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FOREWORD

This technical report was prepared under Contract AF04(611)11208
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Force Flight Test Center, Air Force Systems Command, Edwards Air Force
Base, California. The work reported here was conducted between Decenber
1965 and April 1966. Dr. L. R. Darbee was the Project Director icir 774C
Corporation, Dr. T. C. F. Munday was the principal investigator in the labor-
story part of the program, and Mr. Paul L. Garwig carried out the literature
tearch. The program was conducted by the Inorganic Chemicals Division of
FMC Corporation under the general dlrection of Mr. A. R. Morgan. Lt.
Ralph Fargnoll, USAF/RPCL, was program monitor for the Air Force.

This report contais to classified information extracted from
classUled documents.

Publication of this report does not constitute approval of the report's
findings or conclusions, It in published only for the exchsnse and stimulation

of ideas.

GEORGE F. BA3ITS
Lt. Colonel, USAF
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ABSTRACT

The literature on the heterogeneous decomposition of hydrogen
peroxide by lnorgsnic catalysts was surveyed. The aim was to provide
background lnformation 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 decomposing 98 per cent hydrogen peroxide. Published litera-
ture, technical reports, and patents in the period 1945-1965 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. Samarium 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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SEC,,r.oN

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
devices. Commercial produ.ction of 9U per cent 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.

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
is limited because of melting and severe erosion at high decomposition
temperatures.

Under Air Force Coutract AF 04(611)11 208, FMC Corporation
began a program in December 1965 to develop improved catalysts for
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
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-
terination of catalyst materials. The report is written from a chemical
point of view. Engineering aspects 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 propulsion 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
elements either added to or dissolved from the container. There is a
considerable amount of literature devoted to this topic. However, it has
little bearing on the choice of catalyst for rapidly Jecomrosinq 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 catalysis. Effects of impurities on the behavior of hydrogen per-
oxide were included In this survey only if they related directly to hetero-
geneous catalyst performance.

,,//£
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One of the most active fields of research in hydrogen peroxide
decomposition involves complex or coordination -compound catalysts, which
are generally considered inorganiz. Those complexes conmaining organic
groups were not included here because of their relative instability at the
high temperatures of Irterest in propulsion applications. However, litera-
ture dealing with organic promoters of de.-omposition rate was iticluded.

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. Ce3tainly a complete
study of mechanisms of heterogeneouc catalysis must involve detailed con-
siderations of homogeneous catalysis. There are unsettled quest•.ons, in
fact, as to whether certain reactions are homogeneous only. heterog.-neous
only, or both homogeneous and heterogeneous. Aj a practical distinction,

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 wer.. included because they relate
to catalytic decompocition of peroxide at high temperatures.

The text of this report is arranged according to the groups of the
elemento in the periodic trble. References are discussed under the section
covering the element containi.d in the most active catalyst Investigated.
Thds not all information on a particular element will be found in a single
section. An index of cross -references is Lcluded at the back of the report
to facilitate finding information throughout the report concerning tha catalytic
behavior of any particular element.

A list 4 the principal sources used in the literature search Is alic
included. The main source was Chemical Abstracts. Whenever possbli,
each reference is keyed to its abstract to help In locating further tnfc,".-•.
tion on those papers difficult to obtain.



SECTION Lt.

PRIOR LITERATURE SEARCHES AND REVIEWS

During the first few years after World War I a number of reviews
appeared covering various aspects of the manufacture of hydrogen peroxide
byGermany. The general ure of peroxide for propulsion was reviewed by
McKee (Z6Z).* Various propellants, including 80 per cent hydrogen per-
oxide and ignition catalysts, were reviewed by Cherney (34). In 1947 Levi
(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 published
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 a 1954 classified (now declassified) tech-
nical report, presented a comprehensive and cr.z'Ical review of the thermal
and catalytic decomposition of hydrogen neroxide 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 frequently cited.

The 1955 monograph by Schumb, Satterfield and Wentworth (309) of
_ M. L T. remains the most comprehenaive source of information on hydrogen

peroxide. In their discussion of decomposition by inorganic catalysts the
authors pointed out that "progress in predicting the mechanism of the decom-
position of hydrogen peroxide by heterogeneous catalysts has been disap-
pointingly slow and lags well behind the understanding of homogeneo-•s
catalysis." The same statement applies to the subject today. The more
than 15 years of research in the M.L T. Hydrogen Peroxide Laboratories
has generated a considerable number of technical reports, most ol 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 reaction of hydrogen and oxygen. Fisher and Zeil-
larger '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.

4Numbers in parentheses denote references in Section XCXI.
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A Defeuse Documentation Center bibliography on hydrogen peroxide(110) prepared for the present search is avaslable through DDC. A generalbibliography on rocket propellants published by DDC (297) also contains
useful information and leads to the earlier literature.
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SECTION I.

ALKAI METALS

The alkali metal compounds normally do not catalyze the decom-
position of hydrogen peroxide. H-owever, Krause and co-workers (20)
reported that sodium ion can activate the catalysis. Normally inactive
CoCl3 in solutions with pH < 7 becomes very active in the presence of dilute
sodium acetate. Sodium ion also promotes the c&talytic activity of a solid
mixture of aluminum oxide hydrate and Co(OH)S. 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 nmxing. The activity il ascribed to the formation of a surface polyanion
having a free ligand coordination position to cobalt.

-T.,i7...
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SECTION IV.

ALZ.LA.E EAR TH ME TALS

1. BERYLIUM

Krause and Orlikowska (180) found that the catalytic rate of decom-
..- position of 150 cc of 0. 3 per cent HAO at 870e by 0. 1 gram Be(OH), was

increased 3-fold by first adding 1. 0 cc of a BaCli solution containing 10-6
gram BaS+ ions. The activation is presumably a result of Be(OH)z-Bae+

Scomplex formation at the surface, These authors (196) later showed that
the catalytic activities of Ag(I) and WO,6" ions are greatly increased when
the ions are adsorbed on a 13e(O-I), carrier. Ordinarily the ions are only
slightly active. Both ions gave a first-order reaction.

In a comprehensive review of beryllium oxide, Budnikov and Belyaev

(3Z) 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 and basic magnesium
carbonate in the decomposition of hydrogen peroxide. The heterogeneous
systems gave larger conversions.

Krause and others (148) found that the weak ,%ctivity of Mg(OH)j in
the decomposition of hydrogen peroxide is strongly promoted by adsorption
of Cu(II) ions, even at concentrations as low as 10Os gram/liter. Other
ions, including Ag(I), Mn(fl), Co(II), Ni(U), UO02+, Cr(M), and Fe(ML)
poisoned the catalyst.

The influence of small concentrations of added SnO& on the catalytic
activity of MgO in the decomposition of hydrogen poroxide was determined
by Zhabrove. and Fokina (378). SnOa contents of 0. 01 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 ShOe. It was prepared
by heating MgO moistened with a chloroform solution of (C& Hj)4Sn to 600"
for an hour. This catalyst decomposed HZOa 4. 1 times faster than did MgOalone at 900. In some instances, low concentrations of SnO3 could not be

detected by x-ray analysis, which suggested that MgQ and SnOz formed a
surface compound.

Krause and Plura (179) found that adsorption of cobalt ions on
magnesium carbonate yielded an active catalyst for decomposing hydrogen

* All temperatures in this report are degrees centigrade unless noted as *F.

6
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peroxide, Wetting 0. 01 gram of MgCOS by I cc of CoCIA solution decom.
posed 60 per cent of a 3.per cent H10, solution in 30 minutes, whereas the
CoC,1 solution alone decomposed only I per cent in the samrn time. Mn(II)
lons behaved similarly to Co(mf), but Zn(fl), Cd(fl), and Ni(fl) ions were
ineffective.

Krause and OrLikowska (198) determined the effect of adsorbed ion-
pairs on the catalytic activity of Mg(OH),. The pairs LA(Zl)/Cu(U),
Mg(U1)/Cu(fl), and Al(mII)/Cu(Iu) 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(If) lone were so active
adsorbed on magnesium hydroxide that they yielded observable decomposi-
tion rates down to 10'6 gram at a dilution of 1.2 x 10'. Mn(lI) ions were
lose activel Cu(fl) Ions were without effect.

3. CALCIUM

Krause and Wolski (141) found that Ca(CN)g In the presence of Mn(fl)
ions was an extremely active catalyst for decomposing hydrogen peroxide.
tither component alone was le rt. The mixture was so active that the
decomposition could be used to detect 10'6 moles of Mn(fl), which experi-
ments Indicated to correspond to the decomposition in one second of over
20, 000 molecules of H-Og by one gram-atom of Mn(fl). The behavior was
attributed to the formation of traces of surface complex radicals. Co(W)
ions behaved similarly to Mn(I).

Krause (150) later studied the catalytic action of Ca(CN)g with
respect to the decolorisatlon of Indigo carmine solution by decomposing
hydrogen peroxide. Catalytic activity was promoted by the following Ions,
In decreasing order: Mn(II). Co(f). Fe(II/), Mg(fl). In the presence of
Cap(1) Ionse Ca(CN)S was Inactive,

The use of solid Ca&OO, SrCOj and BaCO, as carriers for various
adsorbed ions in the cataAlytic decomposition of hydrogen peroxide was in-
vestigated by Krause and co-workers (192). Both Co(II) and Ag(i) Ions
catalyse on any of the three carrierst. KMn(U) was similar, but It was more
active on C&COD or BaCO3 than on SrCO3 . Cu(U) and Fe(J.) were less active.
Ni(U) and Cd(Ir) were ineffective but smalL differences between them were
conslstently observed. KC4Fe(CN)* gave a positive effect on CaCOS, but a
negative one on SrC01 or BaCOI. The results showed that both active and
inactive ions are adsorbed, but evidently only active Ions change the crystal
lattice defect structure, which allows the surface to assume donor properties
and gives the ion/carrier complex a type of n-defect arrangement. On this
basis the decomposition can be described as acceptor catalysis.

. ,, ,
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4. BARIUMd

Krouse and others (172) reported that although DBSO 4 is Lnactive as
a catalyst for decomposing hydrogen peroxide, It can be activated U precip-
itated at 98" In the presence of a Cu(Ul)/Co(U) ion mixture. Activation was
not observed when the same procedure was used at 20'.

P ~~. ., .z!
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SECTION V.

B3ORON, ALUMINUM, SCANDIUM, YTTRIUM

1. ALUMINUM

According to Krause and Borzes-kowski (147), various forms of
alumdnum oxide hydrates can be differentiated by the relative activities of
adsorbed Mn(fl), Cu(f), and Fe(flI) in the decomposition of hydrogen per-
oxide at 371. Invariably, adsorbed ions provide lower activity than do
either of the ions alone. The relative retardation by the carriers was:
amorphous Al(OH),< v -AXOO H (boebmite) < a-AI(OH)3 (hydrargillte)< V -
A1(OH)} (byerite). The technique can be used as an analytical method for
distinguishin the oxides. It was also found that in solutions of mixed ions
the activity depended on the order of addition of the ions.

LKause (143) found that although aluminwn ions do not decompose
hydrogen peroxide at 371 in solution, they do promote or inhibit the activity
of other catalysts. Al(M) promotes the decomposition by copper ferro-
ferricy.nide, but inhibits the decomposition by CuO, mixed gels of
AI(OH)3-Cr(OH)j-JFe(OH)j. Cu(OH)j-Pb(OH) 3-Fe(OH4)3, and Mg(OH)I-Cu(OH)S-
-Fe(QH),, and by CoasFe(CN)1 gel. Complex formation and blocklng of
active centers are used to explain the results.

Schwab and Greger (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. Also it was first order on n-AISb and second order on p-AISb.
These facts are said to confirm that the reaction is an acceptor reaction.

In other experiments it was demonstrated that catalyst corrosion is
diminished by covering the surface with H&0Z. Irradiating both catalystm
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-AISb.

