as follows:

i
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(1) 2Ag + HO;" — Ag0 + OH"
(2) Ag:O + HOy - 2Ag + OH" + 0O,

The kinetics indicatec that at a concentration of 1.&¢ M H,0; the silver surface
is saturated with reacting species,

Maggs and Sutton (239, 240) studied the rate of silver dissolution
and the resultan pH changes in concentrated hydrogen peroxide,

The solubility of silver in 15 to 80-per cent hydrogen peroxide was
determined by direct means and by evaluating the [ Ag+ ] [HO,"] ionic
product needed to start rapid catalysis (239), Solubility was constant from
-11 to 25°C. Dissolution rate of silver in hydrogen peroxide at strengths
over 50 per cent were diffusion controlled. In solutions of H,0, containing
Ag(l) ion, rapid catalysis waa initiated when the solubility product of AgO,H
was reached. If NaCl was present, AgCl precipitated in the diffusion layer,
Both the diffusion of Ag(l) ivn from the silver surface and of chloride ion to
the silver surface were considered in the study of concentration gradients.

It was established that Ag* and HO,- formed when silvar dissolved
in 20 to 80 per cent hydrogen peroxide (240), Electronic conductivity meas-
urements revealed that pH increased proportionally with the amount of silver
dissolved, giving higher values at the two extremes of concentration than
at intermediate concentrations. The acceleration of decomposition rate in
H,0; saturated with silver ions was attributed to the continuous precipitation
of silver particles., As further decomposition decreased the H,0, concen-
tration, Agt and HO;" were removed from solution in accordance with the
limiting ionic product.

Wentworth (253) found that in the decornposition of hydrogen per-
oxide by silver and silver salts, no catalysis occurs until the solubility
product of Ag(OH); is exceeded in the solution. When the wolubility product
is exceeded, divalent silver can be reduced. At a hydroxyl concentration
suificient to initizte catalysis, the silver is present in the colloidal state,
the decomposition is homogeneous, and the reaction is first order. When
the silver metal is precipitaied the reaction is zero order. The evidence
indicated that the catalysis proceeds through an oxidation-reduction mecha-
nism consistent with the following reactions:

Ag + H0, + 2H*~ Ag*t + 2H,0

Agit + HO—~ Ago + 2H*

AgO + H0,— Ag + HO + 0, .
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Bliznakov and Peahev (21, 23) meagured the effect of heating silver
catalysts on the decompnsition of hydrogen peroxide. Pnlished 99.95 per
cent allver plates heated in air for various times and temperaiures up to
920°C provided various decomposition rates, Heating at 750° for up to two
minutes gave very high catalytic activity, Continued heating decreased the
activity sharply; a minimum was reached at five hours, after which the
activity increased slowly to a constant value after ten hours. Changes in
activity were attributed to silver oxide formation on the catalyst aurface.
Heating the catalyst at varied temperatures gave a maximum activity at
about 500°.

Heating silver in vacuum at 180° gave a maximum first-order rate
plot for & heating pericd of nine hours. Bliznakov (23) concluded that
chemisurbed oxygen is necessary for the decompodsition,

Krause and Hermanndwna (168) noted that the catalytic activity of
silver increases if the catalyst is immersed in fresh hydrogen peroxide at
37°. The result is attributed to formation of colloidal silver through inter-
mediates such as Ag;O or silver peroxide,

Cota and others {43) found that among 14 catalysts vsed to decom-
pose H;O,; in solutions centaining K;CO; and KOH, silver gave the highest
decomposition rate, Sllver was more active than Pt black, Pd black, or
Coy.1Feq,¢Of which were the ather moat active catalysts,

Sviridov and others (336,337, 338) investigated the catalytic effects
of Ag-Ag;Ci0 mixtures prepared by thermal and photochemical decomposi-
tHon of Ag;C;0,. Activity depended in a complex manner on the quantity
of silver in the mixture, the degree of crystallinity, and the cryatal struc-
ture. Thermally decomposed AgC,0, gave maximum activity for silver
content of 35 per cent. Activity increases with time of exposure when pure
Ag;C0, was irradiated with ultraviolet light, Irradiation with gamma rays
had little effect on activity,

The relative catalytic activities of "atomic'' silver and crystalline
silver were determined by Krylova and Kobozev (205). "Atomic" silver was
in the form of a dispersion produced by the chemical reduction of silver
salts, Crystalline silver was prepared by photoreduction of silver halides.
The crystalline material was inactive whereas the dispersion was very
active.

Kulskiy and others (211) atudied the effect of silver on the oxidation
of indigo carmine by kydrogen paroxide.

b. Silver Alloys

Mixtures of metals with silver as catalysts for decomposing 87,2

per cent hydrogen peroxide were investigated in detail by FMC Corporation (73).
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: The objective of this work was to relate the enhancement of silver catalyst
' activity by additives to the thermal conductivity and the mode of heat trans- ;
fer during the reaction. Additives included platinum, gold, silicon carbide,

and stainless steel,

. Silver-gold and silver-platinum alloys were found to have a higher
! activity than silver rmetal, samarium nitrate-treated silver, or silver-silica
cermets.

Silver surface area changes could not account for the increased
activity. In {act, a negative correiation was found. One posaibility based
on the heat tranafer theory is that ''the inactive material furnishes a pathway
through which reaction heat can be transferred to the liquid HO;, thus cooling
the silver. This cooling, to a point, could increase the reaction rate due to
a reduction in vapor binding over the silver site."

i The enhancement of silver catalytic activity by gold is oftset by

the tendency of gold to alloy with silver, The useof smaller propurtions of

gold makes it possible to prepare a catalyet having a continuouu phase of

silver flocked with Ag-Au alloy. A mixture containing 10.7 per cent of gold

was presied into a pellet and examined under a microscope. Distinct areas

: of two different materials were observed, Heating to 1000°2C did not alter

. | the structure, Catalytic activity toward 87 per cent HyO, was high and

‘ i remained high, Higher concentration of gold terded to form continuous phase
|

alloys with lower activity.

A silver-platinum catalyst gave extremely high activity, which,
: however, dropped markadly after heating the catalyst to 1000*C, Consider -
K able shrini:age o« irred at 970°C, Flocked catalysts similar to those
i observed for gold and silver are suggested as possible with silver-platinum
[ mixtures, ~-aich apparently do not alloy below 970°C.

Silicon carbide additive gave the highest start-up activity, This
fact appears to be attributable to thy low lLieat conductivity, but this cannot
be concluded unequivocally,

] Stainless siecel additive gave a higuer specific activity than did
silicon carbide

As part of a nrogram conducted by FMC Corporation (72) under
; U.S. Navy Contract NOas 58-689-¢, catalytic decomposition of hydrogen
! - peroxide vapor, and vapor binding in mixed catalysts were studied,

Hydrogen peroxide vapors were decomposed at about 200°7C over
various catalyst materials with the following order of activities:
silver > Monel> platinum > stainless steel (316)> Pyrex> Teflon. The
exceptional activity of Monel in the series is explained by a proposed
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electrochemical effect. At the high tempcrature of decomposition, the
copper-nickel alloys are presun.ed ‘o exhibit a cell effect at the alloy inter-
faces, yielding increased electron densities and exceptional activity at
those points.

A second phase of this program involved a study of ::iixed catalysts |

designed to further test a theory of vapor binding. Accordirg to the theory,
' rapid decomposition of hydrogen peroxide at a silver surface at high temper-

atures results in a vapor barrier that limits the rate at which fresh peroxide .
can migrate to the surface, Catalyst activity of silver coated with samarium l
oxide or other materials that modify the thermal condvctivity at the surface i
is enhanced because the effect of the vapor barrier is diminished. Temper~
ature build-up at reactive silver sites is curtailed by heat withdrawal to the
inert additive, Previously it had been shown that the behavior of cilver- :
silica, silver-siliccn carbide, silver-copper, and silver-gold mixed cata-
lysts was apparently in accord with the theory.

Te further examine the theory, mixed catalysats of silver and goid ;
pellets were used to decompose hydrogen peroxide (90 per cent, and diluted). :
In general, the experimental results confirmed the hypothesis, at least l
for some caser, Activity varied with gold content in an irregular mann-r, :
and peak activities were greater than could Ye accounted for by changes in ’
surface area. These data constitute additicnal evidence that the theory is
correct but they are inconclusive because of the problems encountered in
trying to achieve reproducible catalyst surface areas.

f e e e —

Brief experiments were conducted as an attempt to confirm the
existence of a '"catalysis point'" for silver in the decomposition of 90 per
cent hydrogen peroxide., Maggs and Sutton proposed that silver decomposes
peroxide by conversion to a silver compound (such as AgOOH). This initial
slow decomposition proceeds until the solubility product of the dissolved
compound is exceeded, at which point the unstable compound precipitates
and decompsses, releasing silver particles, Contact with the particles
then greatly accelerates the decomposition. This is known as the ''catalysis
point, " i

A e e e ——————.

Experiments to test the theory involved placing o silver rod in 90 ‘
per cent H;O; at 16°C, preventing the temperature from rising above 20°C :
until the reaction became very vigorous (catalysis point). In repeated tests l
of duration up to three hours, at various siiver losses and HO; concentra- ,
tion decreases to 9 per cent. the rate immediately declined when the silver |
rod was removed from the reaction mixture, Mad a catalywis point been I

i
|
|
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reached, the reaction would be expected to be sustained, at least for brief
periods, after removal of the rods. Thus no catalysis point was observed.

In 1963, Walter Kidde and Com.pany (358) studied the anomalous
behavior of silver and silver-nickel alloys as catalysts in the decompoaition
of dilute and concentrated H;O,;, In dilute H;0;, decomposition rate was ' !
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found to increase with silver conient of a silver-nickelalloy catalyst, reaching
a maximum at 100 per cent silver. Ir concentrated H;O;, the behavior was
reversed: the higheat decomycsition rate was obtained for a catalyst of low
silver content. A ''gas envelope' hypothesis is Ceveloped to explain the
anoinalous behavior, and extended to show how mixed compositions could

be used to sustain peak decomposition rates during repeated exposures to
HO; and how to azhieve sustained activity,

Catalytic activity was also shown to depend upon the sintering steps
in preparing silver-nickel catalysts from AgNO, and Ni(NO,); mixtures.
Slow heating is essential for reducing scatter in decomposition data, Rapid
heating ieads to surface eruptions and data scatter,

c. Silver and Metal-Oxide Mixed Catalysts

In a program conducted by FMC Corporation (70), cermet catalysts,
which ure cornposed of irert materials dispersed {n a continuous phase of
silver metal, showed tignificantly higher activity in the decomposition of
concentrated hydrogen peroxide than that of silver metal alone.

The effect of discrete particles of catalytically inactive material,
uniformly dispersed in a contiruous phase of silver metal, upon the pheno-
menon of vapor binding at silver surfaces in contact with concentrated
hydrogen peroxide, was investigated. A method for producing the desired
surface was developed to yield a cermet, in which inactive material is
uniformly distributed throughout the body of the ""catalyst.! The behavior
of such cermets toward concentrated hydragen peroxide was followed by
measuring oxygen evolution rates of the semi-adiabatic, atmospheric pres-
sure reactions.

The cermets, prepared in pellet form, contained silica, silicon
carbide, or copper oxide as the inert material, The available silver areas
of cermet surfaces and thc roughness factors were estimated by reaction
with dilute hydrogen peroxide. The start-up activity of sll cermets with
concentrated HzO,; was higher than that of pure silver, and markedly higher
than that shown by Sm{NO,), treated silve> surfaces,

The apparent specific activitics (reactivity with concentrated HO,
per unit geometric ares of surface) attained with cermets was as high as
25 per cent of the value found for consolidated silver metal. Reactivity
with concentrated peroxide per unit apparent silver surface area was as
high as twenty times that of consolidated silver.

In the silica series, the spacific activity of the 9,1 per cent SiO,
cermat was higher than those containing 7.4 or 11,5 per cent SiO;, which
indicated a maximum somewhere in the interval. The 9.1 per cent SiO,;
cermeis combined the merits of high activity and constancy of activity with
repeatad reaction,

7
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The behavior of the surfaces with repeated reaction, the effect of
high temperatures upon reactive surfaces, and the eifect of roughness, ars
discussed, Silicon carbide and silica cermets maintained their shape,
except for local silver flow, at 1000°C, under no stress. The CuO pellets,
however, melted at 960°C (melting point of silver) or below,

’. The density of the 9.1 per cent SiO; cermet, found to be 5,05 gm/ce .

(less than half that of silver metal), shows the porous nature of the material, ]
Compression of cermets resulted (with one exception) in a decrease in o}
spacific activity,

A Sm(NOy) treated silver pellet was studied for comparison. Some %
similarities in the behavior of the latter with that of cermets tend to confirm
that Sm(NO;)s activation is & physical and not a chernical phenomenon.

| Between 1957 and 1961, a series of patents on hydrog~n peroxide
deccmposition catalysts employing silver as the actuive material was assigned
to D. Napier and Son, Ltd., England,

e

: Lane and Ramsden (214) obtained a British patent for a catalytic bed
emplaoying a silver-copper catalyst suitable for rocket propulsion and similar
devices. The main decomposition chamber is filled with pellets consisting
of, or coated with, silver mixed with small amounts of copper. A catalyst
of the same compositicn is stacked in gauze form at the outlet where hydro-
gen peroxide is decomposed into steam and oxygen. Decomposition begins
in the low-flow-rate region of the main chamber and is completed at the i
high-flow-rate region of the outlet, )

+

Lane and Strickland (215) obtained a British patent covering a catalyst
for instantaneous decompoasition of hydrogen peroxide, thus eliminating the
delay of start-up., Copper gauze is abracded with crushed grit, thendegreased,
Silver is hot sprayed on the gauze, and this is followed by anodizing in an
alkaline carbonate solution. The gauze is washed, rplaced in 10-per cent
NH(OH for 24 hours, and finally washed with distilled water and dried.

Lane and others (217) alac patented a process for preparing a metallic
silver catalyst in a form suitable for uasc in the catalyst bed chamber :
described in the earlier patent (215), ]

Lane (216) obtained a German patent on sintered compositions con-
taining powdered silver and copper oxide useful for decomposing hydrogen
peroxide., The preferred catalyst contained 87 per cent by weight of silver.