9
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SECTION VI.

CARBON, SILICON, GERMANIUM, TIN, LEAD

1. CAR BO N

a. Nature and Mechanism of Carbon Activity

The decomposition of hydrogen peroxide by molded carbons prepared
from coal-pitch coke heated above 2200" was investigated bylchinose (11).
Samples of molded carbons heated between 800 and 2800" were used to
decompose 87 per cent Hj 02 (in HzSO 4 ) to determine the effect of thermal
treatme-t on activity. The rate was about constant for samples heated up
to 1Z00, sharply fell off at 1200-1300", then gradually declined to zero at
2200, above which no decomposition was detected. The abrupt change at
1200-13000 is ascribed to a r•ajin modification of the surface structure.

Prinkman, (28) attempteo 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 in
carbon surfaces.

Brinlkanan (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 be 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 wao concluded that
surface o.xides particip&te in the reaction, and during decomposition are
gradually converted 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 H3O, decomposi-
tion on anodically and cathodically polarized carbon electrodes. The results
indicated that the action oi H&Oi on active alkiLi oxides depends on the
exchange of OH' ions on the carbon surface with HID- ions in solution.

10
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Puri and others (295) studied the catalytic activity of charcoal pre-
pared by carbonizing sucrose with sulfuric acid. Three samples were used:
(1) as prepared, (2) deogassed at 750%, and (3) degassed at 1200*. Sample (1)
was the lesast active and sample (3) the most active. The differences were
attributbd to changes from acidic to alkaline surfaces as the temperature ofF
thermal treatment increases. Degassed charcoal chemnisorbed enough oxygen
during the decomposition to form a surface-oxygen complex that makes the
surface acid and of diminished activity. A mechanism was suggested:

HS0 2  H1++OOH-

(C)H+ -O00H- (C)H+ :OH-+ (0)

Hydrogen ions are adsorbed, the unstable OO0' decomposeft, and H+ and
OH" combine. I

Isbin and others (246) decomposed hydrogen peroxide at atmrospheric
pressure by passing solutions through small catalytic tubes of various mna-

F terials. Porous carbon was the most satisfactory carrier tested. Alundumn
tubeso gave the 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 decomposition at the catalyst liquid interface, accounted
for the data according to a first order reaction. The equations Indicated
that a liquid-filmu, diffusion resistance was controlling for the silver tubes
and irium screen~ catalysts. The controlling resistances wore 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 Ole isotope exchange to study the
mechanism of catalytic decomposition of hydrogen peroxide by activated
carbon. Ole was Included fn the surface oxides and in hydrogen peroxide.
It was established that in the reaction, oxygen is not exchanged between the
basic oxides and H10 or H1a01. When O15 was present in Haj~j, it was found
that in decomposition the Ole content of the basic surface oxides approached
that of Hjg On the average the transfer consisted of 25 to 30 per cent of
the initial amount in Hj0j. The results were consistent with the proposal
that hydrogen peroxide decomposition on carbon involves the partidpatiofl
of surface oxides, and that a volumetric interaction between basic OH groups
on the carbon surface and HO&- ions in hydrogen peroxide results in the
displacemvent. of the groups by the ions. Since paramagnetic resonance
measurements were not successful in detecting free radicals on the carbon
surface, a chain mechanism for the deconmposition could not be established.

In a later study using the isotope metlod, Fomnenkn and others (75)
concluded that the liberation of oxygen by activated carbon involved an
exchange reaction uf surface CH" by HO3'.
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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 MnClj,
CoCI, PdCl3 , H1PtCl; moderate increased resulted for adsorbed HCIO4 ,
HNO,, NHCl, (NM4 )00 4, MSClA, FeCl5 , Co(Noe)a, and SnCl3 . The lowest
values were obtained for NaOl-, KOH, KMnO4 , H9SO4 , H3PO 4, 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 atd that carbon treated in hydrogen
sulfide had autocatalytic activity.

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 magnesium contents as well as their absorptive power.

Kobozev and Zubovich (120) reported that the adsorption of micro
amounts of mixtures of Fe(m), Cu(lI), and Ag(I) Inhibited the catalytic
decomposition of hydrogen peroxide by 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.

c. 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 carbons used as dry cell depolarizers. ia such
depolarisers, bents results are obtained with active carbons haviug many
active and few inactive pores.

Kamlike and others (115) determined the relative activities of carbon
electrodes from various manufacturers. Effects of an oxidizing atmosphere
and of a 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 to activity in the catalytic decomposition of hydrogen
peroxide. In a study of carbon electrodes for wet air cells, Makino (Z4Z)
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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SIL. ICON

Penner (289) searched for a specific catalytic effect of silica gel.
Experiments were designed to compare decomposition rates in the sol
before gelation and in the same mixture during and after felation. Results
from the thermal decomposition of hydrogen peroxide in basic Aillca gels
rmade from sodium silicate and sulfuric acid revealed that gel formation
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 experiments it was shown that for silica sol and silica gel the first-
order reaction rate constants were the same and that the quantum yields

', wore of the same order of magnitude.

3. LEAD

a. Metallic Lead

In 1946-47, the Naval Torpedo Station at Newport, Rhode Island
conducted a program to evaluate various catalysts for decomposing 80 per
cent hydrogen peroxide in submarine 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 startirg characteristics of lead screens was solved by
adding silver as an activator. Coating the screens with polyvinyl alcohol
was also found to be a possibility for activating the initial reaction. Limited
experiments were also cornducted to evaluate silver-activatcd cobalt screens
and special inlum, screens prepared from Inconel, Monel, Lnd stainless steel.
No substantial increases in catalyst performance were reported in this
program.

Markovit (244) studied olectrochemically the mechanism of decom-
position of hydrogen peroxide on metallic lead. The potentials of ceus with
Pb/Pt and b/Ag electrodes in HaLa were studied as a function of time.
For 0. 01-4. 25 M HiIO at 20%, 40', and 60, the decomposoition required
an induction period, which is not observed for higher concentrations.
Neither was an Induction period required if the electrode was first irurmersed
for 30 minutes in 0. 1 M H1O3 at 20". The decomposition was a zero-order
reaction. Catalytic action of HjOa on freshly prepared Pb(OH)1 showed that
lead oxides of the formula PbOn (nu 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
decomposing hydrogen peroxide. The catalysts are prepared by igniting
mixtures of Pb, PbO, KMnO4 , and Se, Te, or S, with asbestos. In a typical
formulation, 400 grams of powdered Pb, 100 grams of powdered So, ZOO
grams of powdered KMnO4, 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) investigatod the relative activity of
various freshly precipitated metal hydroxides as catalysts for hydrogen
peroxide. Lead hydroxide showed high activity. Silver hydroxide had an
initiafly high activity, but it was rapidly poisoned by subsequent additions
of the peroxide. Cobalt, osmium, and manganese hydroxide@ had inter-
mediate activities, averaging from one-fifth to one-tenth 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 RZ0,. 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, 40 per cent magne-
sium, 20 per cent copper, 20 per cent manganese, or 20-40 per cent
calcium. As successive portions of H10 2 were added, the activity of these
systems dropped more rapidly t.an that of lead hydroxide so that, at high
cumulative values of peroxide added, lead was again more active than any
of those combinations. In the case of catalysts evaluated with Navol C-3
peroxide, 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
H20 2 added. Activity promotion was observed for other mixed cat-lysts
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 coul, 'be directly related to catalytic activity. For the second
relaxation time,' ere was no apparent relation. In a succeeding study
Kulitskii (210) fouA a qualitative relationship between catalytic activity and
the stationary photo conductivity of PbO.

BEoughton and others (248) conaucted experiments that provided
strong evidence that the catalytic activ n of lead salts in the decomposition
of hydrogen peroxide is due to a cyclic oxidation-reduction of lead. In the
catalysis by metallic lead, the active agent is a coating of PbO 4 formed
on the metal. This coating appears to be formed by the initial dissolving
of lead, in divalent form, in the I1OZ, followed by oxidation and redeposi-
tion as Pb3O4 on the metal evrface. The evidence did not indicate that Pb3O4

14
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forms by direct reaction of lead and H0O3 .

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 electrodepocited on a porous
iron support. This in then briefly electrolyzed first In an alkali metal

* Icyanide solution, then in an alkali metal carbonate solution. The catalyst
thus produced has a very large surface area.

On the basis of Os distribution in the hydrogen peroxide decomposi-
tion reaction, Fomenko and co-workers (75) concluded that In the presence
of PbO the decomposition is explained by an electron transfer from PbO2
to H1oes, with rupture of the 0-0 bond.

* Krause and Magas (149) studied the effects of adsorbed Ions on the
catalytic decomposition of hydrogen peroxide by lead hydroxide Pb(OH)& at
•7e Cu(UI) and Mn(rI) ions promote the activity, whereas Ag(l), Hg(33),
Mg(If), Zn(II), re(lU), and Pb(IL) ions have no effect. Activity is inhibited
by Ni(Ir), Co(t1), and UOjl+ . Cu(U) was said to be adsorbed on Pb(OH)3
as CuO, which participated in a cyclic reaction:

(1) ZCuO + H201 -. Cu2O + HaO + 01

(2) Cu2 O + HE1 0 - ZCuO + HIO

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

The "superadditive"l 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)a with I mg of either CuO, ortho Fe(OH)3 ,
or Co(OH)2 , were inactive as catalysts at 37". However, mixtures of 100
mg Ni(OH)a with I mg of Mg(OH)a or Mn(OH)a were very active. Also, a
mixture of P60' j HPO with CuO and Mn(OH)a was inactive, but a mixture of

W •P • HP and Mg(OH)a was extremely active. Direct mechanical mixing
of Fe(OH), with Mg(OH)A gave an inactive catalyst in peroxidative HCOOH
oxidation, but the same mixture was active when the two hydroxides were
melted together.

15
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SECTION VI".

NITROGEN, PHOSPHORUS, ARSENIC, ANTIMONY, BISMUTH

1. PHOSPHORUS

* Krause (153) examined insoluble phosphates as carriers of adsorbed
ions for the catalytic decomposition of 200 cc of 0. 3 per cent hydrogen
peroxide. MgjPaOy (0. i gram) reduced the activities of most ions, including
the ordinarily active Fe(II) and Fe(CN)Ah", Cu(fl) ions at greater than 10"4
gram remained active. MgNH4PO4 - 6H20 inhibited the activity of Co(II)
ions below 10-6 gram. The following ion mixtures gave active catalysts-
Cu(fl) + Mzi(fl), Cu(If) + Co(11), and Fe(11) +AI(IU) + Fe(CN)6".

2. ANTIMONY

Clopp and Parrava~no(35) attempted to correlate' Ie kineucs of
catalytic hydrogen peroxide decompositicn with changes in the electronic
structurfis of antimony alloy. containing gallium and indium. Measure-
ments of electrical properties and calculated activ.ution 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-
face.

3. BISMUTH

Krause and Urbanowicz (191) found that a hydrous oxide of bismuth
gave various catalytic decomposition rateu for the 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,
B1i2lt0j, by x-ray measurements. The most effective catalysts were
found to have malformed lattice planes in the crystalline structure.

Yadava and Ghosh (372) compared the catalytic activities of hydrous
bismuth oxides prepared by adding (1) 10 per cent excess, (2) equivalent,
or (3) 10 per cent deficient, amount= of sodium hydroxide to acid Bi(N03 ),
solutions. The order of activity was (1)> (2)> (3), with (3) practically
inactive. The reactions were first order except in concentrated H10., tor
which the rate constant first decreased before it leveled off. The mecha-
nism is described as the formation of a Bi(OH),.HO adsorption complex,
which decomposes to OH radicals and then induces cyclic decomposition of
HzOa. Bismuth oxidizes from Bi(I(M) to unstable Bi(IV) in the process.