Laxton (219) obtained a U, S. patent covering a catalyst made by .
sintering 80 to 90 per cent of silver with 5 to 20 per cent of copper oxide. "~
No eutectic forms in the sintering step, in contrast to the case where metal- . [
lic copper is used. The pellets can be heat treated nearly to the melting
point of silver,
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Laxton patented in Britain (220) and Germany (218) a catalyst, based
on silver, tha* can be prepared readily in tablet form, Active silver is
mixed with inert ingredients, such as Al;0y, SiO;, or SiC (all of which are
stable up to the melting point of silver), then pelleted. A suitable catalyst
contains 75 per cent of silver and 25 per cent of inert material,

Beginning in 1958, Rocketdyne (299) carried out an extensive Navy-
sponsored program on the properties and applications of hydrogen peroxide.
One task of the program compris=d the development of catalysts for sustained
decomposition of 30 per cent peroxide and for uae with 98 per cent paroxide.

A basic catalyst formulation consisted of a mixture of silver, manga-
nese dioxide, and aluminum oxide, As a suspension of the powders in oil
and slow drying lacquers, the catalyast mixture was applied as a coating on
stainless steel screens. This catalyat was tharoughly tested to compare
the activities of modified formulations.

It was found that adding gold to the basic catalyst prombted the acti-
vity up to & maximum for a gold concentration of about 2,5 per cent. Adding
glass to the formulation increased the acherence of the coating.

Catalyst activity declined with increasing sintering temperatures
ia the preparation. However, even for a sintering temperature of 1950°F
the catalyst gave a decomposition rate 33 per cent higher than that of
ccuventional silver-plated screen catalysts.

Particle size of 38 to 74 microns had no effect on catalytic activity,
but particle size below 38 microns increased the decomposition rate as
much ©s 48 par cent.

Sintering the catalyst at various temperatures after samarium oxide
activation had no discernible effect. Also, substituting samarium oxide for
part of the aluminum oxide in the basic formulation eliminated the need for
final activation, Using 40 to 60 per cent of samarium oxide in place of
aluminum oxide improved activity and the adherence of the coating.

The catalyat formulations developed under this program were
demonstrated to maintain their activity in repeated tests with 90 and 98 per
cent hydrogen peroxide.

d. Promoters, Adsorbed-ion Catalysts, and Poisons

FMC Corporation (73) investigated in 1958-59 the effect of added
wetting agents on the catalytic decomposition of 90 per cent hydrogen per-
oxide at 0°C. FC-~126, Triton X-100, and Deceresol OT agents produced
a 25-fold increase in the rate of decomposition by #il-. 'r. The lowest con-
centration of agent at which promotion occurred was 30 to 40 mg/liter.
Optimum concentration was about 50 mg/liter; at this concentration there

1
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was no appreciable difference in behavior among the wetting agents, Major

emphasis in this program was given to determination of impact sensitivities

and compatability and storage statility using concentrations of wetting agents
up to 270 mg/liter of H;0,.

Shell Intsrnationale Research Maatschappij N, V. (319) patented the
use of alcohol oxidation products as promoters for the decomposition of
hydrogen peroxide by silver. The products are usually obtained as residues
from the distillation of the partially oxidized alcoholic mixture. In a typical
case, hydrogen peroxide (60°) containing 400 mg residue/liter is decomposed
in a rerctor at a flaw rate of 45 grams/minute on a silver catalyst to give
oxygen at & rate of 4,15 liter/min/sq cm catalyst, compared to 2. 62
liter /min/aq cm under the same condition without the promoter,

A 1964 patent to Shell Oil Co. (296) relates to the use of ammonium
parfluorocaprylate as a promoter for decompooing concentrated hydrogen
peroxide with silver, At 0°C a silver catalyst decomposed 90 per cent per-
oxide containing 0. 075 gram of promoter per liter at a rate 50 times faster
thin in the absence of the promotex,

In a 1964 patent assigned to Shell Oil Co., Baumgartner and Roberts

(14) described the use of certain promoters that increase the rate of cata-
lytic decarnposition of 30 to 100 per cent hydrogen peroxide, Promoters,
such as the residue containing organic peroxides resulting from the manu-
facture of hydrogen peroxide, particulirly C,.4 alcohols, aldehydes, and
ketoncs, are added in concentration of 100 to 750 mg/liter of HO,;. The
promoters allow start-up temperatures as low as the freexing point of the
hydrogen peroxide and they reduce catalyst loss as much as 50 per cent.

A 1963 Shell Oil Co, British patent (53) covers the use of organic
peroxide or hydroperoxide residues as promoters for the silver-catalyzed
decomposition of hydrogen peroxide, The residues are the bottamn product
obtained during the purification by distillation of hydrogen peroxide manu-
factured by the use of aldehydes and ketones, such as alkylanthiraquinone
or primary and secondary alcohols. Residues can be added to purified or
electrolytic hydrogen peroxide., Preferred concentrations range from 100
to 750 mg of carbon in the residue per liter of hydrogen peroxide.

Ordinarily, eilver phosphate doee not catalyze the decomposition of
hydrogen peroxide, Krause and Zielinski (162) found, however, that Cu(l),
Cr(III}, Mn(0}, and Co(ll) ions activated the catalyst at 37°, Fe(CN)b" in
the presence of AgyPO, acted as a stobilizer for hydrogen peroxide. The
highest activity wae shown by AgyPO, with Al(1lI), Cu(ll), and Fe(CN)*",
Added in that _rder to the hydrogen peroxide solution in contact with Ag,PO,.

Krause and Domka (200) reported that the activity of Ag(I) ions was
greatly increased when adsorbed on a mixture of A1{OH), and Co(O#);. An
effect was observed at concentrations as low as 10°!? gram Ag at a dilution
of 1:6 x 10-1, Ag(I) ions were also catalytically active when adsorbed on
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alkaline earth carbonates.

Nikolaav (281) found that ions of silver, cobalt, and nicke} adsorbed
on barium sulfate and metastannic acid led to inactivation of the ions towards *
the decomposition of hydrogen peroxide.

Kolarov (129) examined the effect of a series of salts dissolved in
hydrogen peroxide on the catalytic activities of MnO;, charcoal, and silver
powder. Salts included NaOAc, Na;SO,, NaNO,;, NaCl, NaBr. KOAc, K;S0,,
KNO,;, KC1, KBr, and sodium and potassium tartrates. In general the effects
of the anicns corresponded to the Hoffmeister series (i.e., in decreasing
order of their salting-out effect on hydrophilic solutions or in the lowering
of gelation tamperature: e.g,, SCN*>1°> B r°> NOy*> ClOy~> C1°>

> C3Hs03" > S0, "). Acetate ion on charcoal was an exception because of

strong adsorption, Silver powder lost its activity in the presence of Cl°
and Br-, Acetate caused a marked decline. Ultraviolet irradiation of the
silver and MnO; reduced activity in a manner similar to rapid aging,
Irradiation increased the activi * £ charcoal, evidently as a result of
superficial oxidaticn by Oy, ozo. is produced in the ultraviolet and can
give rise to active centers.

In a succeeding study, Kolarov (130) related the decline in activity
of silver and MnO; to the solubility products of AgCl, AgCNS, and AgBr,
and to limiting anion concentrations, beyond which decompositinn ceases,
The effect of cations was also investigated. The order of retarding action
in the case of silver was K<Ba< Ca< Mg for 0, 16 and 0,32 per ceat hydrogen
peroxide. The rate increased markedly at pH 4-5 and reached a maximum
at pH 11.7. The corresponding cation order for MnO; was K< Mg < BawmCa;
activity reached a maximum at pH 0,5, & minimum at 4,2, and finally
increased up to pH 10 and beyond.

Lazarov and others (221) studied the effect of chloride ion on decom-
position of hydrogen peroxide by silver powder, In the process, Cl replaces
OH" formed at the silver surface during decomposition. The ratec of chemi-
sorption of C1~ !ncreases with H;O; concentration up to 0. 38 N without effect
on the final equilibrium. Adsorption of Cl° increases at high temperature,
and Jower EH. but total adsorption is independent of temiperature and is
1,41 2 10°° gram-ions per gram of adsorbent in the case of 0. 38N H;O;and
0.013 N KCI solution. Calculation showed that Cl- does not form »n monolayer,
but penstrates the adsorbent.

Similar results were obtained with bromide, iodide, and sulfate ions
(222). The process is in accord with specific adsorption. During decompo-
sition, the icns block active sites of the catslyst. Thia leads to An increase
in pH and consequent acceleration of the rate of decomposition of peroxide.

A curve of activity against ion concentration passes through a characteristic
‘maxirguin.

v < oo
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Bliznakov and Lazarov (22) measured the effect of KC1 dissolved in
a 0.5 per cent soluirion of 11;0; on the rate of catalytic decompositiun of
H;O; by silver. Small concentrations of KCl mazkedly promoted the reaction
rato, but high concentratiors decreased the rate to a smail value. At high
pH “ke effect of the cliloride is tv poison the cawalyst. Bliznakov concludea
that tha concentration of chloride affects the pH of tne medium and therefore
the adsorption processcs on the silver surface. A kinetic expressionrelating
chloride concentration to the hydrogen peroxide decomposition rate constant
is derived and a coasistent mechanism proposed.

Krause and Olejnik (139) found that the decomposition of hydrogen
peroxide by Ag,O at 37° was retarded by H;CO,y, HCl, H;50,, Na,SO,
HyPO, and CH;COOH, prasumably as a result of complex formation with
the catalyst,

3. GOLD

The catalytic oroperties and poisoning of gold in the decomposition
of hydrogen peroxide were examined by Krause and Hermann (171). Tweo
gold foils, containing 0.! and 1.5 per cent of Cu + Ag, had low activities.
The foil containing 0.1 per cent additives always gave 2 higher activity.
Both increased in activity with temperature. Relative first oxrder rate
constants were 0.9 and 1. 35, As,;0, and H,S strongly poisoned both catalysts,
whereas NaCN activated both,
. Q '
Tamura and others (340) studied the catalytic decvinposition of hydro-
gen peroxide by gold sols prepared with different reducing agents. Sols
prepared in H;0; itself gave first-order reactions with respect to H;O,
concentration and catalyst surface area; it was 1/2 order with respect to
base concantration. About 20 kcal/mole was calculated for the activation
energy, Higher pH increased the rate and yiclded a linear relationbetween
log k and log g (zeta potential). A thinner electrical double layer and the
greater charge density of the sol particles yields higher activity, Transfer
of electrons from gold to H;O; was concluded to be the rete-determining
step.
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SECTION XVI1,

ZINC, CADMIUM, MERCURY

1. ZINC

Krause and Miedzinski (169) studied the influences of traces of metals

on the catalytic activity of zinc hydroxide, Although Z1(OH); has low activity,

at 37°, adsorntion of Ag(I) and Mn(Il) iuns greatly increases the activity at
certain concentrations. Below 2 x 10! grams Mn(Il) per 0.1 gram Zn(OH),,
the ions inhibit the decomposition. The most active ternary catalyst con-
sisted of 0. 1 gram Zn(OH); + 2 x 10-® gram Co(II) + 2 x 10~* gram Mn(II).

Krause (159) pointed out the importance of lattice imperfections
(‘'active cente? ,") in investigations of contact catalysis. A method involving
the decompowition of hydrogen peroxide was proposed as a means for deter-
mining imperfections. It consiats of activation of a catalytically inactive
solid by adscrption ions. For example, inactive ZnO (heat-treated at1000°)
was activated by adsorption of Cu(ll), Co(ll), and Na(I) ions. Fes0O; con-
taining adsorbed Co(Il) was active if heated to 700°, but inactive if heated
to 800°. Similar experiments were used to confirm the transformation of
Y =Al,O, into a-Al;0, at 1000°,

Nergararian and Markaham (275) found that both cyanides and amides
inhibit the decomposition of hydrogen peroxide at infrared-irradiated zinc
oxide surfaces. Analysis showed that cyanates are iormed at the surface.
The process {3 described as a competition between the inhibiting ion and
H;O; for donating electrons to the photoariivated catalyst,

2, CADMIUM

. Krause and Winowski (193) used cadmium oxide as a carrier to
illustrate ' catalytic ion antagonisms' in the dacomposition of hydrogen per-
oxide, It was demonatrated in two cases that the catalytic activity of one
lon on the carriex depronsed by the adsorption of the second ion even if the
added ion, when alone on the carrier, catalyzes the vaacticn, It was found
that CdO alone or the ions Mn(lI), La(It), and Cr(II} ~lcae are very weak
catalysts, Co(II) ions have little more activity, and the ion pairs Co(ll)
ions have little more activity, and the ion pairs Co(ll) + La(IIl) and Mn(II)

+ Cr(l) slightly accelerate the reaction, In experiments with ions adsorbed
on CdO, Mn(Il) and Co(Il) were very active, Cr(Il) was little more active
than the weakly active La(Ill). The reaction was slower for the combination
Co(ll}) + La(IIl) than with Co(II) alone, and slower for Mn(1I) + Cr(II) than
with Mn(II) alone. The &ntagonism was related to the formationof complexce
! od the blocking by & stronger complex of docomposition by an active
complex,
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Krause and others (195) studied the kinetics of catalytic hydrogen
peroxide decomposition by various ions adsorbed on solid carriera. Cata-
lysta included Co(I1) on CaCD,, Co(ll) on CdO, Mn(ll) on CdO, and Ag(l) on
CdO. All the reactions were first order and had activation rnergies amaller
than the non-catalyzed reaction.