Shnshunov and Fedyakova (323) exaamined the kinetics of hydrogen
peroxide decomposition by various metals and alloys. The technique in-
volved Immersion of a cylinder of the catalyst in 5 to 25 per cent I-HiOi
solutions. The activation energy proved to be independent of the HIOg
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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
to 60%. activation energies were 15, 600 cal/mole for binmuth, 9000 for
tin, 9Z00 for cadmium, and 8200 for antimony. In bismuth-tin alloys the
activation energy varied with concentration, and had no one single value.
In cadmium-bismuth alloys a minimum activation energy adrbout 60DO
cal/mole was obtained for the composition CdSb. It was concluded that
eutectics cannot, but compounds can4 be detected by the catalytic activity
of an alloy.
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SZCTION Vl1.

TITAN.IUM, ZIRCONIUM, •AF iUM

I.TA UM TIT A

Tnrkar.(342) dev~lopod. a relationship between adsorption measure-

=onto, gas permeability, anid catalytic &ctiAtY towards Hjog decomnpoaition
-6( powdered tinium" dioxide (rutile).
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dECT1ON 1IX

VA6NAEEUU, NIOBXUM. TANTALUM

- li'oi inforrni.Uton nrn vs."dium in hydrugan peroxide decomnposition,
- ias* Section Xacm.
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SECTION X.

CHROWMUM, MOLYBDENTUM, TUNGSTEN

. CHROMIUM

The chemical, electrical, and catalytic propertles of calcined chromlc
oxide Soes were investigated by Deren and others (49), The results showed
that an amorphous monohydrate forms at 280-3600. Oxidation occurs with
dehydration and increases with annealing temperature. The 0/Cr ratio
is a max:imum of 2 at 3500, and sexivalent chromium ions produce an excess
charge at the surface. CrjO5 crystallized at 400° and there was no further
oxidstion with temperature increases. Adding magnesium increased the
excess charge in Cr 3O,. The oxide decomposed H-IO by a first-order
reaction, and by a manner which indicates that the rate constant and fre-
quency factor may correlate with surface concentrations of sexivalent

In a later paper Deren and Haber (50) investigated the thermal
behavior of CreOs oxide gels containing magnesium and titanium hydroxides
as doping agents. Magnesium increased the surface concentration of Cr(VI)
ions in the thermal treatment, but titanium decreased it. The specific
rate constants in hydrogen peroxide decomposition could be closely corre-Ielatd with the surface concentrations of Cr(VI) ions. The activity of Cr(VI)
active centers was found not to depend on the type or amount of doping agent,
butt h activity did decrease slightly at higher manealing temperatures.

SAloekseevskaye. and otheri"(4ý found that the catalytic decomposition
of hydrogen, peroxide by Cr(OH)- and its dehydration products depended
Imarkbdly on the conditions of thermal treatment. Heating Cr(OH)3 liberates
wag-or up to 170%. At 320', the compound changes from anwrphouia to
cryetallne. The specific surface inc, eases with temperature to ZOO2 ,
where it i* a MaiUmUM, and declinsi at higher temperatures. The rate
at which H1O0 is decomposed declines with higher temperatures of thermal
treatment, with the exception that the highest activity results when Cr(OH),

ito heated to 3000, evidently because of crystallization.

-ateunagsa (258) studied the effect of chromium oxide treated in an
•, oxidtaing atmosphere on the esccmpouition of hydrogen peroxide. The-oygen content of CrOl .was inc a - bove the stoichiomutric amount by

beating the oxide in ozyjen at Z50', 350", and 450'. The products had
0, 34 to 2. 83 meq 0/gram catalyst, which gives a mean oxidation number
fo r €lhmom•um of 3. lZ vi 5. 65. Results frox~n decornporitions of 30 per

"cent HIOZ at 25' lndicat..d that rates were constant for a constant oxygen
ontent of the ;atalyet, regardless of chromium oxidation number. Activity

was ascribed principally to chromic anhydride, which forws on the catalyst
* sao under the conditions of these expoiiments
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California Resexrch Corp. (33) obtaind a British patent in 1963
covering a process for rejuvenating a spent, chlomia-on-alumi•a catalyst
that can be used to decompose hydrogen peroxide. The treatment involves
heating the catalyst at 150-15001F in air (or oxygen) for 4 to 40 hours. The
catalyst contains 3 to 40 per cent of chromria and may also contain up to 3
per cent of alkali metal oxides.

Volts and Weller (356) found that the catalytic activity of oxidised
(500°) chromnia &ad chromia-a.lumina 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-
slum increases the surface oxidation of chromia a& stabilises it against
reduction, The activity in hydrogen peroxide is also enhanced. The form-
ation of potassium chromates is suggested as an explaation for the results.

The effect of nucloea radiation on oxygen chesmisorption by Cr&O5 ,
Cr3O5 -AII, and Cr 3•O-SnO catalysts, and the effect of the treatment on
the rate of hydrogen poroxide decomposition were studied by Nachman and
others (274). Radiation promoted chemisorptlon, even at temperatures
where it is not normally observed. Both chemisorption and activity increased
with the degree of dispersion of Cries in the mined catalyst. For this
reason. radio-chemisorption is said to result from the action of x-rays and
fast neutrons on the gas.

2. MOLYBDENUM

NiOlaev and Askadskli (285) studied the effect of low-frequency ultra-
sonic waves on the catalytic activAties of (NH4)IMoO 4. PIOS24MoOSO xHO,
and SlOa gel in hydrogen peroxide. Ultrasonic promotion occurred in all
cames. Control experiments showed that the rate increased was not a result
of increased surface area or increased temperatures during the treatment.
The activity increase is presumed to result from mechanical comminution.

3. TUNGSTEN

Kreimer and others (204) measured the rate of catalytic decomposition
of hydrogen peroxide at 25 by samples of tungsten and tungsten carbide pro-
pared under various conditions of reduction and thermal treatment. In both
cases, the initial c,.tivity fell off rapidly. For tungstan it fell nearly to
mero in 25 minutes, and for the carbide it fell to a constant level in 10 to 15
minutes. Tungsten samples liberated from 7 to 59 ml of oxygen/gram/min
and tungsten carbide samples liberated from 0. 57 to A. 7 ml of oxygen/gram/
min during the periods of highest activity. One tungsten sample gave a low
activation energy of 3811 calories between 20 and 35e.
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SECTION XI.

MANGANESE, TECHNETIUM, RHENIUM

1. MANGANESE

* Fisher and Zeilberger (58) described the development of special
catalysts that overcome the problem of mechanical disintegration observed
with once widely used manganese dioxide pellets.

"Composite catalysts of the oxides of manganese, 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 periza•n-
ganate to calcium and manganese oxides.

It is stated that pellet-type catalysts are suitable for Ha=O concentra-
tions up to about 80 per cent. Above that, more active catalysts are needed.

Several materials are useful as base screens for silver catalysto.
Below a hydrogen peroxide concentration of 90 per cent, cartridge brass
(70 Cu, 30 Zn) can be used. The copper-silver eutectic that can form in
this catalyst melts at 14351F. Iron screens can be used, but plated metals
are seldom adherent, and porosity leads to rut.,%g. 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 peroxide of the highest strength. It is described as "a
stainless steel screen type with an active ingredient other than silver
embedded in a ceramic coating.", It is cheaper to produce than silyvir
screens and it has the following operational characteristics: (1) stable to
1800"F, (2) retains activity after repeated exposures, (3) has a specific
decompose-tion rate equal to or greater than that of silver, (4) operates
smoothly without pressure drop increases, and (5) starts efficiently under
full-flow conditions at low temperatures.

Hart and others (102) carried out a systematic study of a series of
oxides as catalysts for decompasing hydrogen peroxide vapor in order to
determine relative activities and reactivity in relation to electronic struc-
tures. A nitrogen-gas flow system, H20 3 up to I nmu Hg pressure, and
temperatures of 38.184" were studied. The oxides were supported on
vacuum-flashed metal films and Specpure metal slips, or the bulk oxides
were used as compressed slips. The relative activities of the bulk oxides
were: Mn zO3> P)0> CoO/CogOs> CuO> FezO3 ' CdO> ZnO a MgO> a-AlaO>glass.

[". ...,.. -...
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The order corresponds to a ceasification by defect type. Positions of
favored electron exchange were suggested as the active catalyst sites.
Such positions could correspond to (1) trapped excess surface electrons,
and (2) electron deficiencies (or p-holes) held either at a surface cation
vacany, at an impurity or excess surface anion, or at an impurity of a
metal having lower valency. The reaction depends on a cyclic exchange
of electrons between the oxide surface and hydrogen peroxide.

Hsart and Rose (100) evaluated equimolLr mixtures of MA,,, with"
PbO, ZnO, and NIO as decomposition catalysts for hydrogen peroxide vapor.
PbO • Mn&Os formed the most active mixture. The rate was &lo found to
increase with sintering temperatures up to a maximum at 600°. MO4-MLnOg
mixtures wire inhomogeneous belcw a sintering temperature of 6000, but
underwent a structural change at 760*, probably forming a solid solution.

Broughton snd Wentworth (30) reported that hydrogen peroxide is
not decomposed by solutions of potassium permzangamte or mangamnus sul-
fate until base is added. Upon the addition of base, a known colloid forms
and initiates the decomposition of 1f1O0. Quantitative studies on the amount
of base needed to start thA reaction and data from tracer studies indicated
that the decomposition $.s catalyzed by an alternate oxidation and reduction
of manganese. Oxidation does not occur until the solution is saturated with
Mn(OH)&.

In view of the fact that solid MnOg was known to decompose hydrogen
peroxide even though the bulk solution contains no mmagamous ions, Broughton
sad Wentworth (31) examined the behavior of MnOs electrodes to determine
wh tber the reaction proceeded by the same mechanism as that suggested
above. Potential measurements with MaO1 electrodes at various H0O& and
MW(II) ion coucentrations gave results consistent with the following ha••-
cell reactions as controlling the potential: MnoO + 4H++ 2se -- Mna+ +ZHiO.
The solution adjacent to the electrode was saturated with Mn(OH)S, even
though the bulk solution was not, as evidenced by measurements of Manga-
nese concentrations in H11Ji solutions decomposing in contact with MAO;,.

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

(1) M"ganese metal ic cathodically electro-
deposited on an iron support, using graphite
electrodes and a plating solution of basic
0 manganous acetate;

(Z) Manganese dioxide is cathodically electro-
deposited on the manganese surface, using
steal anodes In an electrolyte solution of
potassium carbonate and potassium perman-
ganate.

• ~~~~~~.....................'•!:-: ;,;; ..;' . .':.-..... ... •. • .' ...I",.

• ..'• ,;..•,, ' ' . . ' " ,, " ;;•• : • ,'• •' ; ;,. ., ". . "2...3'

- - ,, , ,' * ,: ;. " ;. .... L .. ~~~~ ~~~.. IIfX I'I t t' t



II

Many variations in the electrolysis conditions and the composition of electro-
lytes are used to prepare suitable catalysts and to optimize the catalyst
for wazlnawn rate of decomposition of hydrogen peroxide.

Broughton and others (245) used radioactive manganese an a tracer
to study the catalytic docomposition of hydrogen peroxide by MnOa. The
results indicated that the reaction was an alternate reduction and oxidation.
Experiments to determine the relative amounts of KOH and manganese salt
needed to initiate the decomposition indicated that reoxidation of manganous
ion does not occur until the solution is saturated with Mn(OH)a. Free energy
calculations indicated that the oxidation is favorable even at very low Mn(II)
concentrations.