3. MERCURY

The rhythmic catalysis of hydrogen peroxide decompusition by
metallic mercury was studied by Ernst (56), Hydrogen peroxide in contact
with mercury did not begin to decompose immediately, but passed through
a latent period, then became periodic. The latency period decreased as
pH increased and it vanished completely at very high pH, where the reaction
reached a constant maximum rate, Lower peroxide coucentrations or
higher temperatures had the same effect as pH. The transition fros. periodic
to continuous catalysis was ascribed to diminishing peroxide concentradon
and higher pH. Irregular pulsations in activity were observed in the various

transition regions.,

Bethe (17) studiéd the rhythmic catalysis of hydrogen peroxide by a
mercury surface. Catalysis by mercury is greatly affected by pH. At high
pH the reaction is continuous, at intermediate values it varies, and at low
pH it is negrligible, An active surface changes to a passive one &t a pH that
depends on the content of foreign ions; usually the pH is higher for higher
ion contents. For active mercury, cathodic polarization promotes catalysis
and increases the pH, whereas anodic polarization gives cpposite results,
For passive mercury, the effects of polarization are reversed, which is
ascribed to a change at the phase boundary from mercury to an oxide film,
Depending on pH and other conditions, agitation can promote or inhibit the
catalysis. For active mercury, the potential between it and a platinum
electrode in the HO; solution increased with activity,  The potential
decreased if the mercury was passive.

Bagotskii and Yablokova (8) carried out electrochemical experiments
aimed at determining the mechanism of catalytic decomposition of hydrogen
peroxide on metallic mercury, Decomposition of 0,09-0.3 N H O, at pH
12-13 by a mercury electrode, corrected for non-catalyzed decomposition,
was studied: Both the potential measurements of the mercury electrode
during decomposition and the rate of the reaction gave values that had been
predicted from previously determined polarization curves obtained by
cathodic and anodic polarization of a mercury dropping electrode, The
results support & theory that the reaction involves a mechanism of simul-
taneous reduction and oxidation of H;O; at diiferent points of the surface.

Gardiner (84) used electrochemical methods to investigate the
periodic catalysis of hydrogen peroxide decomposition by metallic mercury.
The phenomenon was of interest because of possible analogy to physiological
irritation mechanisms in living organisms.
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Krause (157) carried out a short series of experiments to determine
the catalytic effect of ions supported on various solid compounds of mercury, ]
Both cations (Co(Ill), A1(1IX), Mn(Il), Fe({lll)), and anions (AcD", Br-,
[Fe(CN)K] 4=, [Fe(CN)]*") were supported on Hgl;, HgS, HgO, and HgO.
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~ SECTION XVI.
GALLIUM, INDIUM, THALLIUM

Krause and Blawacka (190) found that the rate of catalytic decomposition .
af 3 per cent hydroygen peroxide by T1;04 at 37° is & first-order reaction
having & minimum reaction rate at & concentration of 5 mg/150 ml and a
maximum rate at 1.5 mg/150 ml. The behavior of this catalyst is described *
as "latent activity,

T1;0; was used 23 a carrier to determine the catalytic activities of
¢ seriea of metal ions in the decomposition of hydrogen peroxide at 37¢(185),
Colll) ions especially promoted the reaction, Other promoters, according
to decreasing activity, were Ag(l), Mn(lI), Cu(ll), Al(OI), and Pb(II). lons
that were ineffective include Nat , K+, Cs+, Bedt, Mga"' » Ni(), vo,*,
La(ll), C1°, NOy", 50,%°, Fe(CN)s'", and Fe(CN)*". A mixed ion promoter
of Co(ll) - Ag(l) - Cu(ll) was very active,

It was later reported that adsorbing lon pairas such as Co(lI}-Mn(Il)
and Co(ll)-Zn(ll) on T1,0, carriar could produce the so-called '"ion antago-
niam' (186), This refers to the lower catalytic activity obtained by adding
the ions simultanec isly from & mixiure, as compared to the highor acti-
vity obtained by adding each in separately.




SECTION XVII.

LANTHANIDES AND ACTINIDES

Khodakov and Minachev (119) studied the kinetics of peroxide decom-~
position by lanthanum hydroxides. Experimental data for y -irradiated and
nonirradiated La(OH)y were obtained to confirm a complex set of equations
derived from a poatulated mechanism, The mechanism involved the form- ‘
ation of an intermediate complex of the type [ La(OH)y HiOal H;0;.  The f
energy of activation for decomposition of the complex was determined to ]
be 24 kcal/mole, '

; ' Krause and Posswinski (156) studied the catalytic activities of a

Lo series of uranium oxides in the decomposition of hydrogen peroxide at 37°,

: ' V0;, UQs, UyOs, and hydrated UC, were included, The highast activity

{ was obtained with UsOq thermally treated at 800 and 1000°. UO, was less ;
| active; UO, and UO, were least active, and both had very small activities. ’l

Nabe and Gyani (273) studied th.e kinetics of hydrogen pevoxide ;
(0. 350-0. 022 M) catalytic decomposition by hydrated CeO; at 25-40*, The :
first-order rate constant was initially unchanged, but it declined in value
as the reaction proceeded. The activation energy of 1200 cal/mole was
considered low. Dehydration of the oxide was accompanied by a decline i
in activity up to 730°, where all activity vanished. i

b Maxted and Ismail (261) used platinum catalysts activated by rare
earth and other oxides for the decomposition of hydrogen peroxide at 20°.

: The order of reactivities for various promoters was found to be

o ThO;> Z10,> Cr0s> CeO > MgO > TiO;> VO4< La0y> PrOy > T1;0s> SmQ,.
b The catalyst activity increased to a maximum with promoter content and

then declined as the ogide-to~platinum ratio increased. The activity
increases were large. ThO, and ZrQ; yielded nearly 9 times the value of
unpromoted platinum at the peak. .

Zubovich (39i) investigated the activities of mixed adsorption catalysts
adsorbed on sugar charcoal. Catalyst mixtures included (1) Pd-Ag, (2) Pd-Au,
(3) Pt-ZnO-Mn(ll) ions, and (4) Fe(lll) ions-Ln(II) ions (where Ln* Lu, Pr,
Nd, Sm, or Yb). Diffexent results were obtained for each catalyst when I
activity was plotted againat the atornic ratios of the active componenta.
Catalyst (1) yielded a minimum and catalyst (2) ylelded & maximum, regard- i
less of the method of preparation. Catalyst (3) yielded & sharp minimum {
’ when very small amounts of additives were used, Catalyst (4) yielded a
monotonic increase in activity with increased amounts of additives. The
chemical and magnetic properties of the elemnents are used to explain the
mrehtﬂom obtained between catalytic activities and magnetic suscepti-
ties,

_————
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The effect of adsorbed lanthanide ions on the catalytic activities of g
platinum and palladium catalysts supported on barium sulfate and sugar '
charcoal were also investigated by Zubovich (392)., Lanthanides were adsorbed
as the chlorides of trivalent lanthanum, praseodymium, neodymium,
samarium, europium, gadolinium, and lutetium, It was found in ali cases 1
that amall doses of the lanthanides activated both platinurn and palladium,
) and ylelded maximum activities ot ratios of Pt (or Fd) to Ln(IIl) of leas 1
? than 25 to I, There was no evidence of homogeneous decomposition by .

e bt i

dissolved ions, nor of heterogeneous decomposition by lanthanides adsorbed .
on barium suifate. Sore activity of the ions adsorbed on sugar charcoal
was observed.

The behavior of the lanthanides was contrasted with that of the
d-transition elements. Mn(ll), Fe(Ill), Co(II), Ni(Il), and Cu(ll) reduce in
! decreasing order the catalytic activity of palladium, silver, and platinum,
Unlike the {-transition elements, the d~transition elements markedly
decrease activity of the lowest concentrations, The differences in catalytic
behavior led to the suggestion that the 100-fold difference in crystal field
splitting energies accounts qualitatively for the catalytic action of the tri-
valent ions of the lanthanides in dilute adsorption layers.

Wolski (371) determined the catalytic activities of lanthanum,
praseodymium, and especially samarium hydroxides in decomposirg hydro-
gen peroxide at 37°. Sm(OH); was an ineffective catalyst, and it could be
activated only by adsorbing Cu(ll) ions, The activation is presumed due to
the formation of copper samarate, which can initiate the chain decomposi- !
tion, Adding Group II ions further increased the activity of the mixed cata-
lyst, presumably by promoting the activity of copper samarate.

Krause and Slawek (197) used the effect on catalytic decomposition
of hydrogen peroxide as a means for differentiating rare oxides. Theoxides
La04, CeO;, NdjOy, and Pr¢O;; strongly inhibit the catalysis by mixtures
of Mn{lI)/Cu(ll) and Mn(II)/Co(ll) ion pairs. The fact that the decomposition
rats increases according to Laj0y < Pr0,;< NdjOs« CeO; can be used to
determine the different rare earths, i
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SECTION XIX,
THERMAL DECOMFPOSITION

Shell Development Company (315, 317) conducted a two-year program
(1956-58) of research on the thermal stability of 90 per cent hydrogen pere
oxide. The principal concern was the safety hazards associated with the
use of hydrogen peroxide in rocket applications. The explosion limits of
the vapor were detarmined as a function of composition, temperature, and
pressure up to 100 peia, Heat transfer and drop-weight test data were alsa
determined. A large part of the experimental work was devoted to & study
of the effects of impurities, such as those encountered with typical peroxide
containers, on the kinetics of decomposition,

Whittaker and Drew (366) investigated the thermal decomposition of
concentrated hydrogen peroxide in quarts, dust-free vessels. The results
indicated that the reaction was sero-order, but they were not precise
snough to eliminats the posaibility of a balf-order reaction. Between 59.3
and 86, 3° the activation energy was 14, 4 kcal/mole and the collivion factor
was about 10* mole/liter.

Williams and others (367) published a paper on the calculation
of adiabatic decomposition temperatures of aqueous hydrogen peroxide solu-
tious. The temperature and states attained on the fractional adiabatic de-
composition of peroxide solutions were calculated using the best available
thermodynamic data, ‘Ihe technique of calculation is described and graphical
presentations are given of the temperature, and liquid and vapor composi-
tions as & function of the fraction of hydrogen peroxide decomposed for
several initial solution concentrations and at several pressures,

Gigudre (90) investigated the thermal decomposition of hydrogen
peroxide vapor at low partial pressures (1 to 6 mm) of water in the range
to 50 420°C. The objective was to determine the effect of the nature and
treatment of the active surfaces on the reaction, Soft glass, Pyrex, quartz,
and maetalized surfaces were used. In most cases the decomposition was
mainly first order but the rates varied markedly from one vessel to another,
even with vessels made of the same kind of glass. On a quartz surface the
decomposition was preceded by an induction period at Jow temperatures.
Fusing the glass vessels slowed the reaction considerably and increased
its apparent activation energy; this effect was destroyed by acid washing,
Attempts to poison the surface with hydrocyanic acid gave no noticeable
result, The marked importance of surface eifects at all temperatures was
considered an indication that the reacton was predominately heterogeneous.
Apperent activation energies ranged from 8 to 20 kcal, It was concluded
that the decomgosition of HO, vapor is not very specific as far as the nature
of the catalyst is concerned.
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Gigudre and Liu (91, 92)used a static method tu determine the kinetics
of thermal decomposition of hydrogen peroxide at 0,2 to 20 mun Hg pressure
and from 300 to 600°. The reactions were first order with reapect to time.
Water and oxygen were the products, Up to 400° the surface reaction was
predominate, but above that the phase reaction was faster. The activation
ensrgy of 48 kcal/mole for the over-all reaction corresponds to the 0-0
bond dissociaticn energy. The suggested mechanism is:

(1) HO;~20H (rate c!eterminina)
(2) OH + H0; = H;0 + HO;
(3) HO3 + HO; = H0; +0,;

(4) HO; +OH = H0 +0;.

Yatsimirskii (374) studied in detail the energy characteristics of
the particles produced by the dissociation of hydrogen perouxide vapors and
of hydrogen peroxide in solution, Electron affinities, proton affinitica, and
heats of hydration and forimation in aqueous solution were determined for
Ht, Oof, OH*, O;H*, H, O, OH, O;, O;H, O;H;, K°, O, OH", 0", O;H",
and O;!". The heat effects of H,;0; dissociation in the vapor phase and in
solution are related to the number and types of particles produced.

The thermal decomposition of hydrogen peroxide vapor in glass
vessels was considered by Baker and Ouellet (9). A first-order hetero-
geneous reaction was observed up to 140°, At higher temperatures the
kinstics were more complicated. The rate was unaffected by air, carbon
dioxide, or water vapor, but did depend on the shape of the vessel. The
reaction was very much faster on soda glass than on Pyrex glass. No
explosion occurred in experiments up to 335° and 18 cm Hg pressure.
Activation energies ranged from 13,5 to 18.5 kg-cal/mole.

Forst (78) found that the thermal decomposition of hydrogen peroxide
followed second-order unimolecular kinetics. Experiments were conducted
using H;O, O3, and He as diluent gases at 431°, and helium at 431-468°,
Pressures were below 100 mm Hg. Below 10 mm and at 431.5°, the
reaction was 65 per cent homogeneous. Foreign gases inhibited the hetero-
geneous reaction, and helium above 431, 5° completely inhibited it. The
activation energy was 45 kcal/mole. The critical energy of 48 kcal/mole
corresponds to the 0-0 bond strength.
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Baldwin and others (11) studied the kinetics of the thermal decompo-
sition of hydrogen peroxide in the presence of hydrogen. The studies were
based on a mechaniam proposed originally by Baldwin and Brattan (10) and
later by Forst (79):

(1) HOz+ X(¥Hy N;) = 20H + X

(2) OH+H; = HO+H
(3) H + H;0; = HO + OH
4) H4+ HO, = H, + HO,
(5) OH + H;0; = H,0 + HO,
(6) 2HO; = H;0,+ 0,
m H+03+X = HO;+ X

If it is assumed that the relative coefficients of H; and N; in reactions (1)
and (7) are identical, and because for (7), ky /ky = 0.43 and for (1),

/Ky, = 627, the calculated value for (1) 7 s kyy /kp= 0.33-0, 38,
where p = H;O;. A plot of experimental data gave a ratio of 0, 30,
which indicates that no additional reactions have to be postulated to explain
the reaction, :

Hoare and others (107, 108) used a flow system to study the thermal
decomposition of hydrogen peroxide vapor from 241 to 659°. Above 420°
the predominate reaction was a second-order homogeneous decomposition
with the following proposed mechanism:

a) HO; + M ~ 20H+M (rate determining)
(2) OH + HiO;—= H;O + HO,;
3) HO; + HO3— Hi0; + Oz