The same investigators further studied the mechanism of the cata-
lytic decomposition of hydrogen peroxide by manganese dioxide (247).
The electrode potential of MnOs-coated manganese rods in distilled hydrogen
peroxide solutions was measured as a function of the concentrations of
H3 0, H+ , and Mn(LIJ and of the speed of rotation of the rod. Another
series of tests was made to measure the change in manganese concentra-
tion in distilled H0o, solutions, and the decomposition in contact with MoOl
surfaces. It was found that under certain conditions manganese leaves the
solution and deposits on the MnO2 surface. Attempts to measure the rate
of decomposition of distilled HjOj on stationary and rotating MnO2 surfaces
gave non-reproducible results.

Moos and Selwood (267) studied the catalytic decomposition of hydro-
gen peroxide by manganese oxides supported on powdered y -AlgOl. To
pripare the catalysts, AMjO was immersed in Mn(NO,)a 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(ZI) and Mn(IV) Ions. H,0 3,accepts an electron from
Mn(LU) Ion to yield a hydroxide ion and a hydroxyl radical. Hydroxide ion
then donates an electron to an Mn(IV) ion, which then tranf4 rs it back to
the Mn(III) ion that inUtally carried a + 3 charge.

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

Wang 0359) 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 peroxide by MnO& results in 01o enrichment of the oxygen gas
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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 even if the reaction rate were diffusion-controlled.

Wolfram (369) prepared MnO1 sols from KMn•O 4 using three reduc-
tion methods (1) by oxalic acid, (2) by gelatin, and (3) by H1 0. All three
gave as*I of different catalystic activities. That produced by reduction
with HIO1 was the most active sol in the decomposition of hydrogen peroxide.
None of the reactions was first order. Adding gelatin had no effect on
decreased activity of aged catalyst.

Wolfram (370) also report.J that the decomposition of hydrogen per-
oxide on MaO1 powders did follow first-o'der kinetics. The rate constants
increased with the degree of powder disper sion, but in all cases they were
considerably lower than those determined for MnO3 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 docomposing
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
depolarizing properties. It was found in general that increases in activity
was accompanied by increases in depolarizing ability and magnetic suscep-
Ubility.

Gri(guss and Grerguse (95) examined the effects of ultrasonic vibra-
tions on the catalytic activity of MnO1 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-
sition of the peroxide.

The effect of nuclear radiation on the catalytic properties of Mzn~)
was examined by Otwinowska and others (286). A fist neutron flux, the
full neutron flux of a reactor, a Co 6 y-ray source, and an accelerated proton
flux were al uk.ed to irradiate the catalyst. Neutron and proton irradiation
doubled the rate of decomposition of hydrogen peroxide by the catalyst.
Ganma irradiation was ineffective. X-ray diffraction examination of the
catalysts showed that the increased activity was a result of radiation-iuduced
crystal lattice danmage. Such lattice changes are similar to those induced
by heat treatment.

Krause and others (151) reported that Mn(Uf) ions adsorbed onAl(OH)j
strongly accelerate the decomposition of aqueous hydrogen piroxide.
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SECTION XIL

IRON, RUTHENIUM, OSMIUM

1. IRON

a. Metallic Iron and Iron Alloys

A sensitive method for examining the decomposition of hydrogen
".erozlde vapor on metal surfaces was devised by Roikh and others (300).
The quantity of H&1O adsorbed on a plate suspended over the solution was
determined by the gain in weight. The qus.,t"ty of H0 1X desorbed was deter-
mined photographically. On magnesium, aluminum., and iron, the amount
of H-•0 adsorbed increased with the partial pressure of HI03 above the
solution. The amount was 1,9 to Z. 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 amoumt of Ha0s
decomposed (adsorbed minus desorbed), on the clean surfaces at an HeOs
partial 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. patent assigned to North American Aviation, Sherwood
(320) described a plated steel screen for hydroger peroxide 'decomposition.
The steel screen is cleaned with NaOH and HIS04 then coated electrolytically
with copper, followed 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 ASNO,, 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 magnesium in the ratios
Fe:Cu:Mg u 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, even between identical atoms, and give
rise to active or inactive complexes. The results are used to explain the
fact that tun-'tate ion (WO4 8 ) inhibits strongly the oxidation of formic acid
by the mixed catalyst, but it does not iLaibit hydrogen peroxide decomposi-
tion. In contrast Al(MI) ions Inhibit the decomposition of peroxide but not
the oxidation of.the acid.

Gupta and Ghosh (96) studied hydrous ferric oxides as caalysts for
decomposing hydrogen peroxide. Three modifications of the oxide" were
prepared by adding basic salts and alkali to FeCl, solutions: (1) FesO3
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(yellnw), by slow precipettion from excess FeCls by'4e su b acv 5ll
amount of alkali; (b) Fe(OH)s (red). by precipitation from FeCi s by eqti-
vaInt amounts of NfOH; and (3) a brown oxide, by pretipitition from
FeC13 by KISO4. Red (a-hydrated) Fejes was the boat catalyst-, the brown
modification was next. In both cases, activity declined with aging of the

i catalyst. The yellow oxide was the loast activet and altso Neast sensitive to
aging, which resembles the behavior of v -rejes. Presumably, activity is

i proportional to both the amount of base used in the precipitation and to the
rate of precipitation.

The results sugSested the following reaction mechauism.

(1) Fes+ + Hj10 u Fe(OH)S++ OH (Fe becomes quadrivalent)

(2) OH+Hz0j O 1a + H10

(3) H0o+H0 5  H= O+OH+Oa

(4) Fe+ +OH Fe(oH)3+
c'Ai,-breaking reactions.(5) OH +OH •HAOS

.Since (1) is the rate-degstep, andthe concentration of OR is pro.

portiona~l tothat of H1O&,thraefrteoe-lracinanbexesd
as*dc/dtu k LH,0,1'. Aging of the oxides decreases their absorptive

capabilities, vhicl reduces the ease with which OH fornation can be i-
sted. Experimental results indicate that the reacti.jn then tends to shift
from bimolecular to unimolecular.

Constable and Pekin (41) measured the effect of pH on the catalytic
activity of ferric hydroxide in the heterogeneous decomposition of hydrogen
peroxide. Rates for colloidal Fe(OH)s at pli 10. 54 through 12. 54 are given
by: log km 0. 649-0. 270 (pH) and log km 3.456-0. 560 (pH), at 4Z' and 31
respectively. The apparent heats of activation for the unimolecular reaction
were calculated for various values of pH. It was also found that tho same
types of measurements could be used to relate concentrations to rate con-
"stants for various catalytic poisons at dififerent values of pH (42). Poisons
included p-nitrophenol, iodine, bromine, and sodium sulfide.

The decomposition of hydrogen peroxide on ferric hydroxide prepared
by precipitation with NaOH from an Fe Cls solution was examined by Gbosh
and Gbosh (89). The activities of catalysts precipitated at three concen-

"* trations of NaOH were found to have the following order: (1) 5 per cent
erycess N•OH> (2) equivalent amount of NaOH> (3) 5 per cent deficient
armount of NaOM-L Evidence indicated that the decomposition follows a
udnmolecular lw at H1a1 concentrations above 0. 05 N. However, the
order increases as H#03 concentration decreases, particularly at high
temperatures and at extremely dilute concentrations. A mechanism for
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the reaction is suggeste~d.

Simon and Guenzler (325) investigated the catalytic decomposition
of hydrogen peroxide by y -FegO3 prepared by oxidiazing a. synthetic magnetite

*( )'~in the presence of water and (2) after previous drying. Catalyst (Z) had
the greater activity. The difference in attributed to changes in FzO.. In

the drying step rather than to any specific effect of the water present during

Krause and Binkhwna (161) examined the relation between catalytic
actvity and surface area for the hydrogten peroxyde decomposition catalysts
FeJOH)y , y-FeO(Opi) and b -Fe 2 3, Hp r (goethite). Fe(OH)3 gave the higriest
activity, and goethite the lowest. even though the surface areas were in
the respective ratios of S. 1 s10.e6:13.3. The fact that there was no rela-
tion between activity and surface area led to the conclusion that activity
depends on the number of active centers, or OH groups, which is greatest
for Fe(OH)3 . Activity can be increased by increasing surface area only if
the catalyst has a high density of active centers.

Krause and Olojnik (160) reported that cooling Y-FeO(OH) and amor-
phous ortho-and isoorthoferric hydroxides to liquid air temperatures
reduced the apparent densities and increased their rates of decomposition
of hydrogen peroxide at 371C.

The decomposition of hydrogen peroxide by colloidal iron(MI)
hydroxide and ferrites was investigated by Krause (176). Ahydrogel
prepared by peptizing catalytically active, air-dried, amorphous iron(IfI)
hydroxide catalyzed the decomposition. Goethite (a-Fe1 0 3 , HaO)n was
inactive as either gel or collaid, but it could be ,ctivated when patially
dehydrated at 250-300". A suggested mechanism provides an alternative
to that suggested by Schwab and Kraut (.12) for ferrites.

Krause and Rychlewsks (199) studied the decomposition of hydrogen
peroxide by orthrhydroxide and polyorthohydroxide solo of iron(IfL) hydrox-
ide at 27 and 37". The two hydroxides were prepared from FeCl solutlons
using complicated procedures. The polyorthohydroxide was the better
catalyst. It also had a larger particle size and strongly adsorbed H10.
It was concluded that the polyorthohydroxide had more active OH groups
for deforming chemisorbed peroxide, leading to HO and HO& radica,
which then act as acceptor catalysts that decompose the peroxide by a
complex mechanism.

Zaprometov and Shpilevskaya (375) studied the catalytic activity of
ferrlslliev, gels-in hydrogen pe"oxide decomposition. Gals were formed
from mixid sodium silicate and FeCl 3, Fo(NOs),, and anmnoniumn ferric
alum solutions, digested for 3 days, dried (70, 100, 130"), ground, washed,
and finally redried (100"). Silica gels alone, and mechanical mixtures of
silica gel and Fo(OH), were also studied. The differences In catalytic

28

- - . -- - - - , - - --I* - - - - .. . - - - ~ - - - . - . -- ~ - - .

. 1 * * •



• I . '. . ' .. "-' •

behavior'wire ascribed to differ.ent rmicrostructures.. The microastructures
in turn depend on the nature of the ions and the concentrations of reactants
used to form the Sel.

Schwab and Kraut (312) studied the catalytic decompositions of
hydrogen peroxide by ferrites with spinel structures. Aq~aeoux suspenuion#
of Fe5O4, ZnFe, 4 , MSFezO 4. and crystalline mixtures were used as cat&.
lysts In 0. 24 M HeOe at Z0-800. The decomposition was first order at pH
below 8 with Fe0 4. ZnFeO 4 , Fo3O4-ZnFeaa mirxed crystals, and Fe*3O-
MUSTeO 4 mixed crystals containing up to .40 mole per cent of MgFoag 4.
Activation energies were 10 to 18 kcal/mole, azd decreasod with increasing
Feers, content. At pH 8 to 10, unbuffered suspensions of MgO, IMgreO 4,
ZnrFej., 4-MgFeaO 4 mixed crystals, and FesO4-MSgaZO4 mLxed crystals
contaJ.ning greater than 40 mole per cent MgFejOe, gave various reaction
orders, though all activation energies were abov't 15 kcal/mole. Suspen-
siona buUered by NH4CI-NIH40H at pH 8 to 9 woe'ee first order and more
rapid, a fact ascribed to attack of the buffer bV H&O). The results are
consistent with a reaction in which the rate-dterminlng step is an accep• r
reaction by which HeOn takes up an electron f'ompctahedrally surrounded
Te(lI) Ions-in the ferrite, resulting in an OH radical. In the special case
of Mg]Pe2O4, the spinel surface is hydrated And MgO dissolves, and the
increasing pH promotes the belf-decomposition of H102 , but the catalytic
activity of Te(II) Ions at the hydrated surf•,ce is reduced. However, the
decomposition may be catalyzed by the hydration shell itself. In these
spinels, the catalytic results do correlae with structures and specific
electrical conductivities.

Trandafelov (347) found that the rat* of decomposition of hydrogen
peroxide by fez-.ic sulfate in the presence of cupric and hydrogen ions is
a fanction of the concentration of colloidal ferric hydroxide. Hfydrolysic
of ferric sulfate by long-term storrge or by heating (601) increases its
catalytic activity. Heating at 90", however, caused coagulation and a
decrease in activity. The effect was prevented when sulfuric acid wan
added. Trandafelov concludes -tat the "ferrisulfate modulus, 1' SO,/FeAOP,
not hydrogen or ferric ions, determines the rate of decomposition. It
Is pointed out that although cupric ions catalyze the decomposition when
adsorbed on colloidal Fe(OH)3, additional cupric ions incveaae th. rate
only up to the point of saturation.

Shub and others (321) used Fe1O1 as a semiconductor sensitizer
in the photodecomposition of hydrogen peroxide. Ultraviolet light and
Y -radiation were applied to FeSO3 suspensions in concentrated peroxide.
The greatly increased decomposition rite was attriLbited to the absorption
of radiation at the PeOl, surface, followed by excitation of the active sites
and initiation of a chain-reaction decomposition of HIOg.

Wawrsyc•zek (361) measured the influence of ultrasonic vibrations on
the catalytic activityof Fe(OH)3 In the decomposition of hydrogen peroxide.
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For frequencies from 23 to 1000 kilocycles, catalytic activity toward 1 per
cent HgOa was increased. Heating to 100 or ZOOC eliminated all catalytic
Sctivity.

Krause and others (177) found that infrared irradiation of amorphous
Fe(OH)5, AlO(OH), and ZnD incriased their catalytic activity in the decom-
position of hydrogen peroxide at 20". The effect was observed for A.O(OH)
and ZnO, however, only when small amounts of Co(fl) ions were added.

c. Catalytic Activity of Mixtures and Adsorbed Ions

Krause (138) pointed out that as little as 1010 gram of Fe(OH)3
actively catalyzes the decomposition of hydrogen peroxide when the catalyst
is adsorbed on a carrier camposed of Cu(OH)2 and Co(OH)2 , It is suggested
that this can be used as a means ior detecting traces of iton.

,Mixed hydroxides as decomposition catalysts for hydrogen peroxide
at 37"C were investigated by Krause and Pawelklewicz (145). The rate of
decomposition by Fe(OH)3-Mg(OH)2 was increased significantly by the addi-
tion of Co(OH)& and to a large extent by the addition of Cu(OH)2. Neither
Mn(OH)l nor Ce(OH),i affected the rate. Analysis revealed that higher
oxides of iron, magnesium, and copper formed at the catalyst suvface.
They are presumed to be intermediates in the decomposition process.

Krause and Lasiewicz (166) showed that the smnaU catalytic activity
of V -FeO(OH) (18 per cent H1O) toward the decomposition of hydrogen per-
oxide Is greatly increased by traces of M'(II) or Mg(31) ions adsorbed on
the surface. Neither Cu(fl) nor Co(IU) gave the effect. It is suggested
the promotion involves the formation of metallic ferrite radicals that can
lnitiatq a chain reaction.

Krause and Tur..jwska (167) observed that AgAO activates a catalyst
prepared by coprecipitation of iron and copper hydroxides, even thoug h
Ag&O itself is inactive at 37". A mixed catalyst containing I Fe: Cu:4 Ag
was more active than one containing I Fe:jCu. At a higher temperature
of 701, or at higher silver contents, AgaO Inhibits the catalysis.

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(II) ions increased the activity still more.
The mechanism of these reactions and their significance for the action of
other inorganic catalysts are dlscu~sed.

The same authors (188) later studied the effect of adsorbed ions
over the catalytic activities of four iron (II) hydroxides prepared In different
maners by precipitation from ferric nitrate solutions. It was found that
CoO) and Mzn(f) ions in combination promoted the decomposition rate with
ortho- and isoorthohydroxides and decreased the rate with two compositions
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"sof polyorthohydroxides. Both normal and promoted activities of irnn
hydroxide catalysts are therofure sensitive to the method of preparation.

The catalytic activity of small quantities of Co(fl), Ni(IU), and Fe(M)
ions adsorbed on carriera was examined by Krause and Wolski (14Z).
Trace* of Co(n) and NI(f) adsorbed on Ca(CN)A were active catalysts.
Concentrations above 10's gm/liter of Fe(UX) ions adsorbed on Fe(OH)3
resulted in active catalysts. No effect is observed below 10" gm/liter,
and at Intermediate concentrations, the adsorbed ion acts as a poison.
This deactivation is attributed to a blocking of the active centers, and the
activation is attributed to the formation of unstable complexes on the carrier.

d. Iron Cyano Compounds

Constable and Pekin (38) measured the effect of the mass of catalytic
iron ferrocyanide (Prussian blue) on the catalytic decomposition of neutral
hydrogen peroxide. The reaction mnixture was prepared as colloidal, dis.
persione of the powder having a surface area of 2. 05 m'/gram. It was
found that reaction rate varied directly with catalyst mass for 0. 05-0. 30
gram of powder suspended in 100 cc of H&0 solution at 20-50*. The heat
of activation was 13, 380 cal/gram-mole. Practically the same results
were found when forroum forrocyanide (Turnbull's blue) was used to decom-
pose hydrogen peroxide (39).

Constable and Pekin (40) also determined the effect of dissolved
nickel end copper on the heterogeneous catalytic activity of iron ferro-
cyanide in the decompositionof hydrogen peroxide. Both ions inhibited the
reaction in accordance with a linear relation between concentraWon and the
rate constant. The reaction rate constant for the total reaction was found
to be the sum of that for the homogeneous reaction and that for the hetero-
geneous reaction.

Lal (213) investigated 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. LaI determined the effects of time of exposure and other
parameters. The photoformation of K4 rFe(CN)61 , Hi0 as the reactive species
is a reversible reaction. A mechanism based on alternate oxidation and
reduction of this species is proposed.

... Pinter and Karas (2Z92) found that mercuric Ions activated a mixed
K41Ye(CN)4 I -K3( Fe(CN)*] decomposition catalyst for hydrogen peroxide
decomposition in a manner similar to the activation caused by exposure of
the catalyst to light. The mercuric ion behaves analogously to light in that
the decomposition reaction continues after the-mercuric ion has been
removed by adsorption on casein,
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2. RUTHENIUM

In 0'1957 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 oiher platinum mets.l.
The reactivity is illustrated by an experiment in which 0. 0001 mg per liter

-- of Ru in the form of (NH4)jRuC14 released 2. 9 ml oxygen per minute from
25 ml of 85 per cent HlOj at 1000.

..........................,
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SECTION XUI.

COBALT, RIODWUM, IRIDIUM

1.COBALT

a. Metallic Cobalt and Cobalt Alloys

In 1947, Isben and Thompson (251)issued a report on Navy-sponsored
research dealing with the preparation and evaluation of Impregnated-type
catalysts for hydrogen peroxide decomposi~tion.

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

The catalyst with the highest activity was a cobalt-lead deposit on
a porous carborundum carrier. From the standpoint of high sustained
activity (one showing less decline with peroxide throughput), a German

* carries imnpregnated in Ca(MnO4)2 was the best, even though the simi~lar
German catalyst, Katalysatorsteine MP-14, exhibited a rapid decline in
activity. One platinum catalyst deposited on porous Aloxite was also found
to have a long life at high activity.

Manganese catalysts (i'rm of deposit unspicified) were best pre-
paired from concentrated calcium permanganate solutions, using such
carriers as the German porous stone, pumice (bulk) and porous carborundum.

Several promoted catalysts were prepared from mixed nitrate solu-
tions of two metals. S~lver catalysts 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 Pb(NO)).
Mechanical mixture of the separately impregnated pellets also produced
co-activation, indicating various possibilites for combinations. Several
commercial catalysts were also evalu.%ted in the program.

Broughton and others (252) studied the mechanism of catalytic
decomposition of hydrogen peroxide by cobalt metal and cobalt compounds.
The results indicated that the reaction does not involve an oxidation-reduc-
tion cycle between Co(Il) and Co(IU) ions, but it may involve an oxidation-
reduction between Co(MI) and a higher oxide stable in the presence of HgOl.
It was ales determined that c~olloidal Co(OH)3 forms before catalysis takes
piece, indicating a heterogeneous decomposition reaction. There was also

33

• , i .,~-****.**.w



W>1.

evidence that the reaction involved free radicals.

As part of the Navy sponsored project 1Bessie" (Contract Nobs-
31494) FMC Corporation (60) developed ceramic or fused-oxide catalysts
for the decomposition of 98 per cent hydrogen peroxide and for sustained
decomposition of 90 per ,rent 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:

Catalys' 50 Catalyst 93 Catalyst 113

MnOl 41.7% 5.9%

FegOs 25.0 -- 3.6

CuO 16.7 -- 2.4

C0,(BOS)l 8.3 -- 1.2

NaACO 3  8.3 . 1.2

Co -- 80.00 68.6

NaCi -- 20.0 17.1

It was found that additives could be used to overcome the problem
of the rapid decline in catalytic activity of MnO3 on repeated exposures to
high-strength hydroget peroxide. Added cupric oxide gave a constant
activity through repeated tebts at atmospheric pressure. Further addition
of Fe&03 improved both the strength and activity of the catalyst. Sodium
carbonate was added to increase the porosity with the liberation of COA
gas during sintering. The sodium ion, by destabilization, also improved
the starting characteristics of the catalyst. Adding small amounts of
calcium borate lowered the normal 30001F 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 room temperature. Adding sodium
chloride (catalyst 93) promoted surface porosity and reduced the fusion
temperature from 2700 to ZZ00F. Activity also Increased but the material
was severely oxidized in high pressure tests with peroxide.

Catalyst 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 formulation@. It was also mechanically stronger. Perforated
discs of this material pressed at 40, 000 psi, were tested successfully for
10 hours and 20 cold starts using 98 per cent hydrogen peroxide in a 3-inch
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eeactor bed.

The kinetics of decomposition of hydrogen peroxide on metallic
cobalt at Z0-25" was investigated by Lopatkin (236). Twenty Millig rams of
cobalt decomposed. 30 cc of 0.2 N H&03 in 11 minutes. Activity declined
Srapidly after the first 7 minutes. The results fit a relation for autocatalytic
reactions, dx/dtm (ko + klx) (a-x), where a is the volume (cc) of oxygen
liberated by tota.l decomposition, I is the oxygen volume at t, ko is the
sintered decoinposition rate constant, and k, is a c.nstant.

In a 1957 U.S. patent assigned to North American Aviation, Sherwo'd
(321) described a hydrogen peroxide decomposition catalyst consisting of
various laminated layers of cobalt that are consumed in the decomposition.
The catalyst is comprised of alternate layers of plated, porous, metallic
cobalt and an activated cobalt prepared by immersing the screen in a
solution of AgNO3, HNOs, and a sonlubl, cobalt salt.

Wernlund and Bente (365), of Du Pont, obtained a 1958 U.S. patent
covering the use of a porous, cobalt-plated steel screen for the ;ecomposi-
tion of hydrogen peroxide. To prepare the catalyst, an iron or steel screen
is first electroplated with copper, then used in a electroplating bath with
cobalt anodeo. The bath is a solution of CoSO4 ' 7H&•, (NH-4)SO 4 , and
enough N-IOH 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 Hydroxides

Ghosh and (Jbosh (87) fou.nd that the rate of decomposition of hydro-
gen peroxide in the presence of cobalt(flI) 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 M}nO catalyst.