The calculated activation energy of 48 kcal/mole corresponds to that
expacted as the minimum energy to break the 0-0 bond,

The decomposition of hydrogen peroxide vapor at pressures below
| mm Hg in silica vessels from 15 to 140° was investigated by Mackensie
and Ritchie (237). In general the reaction was bimolecular, but the order
depended on the vessel used for the reaction, Most diluents retarded the
reaction (none accelerstsd it), but water vapor at above 10 mm pressure

caused a periodicity in the rate. Approximate heats of activation were 4200

calories from 15 to 70* and 8400 cal fr..a 80 to 140°*, For | mm pressure
of peroxide at 50°, the velocity of decomposition was calculated to be
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0.70 x 10"} mole/cm=$/aec~? using absolute reaction rate theory and the
assumption that the lower value of heat of activation corresponds to a sur-
face reaction. The calculated velocity agreed with the experimental value

of 0,76 x 10'® mole/crn=/sec-3, Above 140°, the reaction was too rapid to
measure ratea,

Satterfield and Stein (305) used a flow reactor of Pyrex glass to
study the homogeneous decomposition of hydrogen peroxide vapor., The
reaction changed from heterogeneous to homogeneous at 400-450° and a
partial pressure of 0,02 atm, The h mogeneous reaction was 3/2-order
and had an activation energy of 55, 000 cal/mole, The rate at 460° and
0,02 atm yielded a calculated value of 1.9 x 107 molecules decomposing
per cc per second. About 1,8 x 10'® collisiona per second had energy
greather than the activation energy. The large difference in the two calcu-
lated numbers indicated that long chains are invclved.

Mclane (263) used a flow system to study the thermal decomposition
of hydrogen peroxide at partial pressures of 1-2 mm Hg in the presence of
nitrogen or oxygen at atmospheric pressure, The reaction was first order
and had an activation energy of 40 kcal/mole at about 520°. The reaction
is partially homogeneous at 470-540° in boric-acid treated vessels.

Nikitin (279) calculated the rate constant for thermal bimolecular

decomposition of H;O;, taking into account the breakdown in the Boltzmann
distribution for the vibrational staies,

Kondrateva and Kondratev (131) investigated the thermal decompo-
sition of hydrogen peroxide vapor in a molybdenum glass tube, The decom-
position wae carried out in moist air containing 0,01 to 0,4 mm Hg of H;0;.
The reaction was second order with an activation energy of 8.5 keal/mole.

The explosive characteristics of hydrogen peroxide vapor were
examined by Satterfield and others (304), Explosion limits were determined
for hot wires, heated surfaces, and catalytic surfaces under various pressures.
At atmospheric pressure vapors with 26,0 mole per cent or more could be
exploded. Either a noncatalytic surface at 150° or a catalytic surface at
room temperature explodad the vapors., Vapor-liquid equilibria diagrams
were prepared to show the tamperatures at which various aqueous peroxide
solutions have explosive vapors over them. A minimum H;O; concentration
of 74 per cent was determined necessary to yield explosive vapor., The

explosior -eaction was believed to be thermal, involving straight chains
only,
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SECTION XX.

GENERAL AND APPARATUS

FMC Corporation (62-66) conducted a two-year program (i956-1958) )
under U.S. Navy contract to study the parameters involved in the catalytic i
decomposition of hydrogen peroxide. This work included techniques for ;
. determining the surface areas of catalysts, analysis of the effects of impu- 1
! rities on the catalytic activity of silver and platinum, analysis of the mech-
! anism of heterogeneous and thermal decomposition, and analysis of catalyst
screen design and configuration. Static and dynamic tests and laboratory 1
and large-acale tests were conducted. Brief literature surveys on catalysts
for decomponing hydrogen peroxide and thermal decomposition of hydrogen
peroxide were also included.

In a general analysis of the catalytic activities of the chemical
elements, Krause (140) cited a number of examples to illustrate that there
is no way to predict a priori the activity of mixed catalysts. Sometimes it :
is not even permissible to generalize on whether a particular element is !
active, indifferent, or inhibiting in mixed systems because behavior may 1
depend on the particular combination of elements on the material used as
& carrier. Ior example, Mn(ll) ions alone do not catalyze the decomposi-
tion of H,O; at 37°, but it is extremely active adsorbed on Mg(OH);. Group
I and IT metal ions are not active on Zn(OH);, and aluminum ion can inhibit
the reaction. However, these same ions activate the catalysis when Cu(ll)
or Co(Il) ions are also present. The beliavior of sodium ion on Bi(OH);
illustratss that the catalytic activity is not always proportonal to the ion
concentration. The bebhavior of activating salts of sodium adsorbed on
magnetite in the presence of Co(ll) and Cu(ll) ions depends on the anions
that are present. These components affect the catalysis by forming & ,
variety of complex and undefinable radicals. The radicals can start and |
interrupt chain reactions, depending on the presence of poisons, In some
instances, substances that are ordinarily poisons promote the reaction.

Sodium fluoride normally poisons the peroxidic oxidation of formic acid .
catalyzed by y -FeCOH and CuO, but at small concentrations, it is an
accelerator, ,

Block (24) reviewed the work of other investigators in the field of
heterogensous catalysis in an attempt tn correlate activity with the electronic
defects of semiconducting properties of catalysts. It was found thata
relation does exist, and that it can be used as a basis for catalyst selection,

. In an analysis of a wide variety of catalytic reactions, including the decom-
position of hydrogen peroxide, two general reaction types were distinguished.
Donor reactions which produce cations of the reactants st measurable ratcs,
are effectively catalyzed by p-conducting agents, Acceptor reactions, which :
have snion formation s the rate-determining step, are effectively catalyzed J
by n-conductors. Defects are consistently without effect if molecular
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rearrangements are rata-determining since such reactions do not invoive
electron transfer with the catalyst. Semiconducting properties can also

be used to relate catalytic activity and properties of contact sites for some
reactions. These relations are only qualitative; exact relations require
knowledge of the surface activated complexes in the catalytic reactions.

Poltorak (293) attempted to relate the active centers in heterogeneous
catalysts to lattice defects of crystals. An analysis of previous theories
and of the thermodynamics of real crystals led to 8 mathematical expres-
_ sion relating an increase in the chemical potential of a bounded finite crystal
to that of an "'infinitely large" crystal. The differences in chemical poten-
. tials can be determined approximately from heats of sublimation.

The theory was applied to metallic and semiconductor catalysts.
The energy required to form crystal defects in metals was related mathe-
matically to the heat of sublimation. The results could be used to relate
changes in catalytic properties to the type or the mode of preparation of
the crystals, o

The general theory may serve as a basis for explaining the effects
of sintering on the catalytic activity of metals. . Four modes of behavior
have been observed experimentally: (1) activity is independent of either
preparation method or sintering temperature; (2) activity decreases with
sintering temperature; (3) activity increases to a maximum with sintering
t\c,mpcuture, and (4) activity passes through maximum and minimum with
increasing sintering temperature. Case (4) can occur when the surfaca at
the initial temperature has an amorphous phase that crystallizes with '
nonequilibrium boundaries when heated, This was demonstrated for the
decomposition of hydrogen peroxide by silver, Two groups of silver cata-
lysts were prepared by reducing silver nitrate at ~4°*, One group was
sintered at 100-500° in hydrogen, The activity was in accordance with
case (4). The second group was initially heated to 150*, Extended sintering
at 150-400° gave only a gradual change in activity, It was concluded that
active catalytic centers reach equilibriumn more often than has been thought,
and that non-equilibrium in the crystal lattice is the main cause of non-
equilibrium of catalysts.

Poltorak also discussed experiments which demonstrated that the
fraction of active centers on semiconductors, in contrast to metals, does
" not depend on the dispersity or mosaic nature of the crystala. Activity
" depends un '"rnetallic ensembles' on the & irface,

Krause (136) discussed the theory of catalytic decomposition of
hydrogen peroxide on the basis of electrochemical behavior. Electrolytic
dissociation of H;0; into H* and HO;" by a catalyst leads to decomposition
because the HO;" ion is unstable. Krause assumes that solutions of H;O;
contain two isomers in definite equilibrium that can be altered by various
chemical environments. H-8~H. which acts as an oxidizing ageat, is
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catalyzed by metals because this molecule is the final acceptor. HOOH,

which acts as a reducing agent, is also catalyzed by metals by dehydrogena-

tion, which gives oxygen and water as the products., In this reaction, HO

and HO; radicals are produced and they can initiate an uninterrupted chain

reaction involving ¢lectronic resonance, Efficient resonance allows obser-

vation of only a contact catalyst, which is active even in the smallest !
quantities.

. Kuzhelyuk (212) attempted to correlate emf measurements with the
activities of semiconductor catalysts in the decomposition of hydrogen pex-~ :
oxide solutions. Changes in emf and catalytic activity over the range 29-90° o
were masdsured for p-type catalysts (CuO and NijO;) and n-type catalysts )
(200, Fe0; MnO;, PbO, and A;0y)., In the case of NiO;, emf increased :
to & maximum, decreased to a minimum at 65°, then increased. Catalytic
activity increased continuously over the temperature range, but it acceler-
ated betwesn 52 and 65°. Both p- and n-type catalysts showed the same
behavior., Al 0y, which does not cataiyze H;0, decomposition, was tho oaly
exception. In this case the emf decreased continuously with increasing
temperuture.

e ettt Yaaine o ek

Plerron (291) studied the rate of hydrogen peroxide decomposition
by & seriea of metal oxides in alkaline solutions, At all base concentrations,
oxides of the following rnetals increased the rate: nickel, cobalt, iron,
copper, lead, manganese, silver, and raercury, ZnO, CdO, and Al,0,
inhibited the reaction over a narrow range of alkalinity, MgQO, CaO, and 4
BaO decreased the rates over a wider range of alkalinities. Sn’OH), ;
decreased the rate in all cases. It was concluded that the most stable
oxides decrease the rate, ard the least stabLle oxides increase the rates.
The effects are more pronounced at higher temperatures and H;O; concen-
trations,

The catalytic activities of several groups of metal oxides and salts I
in the decomposition of hydrogen peroxide were investigated by Zhabrova
and others (377), The compounds were selected on the basis of chemical
properties and color: (1) non-transition, insoluble salts (PbSO,, BaSO,, ‘
BaCO,, aluminum silicate); (2) acidic and amphoteric colorless oxides
(Sn0;, Si0;, ZoO, AlO,, and colorless transition metal oxides); (3) ]
colorless alkaline earth oxides (BaO, CaO, MgO); and (4) ionic semicon-
ductors (Cr 0y, MnO;, NiO, Fe;0,, CuO, and others). It was found that
in certain cases, such as VO Cr Oy, and Fe Oy the homogeneous reaction
caused by dissolved catalyst pilays an important part in the over-all decom-

. position. In general, catalytic behavior does depend on the position of the

' elements in the periodic table and on the chemical properties of the solids.

: Catalysts that are both colored and contain transition elements are the
most active, The activity of colorless basic oxides is substantially higher
than that of colorless acidic oxides and increases with alkalinity, The ]
fact that activity can be correlated with electronic properties indicates [
that thore i3 a direct exchange of electrons in the decomposition reaction. !
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Zhuravlev and Kuzbelyuk (380) used an electrochemical procedure
to measure changes of activity with time for hydrogen peroxide decompo-
sition cataiysts. Changes in activity with time of electron and hole semi-
conductors were correlated with emf changes. One cell electrode consisted
of the catalyst and the other was a conductor (carbon) that did not affect
the rate. Hydrogen peroxide was the electrolyte. Emf was measured
every ten minutes for ten days. The following groups of catalysta were
distinguished: p-NiO, n-MnO,, and n-CdO; p-NijO,, and p-Co0;; p-Cu0,
neZnO, and n-FbO; and n-Fe Oy, A second degree equation for relating
activity and emf best fitted the da‘a.

Zhuravlev and others (381) attempted to correlate the work functions
of various oxides with catalytic behavior in the decomposition of hydrogen
peroxide. The method of contact potential difference was used o measure
the work functions of CoX);, CdO, NiO, PbO, ZnO, and FbO. A correla-
tion with work fnnction was pcssible only in some cases, a result explained
by simultaneous adsorption of HyO,; and HO molecules on the catalyst sur-
face. Ia the case of semiconductor catalysts the work function in the
adsorption of various gases correlated with activity, Higher activity cor -
responded to larger changes in work function, However, it was not possible
o distinguish anceptor and donor gases and vapors sinca the characteristics
depended on the adsorbent used.

Satterfield and Audibert (307) studied the apparently analogous
behavior between phenomena observed in catalytic decomposition of concen-
trated Lydrogen peroxide ona solid catalyst and the behvaior of non-reacting
fluids in nucleate aud film-boiling heat transfer. Decomposition rates as
a function of HO, concentratior, surface temperature, surface curvature,

and corresponding heat fluxes were measured for comparing the two pheno-
mena.

In a study of heat und mass transfer in the catalytic decomposition
of hydrogen peroxide, Satterfield and others (254) reported that the rate of

decomposition of H;O, vapor is controlled by the rate of mass transport to
the catalyst surface,

Yamada and Nishioka {373) proposed methods for evaluating the
decomposition rate of concentrated hydrogen peroxide. Rates were given
by the ratio of axhaust gas flow rate to liquid inflow rate using a catalyst
pack. Low feed rates gave high decomposition rates, and a maximum rate
was reached for a hydrogen peroxide concentration of 70 per cent.

A simple (ester for comparing catalyst activities was developed.
Small samples of catalyst yielder] results consistent with full-scale tests.

Formwalt (77) obtained a 1953 U, S, patent covering an apparatus

used to messure catalytic activity. The apparatus continuously measures
prassure with a cylinder containing hydrogen peroxide and catalyst.
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Temperature-compensated resistance-wires strain gages connected to an
oscillograph are used for the measurements

Maglio and Poole (241), of General Electric Company, obtained a
1962 U, 5. patent covering a catalytic chamber useful for decomposing
. hydrogen peroxide in various types of propulsion units. _

In a 1962 U,S. patent assigned to General Milla, Moore and others
. (269) described a catalytic chemical heater that employs hydrogen peroxide.
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