ZvorykLn and 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 SiO gave decomposition rates in the respective ratios 0. 013:
1. ZO:0. 0Z9. Various ternary and binary mixtures were studied, but only
those with the compositions SOCw:2ONI, or 80Co:15Ni:5Cu were more
active than the cobalt oxide alone. Both mixtures gave i.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 370 by a •rd.ed-hydroxide catalyst composed of Cu(OH)a, Mn(OH)j,
and Co(OH)j %as investigated by Krause and Reysner (174). Catalysts were
prepared by simultaneous precipitation using NaOH at 18". The composition
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yielding rna.ximun decomposition rate corresponded to the respective ratios
1:5:19. Krause reported that under the conditions of these tests, I gram-
atom of copper decomposes 12 moles of HIOf per second.

Krause and others (194) studied the catalytic activities of x-ray
amorphous Fe(OH)3 , Co(OH)Z, 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 KMnO4 consuined In the analysis ar%;
given. Respective temperature coefficients were 2.27, 2.27, and 2.67;
activation energies were 15. Z, 15. 3, and 18. 2 kcal/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 CoO3 I kneaded with an aqueous (5 per cent) soluble
starch solution, then granulated and tableted. The tablets are heated from
500 to 890" for 20 minutes and at 890" for 10 minutes, then cooled. The
following oxide mixtures are also suitable in place of PbO and CoOl (parts
by weight): 1.0 PbO and 9. 0 MnO1 ; 8.0 MnO, 1.0 PbO, and 1.0 Ceals;
and 8.0 MnOO, 1.0 PbO, and 1.0 CoO3 . The representative catalyst decom-
posed 90 per cent hydrogen peroxide at a rate of 2 kg/kg catalyst/sec.
Constant 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
MnOl, 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 a b&nder before sintering and
a filler in the product. In a tipical 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 solutton, are
mixed and allowed to harden. The product is ground and heated to 900" to
fuse the lead oxide.

Peers (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 sheets, wire
gauze, or electroplated copper gauze, then oxidized by prolonged immersion
in a boiling 30-per cent solution of calcium permanganate. The catalyst is
said to be useful In thrust utrits or engine combustion chambers.

c. Supported Catalysts and Adsorbed Ions

Krause and Wolski (152) studied the catalytic decomposition of aqueous
hydrogen peroxide solutions at 25" using Co(fl) ions and Ni(1I) ions supported
on a carrier consisting of a 1:1 mixture of Co(OH)a and Ni(OH)&. The
carriers were prepared either by coprecipitation or by mechanical mixing.
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In the case of the coprecipitated carrier, NI(31) ions were without effect on
catalytic activity, but Co(H) ions made the catalyst passive. The mechan-
caily mixed carrier, on the other hand, was made passive by NI(fl) ions,
but very Ireatly activated by Co(H) ions.

The catalytic activity of Co(II) ions supported on various basic carriers
in the decomposition of hydrogen peroxide was considered by Krause and
Donka (175). co(n) ions adsorbed on Zn(OH)3 or AI(OH), were weakly
catalytic, but Co(II) ions adsorbed on MI(OH)a was a good catalyst. A
catalyst of Co(fl) ions adsorbed on BaC03 was exceptional in that it was
strongly active. The phenomenon is believed caused by the formation with
BaCO of an imperfect complex with the properties of an a-type semicon-
ductor.

Krauee and Kukielka (181) pointed out that adsorbed ions can act
either homogeneously or hetorogeneously in the catalytic decomposition of
hydrogen peroxide. Man(U) ions catalyze the decomposition only hetero-
geneously when adsorbed on Mg(HCO,)g or Mg(OH)&. Co(I1) ions are active
either heterogeneously only, as on TlO,, or both homogeneously and hetero-
geneously, as on MI(HC0,)a or MI(OH)a. Cu(nl) ionon Fe&es decomposes
HCOOH heterogeneously only.

Highly active catalysts for decomposing hydrogen peroxide by using
Co(fl) Ions adsorbed on zinc or cadmium carbonates were developed by
Kraua, and Plura (189). The zinc carbonate carrier is prepared by pre-
cipitating a composition of the formula ZZnCos, 3Zn(OH)2 from a mixture
of ZnSO and Na3 CO, solution. The cadmium carbonate carrier was pre-
pared by precipitating CdCO, (containing about 4 per cent of HIO) from a
mixture of Cd(NO3)a and Na&CC, solutions. The catalysts are prepared by
moistening the carrier with CoCI3 solution. By extrapolation it was shown
that about 10"0 gram of Co(U) ions was the limiting amount that provided
an active catalyst. At that concentration Co(nl) ions on CdCOD carrier
decomposed at least 80, 000 molecules of Hies 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 repotted (177) for Co(L) ion on Mgce 3 carrier. These
results demonstrate that inorganic catalysts can be obtained with activit..e
as high as those of biocatalysts.

Krause and others (203) found that the so-called "catalytic mutation'
exists for the ion combination of A1S+ + MoO1 " when adsorbed on the mixed
carrier Cd(OH)a/Co(OH)a and used for the catalytic decomposition of hydro-
gen peroxide. Catalytic mutation refers to the fact that the catalytic acti-
vity depends on the order of adsorption of the ions. In this case, adsorption
o AlS+, followed by adsorption of MoO 4

1 " 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 Kobosev (280) reported that Co004 and NiS0 4 , either
in solution or adsorbed on asbestos, A110s, BaS0 4, Hashe 3 , or charcoal,
do not greatly accelerate the decomposition of dilute hydrogen peroxide.
Adsorption of the salts (Co(HI) and Nif) ions) on silica gel did increase the
rate of decomposition. As the metal-to-silica cation ratio increased, the
activity of Ni(fl) passed through one maxima, and the activity of Co(1I)
passed through two maxima. These data led to the conclusion that the
active centers ("ensemble#") contain I and 6 Ions in the case of Ni(UI), and
1. 3, and 7 Ions in the case of Co(U).
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SECTION XIV.

NICKEL, PALLADIUM, PLATINUM

1. NICKEL

a. Metallic Nickel and Nickel Alloys

The catalytic prop.rUes of annealed and purified 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 atros-
phers over two temperature ranges to determine the effects of annealing.
Decomposition of 30 per cent hydrogen peroxide was carried out at 200.
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. Annealuin at 600-7000 was saidI

to produce active centers cor.responding to terminations of dislocations at

the surface. Extended cold-working was found to increase the differences
in rate obtained for the two r,-ogea of annea•ling temperatures.

The -itructure of active centers in nickel catalyst was investigated

(35Z) as a continuation of the above work. The changei, in activity of cold-
worked nickel resulting from anne,.ling at various temperatures were in
accord with previous conclusion& with regard to the effects responsible for
the existence of active centers.

In a study designed to elucidate the mechanism of heterogeneous
catalytic decomposition of hydrogen peroxide, Schwab (310) determined the
activation energies of a series of catalysts. The catalysts included alloys
of nickel-copper, gold-iron, nickel-chromium, spinels of zinc and magne-
slum, metallic nickel and others. Arrhenius activation energies were
determined from rate measurements and the equationd In k/dT* EA/RTZ.
Schwab. in trying to relate activation energies to known electronic structures,
concluded that "reactions in which the mechanism of the catalyst action
involves a yieldinE of electrons display a lower energy of activatiorn with
catalysts deficient in electrons, whereas the opposite is true for reactions
in vwhlch the mechanism involves acgu'sition of electrons."

In 1961 Walter Kidde and Company (358) undertook a laboratory
program aimed at a systematic underst%nding of decomposition catalysts
for decomposing hydrogen peroxide at concentrations up to 98 per cent.

As an approach to correla.ing the general behavior of metals an%5
oxides active in decomposing Hj03 , atomic diaiaeters were plotted against
atomic numbers of metals that are active, of questionable 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, connected the points corres-
ponding to known highly active catalysts for Ha0 1 decomposition. The
correlations are considered useful in the selection of new catalysts, but
only in a general way. Some inconsistencies make experimental ev-luation
essential.

Nickel and Monel screens were coated with nitrates of lead, silver,
manganese, and copper in various formulations, then heated at high tern-4., peratures• The purpose of heating was to Increase the activity of the screens
by Increasing the surface area. It was found that the Incorporation of
HSBOS as a bonding agent in the coatings appeared to provide some beneficial
effects in catalytic activity and mechanical strength when silver and lead
were used together in catalyst coatings also containig A1,03 - 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&Oa
showed no loss of the metals. Tests were also conducted with 98 per cent
H10S.

Further work in this program involved the development of reliable
methods !or testing and evaluating decomposition catalysts. The program
terminated without additional major developments.

b. Nickel Oxides and Hydroxldes

Hart and Ross (101) studied the decomposition of hydrogen peroxide
by NIO. A flashed film of NIO (95. 7& thick) gave an activation energy of
11. 0 * 0. 5 keal/mole under the same conditions. It was also found that
0. 004 to 2. 1 per cent of LISO in bulk NIO promoted the catalytic activity.
GaOe1 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 increasedI
the catalytic activity of the oxide in the decomposition of hydrogen peroxide.
Anilysis 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 (Z59) evaluated zinc oxide and nickel oxide
(NiO) containing small .amounts of lithium, aluminum, and chromium, as
catalysts for the decomposition of hydrogen peroxide. Reaction rate was
proportional to HjOS •oncentration, 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 positive holes and in ZnO to lower
concentrations of free electrons. The results wore discussed in relation
to previously proposed mechanisms for catalytic HIOS decompositinn.
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Zkuravlev an othe re (382) extended their studieeso tel work function#of catalysts in • attempt to correlate them with changes La activity caused

by aging semiconductor catalysts. Work functions of NiO, N•I1Oi CUO,
PbO, and Pb1 O were determined immediately after they were anneLled &and
at various times for 1Z days after they were first used as HAO- decomposi*
tien catalysts. Both the work function and the activity of NLO and NiO3
decreased, then leveled out as the aging period increased. Work function
and activity changed in opposite directions for CuO, PbO, and Pb.. The
results are explained by the electron theory of catalysis. Adsorbed reac-
tants remain adsorbed on the catalyst surface after dryino, Donor-type
reactions occurred on the nickel catalysts and acceptor-type reactions
occurred on the others. This conclusion was confirmod by determinations
of the signs of the surface changes on the catalysts from work function
measurements of the catalysts immersed in hydrogen peroxide solution.

c. Activity of Adsorbed Ions

The effect of traces of adsorbed Lone on the catalytic activity of
Ni(OH)& was examined by Krause and others (158). Mn(fI) ions were found
to be activators. The relative promoting effects of other ions L decreasing
order were: Mg(II), Cr(M), MoOr2., oW0 42, and UO&I+. NI(II), Zn(n),
Fe(l), Pb(XI), and Fo(CN)6I were without effect. 3a(fl) and Fe(CN)#"4
acted as inhibitors. For mixed Ions, the combination Ni(Ow)a-Fe(C)g4"-
-Cu(U) gave the mnst active catalyst.

Krause and Domka (001) found that both Fe(m) and Cu(1r) Lana
increased the nortrally feeble activity of Ni(OI)a as a catalyst in the decom-
position of hydrogen peroxide. Fe(UI) increases the rate slightly, and Cu(Ir)
more strongly, but the greatest increase results from the ions in combina-
tion. The order of addition is also Importanti Ni(OH)1 + Cu(UI)+ re(I)
yields markedly greater activity thau NI(OH)j÷ Fe(M) + Cu(L). In all cases
the reaction was first order. The mechanism suggested was adsorption
of ions at the Ni(OH)a surface, resulting in complexes that facilitate elec-
tron transfer.

These same investigators (182) found that nickel (1U) ions at low
conqentrations markedly affect the rate of catalytic decomposition of hydro-
gen peroxide when adsorbed on cobalt carbonate carrier. The decomposi-
tion rate of 0.3 per cent H-OS at 371 was determined for Additions of Ni(fI)
ions to 1. 0 mg CoCOs5 Co(OH)a. 3. 5H&O. The rate increased to a maximum
at 1041 gram Ni(U), dropped to a minimum at 109 gram, and at 10 'i1 gram
rose back to the rate due to the cobalt carbonate alone.

It was also found (184) that Ag(I) and Mn(fl) Ions, which are normally
inactive in hydrogen peroxide decomposition at 370, can accelerate the
reaction if they are adsorbed on M03CO-' NI(OH)3. 7H&O carrier. Each ion
adsorbed alone promates decomposition. However, in combination they
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are less active, and the degree of activity depends on the order of adsorp-
tion (catalytic m-atation). The results are obtained for enoncentrationo of
I mg of ion per 0. 1 gram of carrier. If the Ion concentration is doubled,
the effects are not observed.

Tomassi and Jankowska (341) used a potentiomet.1c technique to
study the catalytic decomposition of hydrogen peroxide by nickel ions
adsorbed on silica gel. It was found that the gel would actively catalyze
the decomposition when the potential difference between a *US0 4-silics gel
sad a calomel electrode was between 55 and 160 millivolts. A gel with 2
per cent of NiSO4 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 palladium foils at 37, 50", and 700 in the
decomposition of hydrogen peroxide was examined by Krause and Hermann
(170). It was found that the reaction was first order and that palladium
lowered the activation energy by 1-2 kcal/mole. Etching the foils increased
the activity.

Sai'nikov and others (303) regenerated spent palladium dust catalyst
by exposure to an ultrasonic field. Best results for a catalyst used to
decompose 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
watts/sq cm intensity for 5 to 10 minutes. Before treatment the dust
ebould be 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 films was 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 crystallite., and by a decrease of distortion and disorder in
the lattice. Umrn da and others (354) used differential thermal analysis to
determine the reoative catalytic activities of evaporated metal films.
Reaction rate was proportional to the quantity of metal. Increasing the
pH decreased the activation energy. The order of activity for various
metals was Pd> Pt> Fe> Au> NI> Ag> Cr> Cu> Al.

Umoda and others (355) also observed that the electrical resistance
of a palladium film increased during the catalytic decomposition of hydro-
gen peroxide. Applylng a negative potential increased the catalytic activity.
Measurerent2 also showed that at the pH yielding the highest activity, the
electrical capacity of the double layer at the surface was large. Electron
transfer from the surface to HInOs molecules was said to be the rate-
determining step of the reaction.
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]okASdo and Okubo (12S) measured the effect of hydrogen peroxide
sMd palladium Sol concentrations on the rate constant for the catalytic
decomposition of hydrogen peroxide. Below a peroxide concentraticn of
0. OS M tho first-order rate constant was iadepencient of concentration. At
high concentrations of peroxide the rats constant was proportional to the

* concentation of the palladium. sol.

Tverdovskii and Karpova (348) sotdied the catalytic properties of
palladiur•-nickel alloys in the decomposition of hydrogen paroxide. Rate
constants wore determined as a function of nickel content and at 400C.
The tate passed through a maximum at 25-30 per cent nickel, dropped
gradually to a plateau 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 cases the reaction was first order; Arrheniu- equation acti.
Tation energy and frequency factor reached manimr at 20.25 per cent nickel.

Ij The decomposotion of hydrogen ptroxide by palladium-gold alloys
in normal H280 4 at 18 and 350 C was investigated by Mosevich and others
(0?0). The first-order reaction rate constant was unchanged for gold con-
centrations from 0. 0 to 60-65 per cent. At higher concentrations the rato
constant decreased to zero as gold concentrw7iton 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 70-100 pc r cent of gold. No explanation of the results was given.

Pospolova and Koboxev (294) studied the rate of decomposition of 30
per cent hydrogen peroxide by silica-supported palladium in the presence
of HCN, HC1, and HIS0 4. In sulfuric acid the reaction was first order and
practically independent of the acid concentration. Hydrochloric acid also
gave a first order reaction, but a decline in activity wsth increased con-
centration. to HCN, the reaction increasingly deviated from a first order
reaction and the catalytic activity continuously declined as concentration
was increased. The degree of coverage of the silica support by the palla-
d4um catalyst rna:kedly 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 cleavago of an oxygen
atom

HIayashi (104) reported that lead ion accelerates the decomposition
of 14sOa by palladiunm Lead inhibits platinum, however, as a result of a

* Gibbs-type adsorption on the catalyst surface.

hinaki 1112) reported that saponin inhibited the decomposition of
* hiydrogen peroxide by palladiurn.
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).PLATINUM

a. Untreated Platinum as a Catalyst

Tovbin and co-workers conducted a series of studies on the non-
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 highest activity,
It was demonstrated that the decomposition reaction continues in the sub-
strate for a time after the catalyst is removed.

Tovbin and Lyashev (344) decomposed hydrogen peroxide solutions
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 a point where the peroxide
remained out of contact with platinum for ten seconds. The total length
of the portions with platinum bands was held constant. These experiments
were said to demonstrate that the decomposition is a chain reaction, initiated
at the platinum surface, and propagated within the liquid itself.

It was pointed out in a later paper (345) that the tube experiments
do ot conclusively prove that the decomposition reaction proceeds in the
homogeneous phase after initiation by a platinum surface, It was argued
that if the rate were diffusion-controlled, the flow past the tube wall con.-
taining no platinum would alow diffusion of fresh material for contacting
a 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 decomnosition 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 results than if thc samples were held
I to 1 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 diffusion-controlled, it is to some
extent propagated by reaction in the body of the liquid after contact with
the catalyst.

Earlier experiments (344) indicated that oxygen compounds were
the real catalysts for the decomposition. Activity of the platinum was
observed to increase with use. Surface treatments also affected activity.
The best catalyst resulted from treatment of platinum xwith hot chromic
acid, followed by air drying. Treatment by heating in a stream of hydro-
Sen gave a considerably poorer catalyst.
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It was found that the catalytic activity of platinum declined with
exposure to successive samples of hydrogen peroxide (345). Treatment
with chromic acid between exposures, however, sustained the high activity.
In experiments where hydrogen peroxide was passed through a fresh plate-
num tube, the first-order reaction rate constant was dete-'r.ined to be

* 8, 1 x l00/min. Sustained flow experiments gave a reaction order of 1. 73.

Satterfield and Yeung (306) studied the decomposition of hydrogen
peroxide vapor on platinum and stainless steel in a tubular reactor.
Temperature ranged from 130-4600 and H101 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 constants
for both catalysts were determined.

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

Franklin and oithers (80,81) found that the decomposition of hydrogen
peroxide by platinum in 2 N H-ZSO 4 was & first-order reaction. From
measurements of the absorption by hydrogen of the platinum surface, it
was determined that hydrogen peroxide decomp.,sed at certain sites only,
whereas quinoae could be hydrogenated using the entire platinum surface.

The problem of "active centers" in catalysts such as platinum used
for the decomposition of hydrogen peroxide was considered byErbacher
(54). Various investigators have attributed high catalytic activity to edge
effects of the particles, edges of crystallites, or raechanical discontinuities.
Erbacher argues that since all heavy metals except platinum have straight-
line logarithmAc adsorption isotherms, and since the absolute surfaces
found by monatomic electrochemical exchange and frcrn ion adsorption are
the same, only metal atoms are the aztive centevs for most metals. The
fact that roughened platinum is more active tban srooth platinum in the
deconmposition of hydrogen peroxide is attributed to the greater number of
adjacent discontinuities.

The effects of various surface treatments on the rate at which plati-
num catalytically decomposed hydrogen peroxide were compared by Garton
"and Turkevich (85). Polished foils, heat-treated 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 increase in the number of surface peaks, and predominance of the (100)
faces, Rlate data from the decomposition of peroxide indicated that activity
is proportional to surface area. a)though 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 first order. The
reaction rate constant increased with the degree 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 friction of active centers on platinum black in the decomposi-
tion of hydrogen peroxide at Z25 C was determined by Gorokhova and others
(94). Adsorption of lead acetate, which poisons platinunm. was used to
control the exteLt of blocking of active sites. Adsorption isotherms in-
creased rapidly up to an equilibrium value of 150 mg Pb/liter. The rela-
tion between the number of artive 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 repulsion 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 activation of platinum by
various oxides. Small quantities of ThOr, ZrOz, Cr&O3 , CeO, MgO, Tier,
VjO0, IAtQ, PrjOfs, T1 203, and Smtos strongly promoted the decomposition
of hydrogen proxide by platinum particles at 20'. In general there is a
maximum in tCe decomposition rate for increasing concentrations of the
oxides. The order of promoting ability for the oxides is as follows-
ThO1& ZrOj> Cr2O2 > CoO> MgO> TiOz> VzOm < IA&0> Pr•O11> TizO?> Em203.
Activation in many cases is considerable; Th08 and ZrO& increase it 9
times the value of that for platinum alone.

Dole and others (51) evalua&ted the fractionation of isotopes in the
decomposition of hydrogen peroxide by metallic platinum. It was established
that some of the liberated oxygen comes from the substrate water when the
peroccide is decomposed. The enhanement of the 0' perce-atage is not
ezpla3 ne d.

Myuller and Nckrasov (272) obtained electrochemical evidence indi-
cating that a platinum. oxide forms by a chemical process as an inte-madiate
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 treatments. Treatmont for 5 rmnutes at -0. 15 v gave a more
positive half-wave potential for the reduction of oxygen to Hj0 than did a
similar electrode treated for I minute at 1. lOv. This fact indicated that
the first stage of the reaction was electrocharnical and did not involve
participation of the surface oxide. In another experimemt, it was shown
that in a ring-dish electrode, all the evolved oxygen could be attributed 9o
HIO& decomposition. This result supported the concluxion that ". - .t.'iytik.
decomposition involved a layer of P.Q) oriTr,•d o. ;,4 suslZce. The first
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stage of the reaction up to a maximum potential corresponded to the reaction
H&O÷+PtO-- Pt+ H&O +01. A decrease of the cathodic current in the region
where the diffusion potential was )less th the maximum was attributed to
platinum reduction at the surface.

Hlickling and Wilson (105) found that platn=uz.- platinized platinunm
nickel, gold, and graphite, anodically decomposed hydrogen peroxide at all
but very high current densities. The reaction postulated for alkaline solu-
tions, HO&' a H+ + O+ aZe, is rapid. It is also diffusion-controlled and
independent of the electrode material. Potentials about 10 timme higher
are required for decomposition, and the reactions that do proceed require
potetials equal to that for the same reactitn in an electrolyte not containing
hydrogen peroxide. These facts suggest that an OH radical participates as
follows:

OH" aOH+ +

OH+ HOR a HO + HO2

OH+ HOz HaO + 0

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

Oerischer and Gerisrher (86) exramined electrichemrcally the
decomposition of hydrogen peroxide by platinum. A reaction mechanism is
proposed to account for the results. Reaction is initiated by electron trans-
for from the metal to HXOa. The radicals OH and HO, produced remain
adsorbed on the surface. In acids the radicals react to form OH" and 01,
principally by clectrochemlcal reactions. A parallel chain reaction speeds
up the decomposition, particularly in neutral or alkaline iolution.

DlancWl- and others (18) investigated the catalytic decompositioni f
dilute solutions of hydrogen peroxide by platinul. fridium, palladiunm and
gold. In sulfuric acid, gold was the only inactive catalyst. None of the
Mnetals was active in hydrochloric acid solutions. The decomposition
Veactions were first order. Polarization, decay, and charging curves for
the metals as eleetrodes showed that the catalyst surfaces become coated
by practically a monolayer of metal oxide during the reaction, Activity
is lost if the metal cannot be covered by an adsorbed oxide layer, as when
direct complexation by the solution prevents oxide formation. Thli explaiza
the behavior of platinum and iridium in HCI solutions. acn of gold in HklO4
solutions. It is also apparent that the rate of HgOs decomposition is deter-
sn~ned b 7 %13P d L'voAces in the rate of formation of oxides and by the rates
at which the oxides decompose the peroxide.
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Polarization curves for the reductionof oxygenon platinum electrodes
in the presence and absence of hydrogen peroxide ware 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 platinums electrode should proceed at equal
rates in acid and alkaline solution. ;I',"f fact that the acid reaction is faster
is explained by the Hgher proba'i.:-', rf36i-i reaction in alkaline solutions.
The results also indicated that elcv.oc+z-n-mical processes play an important
p, t in the catalytic decomposiLion of hydrogen 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 ma.x/mum at
pH 12. 1. Potential measurements on the immersed sheets showed charac-
teristic alterations to the platinum surfaces. Reaction velocity constants
and a mechanism for a first-order reaction were presented.

As part of a general analysis of catalytic reactions aimed at L
better understanding of biochemical 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 if various H101 decomposition catalysts were deter-
mined. Relative to a value of 1.0 for Fe(Ifl) ions in solution, the activities
were: M0O 4' ", 0. 1; Cr0 4 A', 0.1; W0 4

2 , 0.1; CrWO, -, 10 (all in solution);
Fe(m) ions on carbon, 100; bernlin (in solution) 100, hemin on carbon,
1000; Fe•O3 , 10, 000; MzvnO, 10, 000, platinum, 500, 000; heroin on albumin,
500, 000, 000. Othor examples of biochemical catalytic reactions are used
to Illustr&te the effects of using different supports.

The catalytic decomposition of 3 per cent hydrogen peroxide by
platinum electrcdes was used by Flis (59) as the basis for potentiometric
titration. The electrode potential Is proportional to the pH of the solution,
Hypochlorites, hydroxides, carbonates and other anions can be dete: mined.

b. Effects of Thermal Treatment

Nlkolaev and Shlygin used electrochemical methods to study the
sintering of platinized platinum and the effect on the catalytic decomposition
of hydrogen peroxide.

The effects of thermal treatment of platinum in hydrogen atmos-
pheres on the polarization curves and the reaction rate constant for the
decomposition of hydrogen peroxide was determined (282). The polariza-
tion curve of platinum immersed in 0. 1 N HIS[4 was used as a standard.
and all measurements were taken at 700. Polarization curves and rate
constants were then determined for the same electrode heated for ona 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. 1 N

48



• --.-. 7• top F , .. . W8jjf M -~jW ~7.Wq 1 .0 M.. New. .• .- ,. , : C•r... .. . .. ,•. . . . . .... • - .' .. .. .. . . . . . . -'•. * ' . . . . . . . • I .• • ,

HvSO4 decreased for higher heating temperatures, Trhe decrease was about
10 per cent for the lower temperatures and about 96 per cent at 300. The
rate constant decreased to about 75 per cent after heating to 601, increased
to 40 per cent after 80". then gradually declined to 3 per cent after 1006.
It was concluded that below 80", only lattice faults, which are catlytically
active, disappear. Platinum starts to recrystallize at 80', but adsorbed
hydrogen evidently distorts the lattice, causing increased catalytic activity.
It is further concluded that hydrogen accelerates uintering sintea~i of stabi-
lizing the surface by adsorption.

These studies were extended (283) to include heat treatment in alr.
Platinized platinum heated at 00, 100', 3000, and 400" gave values for the
relative reaction rates of 100, 34, 127, and 105 respectively. Increased
values of the rate constant were attribtted to deformation of the platin,-m
lattice by the ozygen adsorbed.

The bame methr-d was used to determine the efforts of thermal
treatment in a nitroge-* atmosphere (284). Platinum was sintered in nitro-
gen at 20, 100, ZOO, 0 0, 400, and .000'C. Measurement of catalytic acti-
vity shewed that adsorption capacity decreased with increasing temperature,
a fact attributed to a decrease in the true surface area. Sintering at 3001
and above markedly incr.ased the activity, presumably because of activated
adsorption, A general observation was that recrystalliaation rates at the
surface were much less in a nitrogen atmosphere than in a hydrogen, but
greater than in an oxygen Atmosphere.

Strel'nikova and othi rs (328) investigated the therma' activation mad
deactivation of platinum black over tha range 100 to 700". In the curve ofcatalytic activity in HaO1 decomposition plotteJ against calcination temper-
ature, maxima resulted at 16), 220, 250 and 500". These experiment.

confirmed earlier ones (326) that indicated a drop in activity when platinum
black is calcined between 250 and 5006.

The effect of thermal treatment on the catalytic activity of platinum
was investigated by Lapatkin sAd others (234). Over the range 100-7001C,
a curve of activity against temperature disclosed reactivity maxima at 100,
220, and 250'. Activity declined steadily from 260 to 500', at which point
It increased slightly, then continued a steady decrease.

Strel'nikova and others (326) .tudied, tht thermal activation and
deactivation of platinum adsorbed on silica gSl in the decomposition of hydro-
gsen p*roxide. Samples were prepared with different degrees of WUing of
the support by the catalyst, and igr'ted at 300-7001C. Curves of activity
against treatment temperature gave regions of activation and of leactiva-
Uto, as well as prominent maxima. The carrier tended to stabdise the
catalytic platinum centers against temperature e~ects, particularly as the
effects become more provaunced at high platinum content. Ac\.vlty
maima sUited to high temp )ratures with more dilute catalysts, an effect
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that was compared with extinction (A lurrinescence and magnetic effects.

Strel'nikova and others (330) also studied the effect of slitering
temperature on catalytic decomposition by platinum supported on silica.
Activity isotherms for the decomposition reaction as a function of duration
of sintering (400-700*) passed from the type having several maxima to the
type in which activity fell off initially, then leveled. The pattern was
ascribed to changes in the number of active catalyst centers on the adsorbed
platinum. Both trends in activity and calculated apparent activation energies
supported the conclusion.

Strellnikova and Lebedov (327) studied the effect of sintering temper-
ature and degree of co,'rage on the activity of plAtlnum catalysts, supported
on carbon, silica, and cadmia. Catalytic activ;ty was determined from
activation energies and ti,,w number of active centers, whict. is in proportion
to the exponential coefficient, ko, in the Arynenitis equation. The authors
distinguish nine theoretically possible typts of catalyst behavior, as deter-
mined by relatve variations in the activatiun energy (E) and the exponential
coefficient. The two most common tyr.es are an increase in ks compensated
by an iacrez.z, in E, and a decrease iu k. compensated by a decrease in E.
Expurimental examples of the various types are cited. Changes in acti-
vation energy with the c;egree of ,•arrier coverage by the catalyst were
attributed to the formation of PUfferent valent-artivity structures.

Tyurin and Shlygir. (349) used charging curves as a basis 1ýor a
method to determine the effects of sintering on the catalytic decomnpositiv'n
of hydrogen peroxide by platinum. The aim was to determine the relation

between catalytic activity, specific surface, and adsorbing capacity for
hydrogen and oxygen. Charging curves were determined by suspending the
catalyst powder in a basket immersud in an elc -olyte, and mwasuaing
the quantity of electrtci-y passed as a function of nt&al. Surface areas
could be obtained from such measurements. Thi ;suita showed th&t
sinterind had no effect or. the bond energies of adsorbed gasts or the cata-
lyst surface except in the case of oxygen, where the increased bond strength
was attributed to penetration of the gas into the platinum crystal lattice
during the rer,'ystaJization caused by thermal treatment. Oxygen adsorp-
lion markidly activatod platinum in the catalytic e.aomposition nf hydrogen
peroxide.

Tyurin and Feoktistov (350) studied further the effect of sintering
on the activity of platinum black catalyst at Z0*C. The effect of adsorbed
oxygen was determined by sintering the catalyst at 100-6001C in an oxygen
atmoephere. Surface properties were determined by the charging curve
m•thod. The . pecific catalytic activity declined severely to a minimum
foi sintering temperatures up to abcout 180". At higher sintering temper-

atures, activity increased to & maxcimum at 500"C. It was concluded that
the initial decliue in activity is due to the blocking of active centers by
adsorbed oxygen. A,:tiviy increases at the higher temperatures were
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attributed to the formation of platinum oxides.

The effects of long-term storage on tt.* ratalytic activity of a silica-

supported platinum catalyst were measured b,, ,3trel'nikova and Lebedev
(331). Catalytic activity was first measured 3 days after the catalyst was
prepared, after which it was stored in a desiccator for 2 years. Regardless
of platinum content of the catalyst, storage decreased the first order reaction
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 the highest fraction of platinum, variations in susceptibilities
with treatment temperature were idenical. 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 catclyats below 550* only.

c. Effect of Irradiation and Ultrasonics

The effect of the electronic properties of carriers on the photo-
sensitivity of platinum catalysts in the decomposition of hydrogen peroxide
was studied by Kryiova 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 catalyst of 1. 5
per cent of platinum on 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 I 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 ind the
adsorbed metal. In passing from dielectrics to sem.icondJuctor to metals
the zone of forbidden electron energies narrows, thus increasing the possi-
bility of electron exchange. Carrier paramagnetism 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 deactivations
were ascribed to formation of inactive ions (loss of valence electrons)
instead of formation of ac-tive adsorbed ions of the metals.

Kobosev and Krylova (124) measured the effect of ultraviolet
irradiation of platinum, palladium, and silver, on the catalytic activity

51



• p .. .. ... ,-.. .. ... ... .... ...... ... . . .. - - - -* . W

toward the decomposition of h-,drogen peroxide. Platinum free and adsorbed
on silica Mel, carbon, germanium, and bismuth were the catalysts examined
in detail in variuus atmospheres over a range of pressures. In all cases,
irrc4 iation decreased the activity. Doclir.e was least in a hydrogen atmos-
;here and greatest inan argonatmosphere. Activity could b- restored by
heating the catalysts for 2 hours in vacuum at 180". The changes in activity
are attributed to ionization of platinum and consequent 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. A,.ll these variables were found to depend
in a complex manner on the amount of irradiation, t.ae atmosphere in which
the experiments were condu-ted, znd the degree and kind of annealing 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
alurminosilicate was determined 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. Z7-10)x0"'1 9 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 on
alumina-supported platinum black catalysts having various 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 decomposition of hydrogen peroxide.

The activity of a plt.tinum-black catalyst could be increased or
decreased, depending on the ultrasonic frequency, the atmosphere (air,
nitrogen, hydrogen) and peroxide concentration (228). Highest activity was
observed for high frequencies, a nitrogen atmosphere, and platinum pre-
pared from diluted HjPtCL6 bolutions (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
atmosphere. The greatest activity resulted from platinum prepared in a
nitrogen atmosphere at 3000 kc. The treatment more than doubled the
catalytic activity. The treatment also increased the magnetic susceptibil-
iti from 0.866 x IC"6 to 1.70 x 10-6, the ,pecific surface fr.m ii.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 frequency was decreased to ZO kc(229).

LA and others (23M) aloo determined the effect of ultrasonic treat-
ment on the activity of catalysts prepared by adsorbing platinum ammonlate
or HjPtCl4 on silica or alumina, followed by reduction with hydroge'i (3001).
Exposure to an ultrasonic field before the reduction step did not M'±ect
catalyst activity,

d. Supported Platinum

A 1964 U.S. patent by Andersen and " omeo (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 HlOz in
solution. A typical catalyst contains 5 pet cent each of platinum, palladium,
and ruthenium on carbon.

Kobozev and Reshetovskaya (122) investigated active "ensembles"
on catalyst surfaces uaed in hydrogenation and the decomposition of hydro- I
gen peroxide. Carbon and alumina were used as supports for platinumt.
The number of platinum atoms in the active "ensemble" and the area of
the "migration cell" were calculated from the catalytic activity and the
fraction of surface coverage. In the decomposition of hydrogen peroxide
the number of platinum atoms in the active ensemble was I for carbon and
4 to 6 for alumina. The "migration" cell was on the order of 10-13 sq cM,
with a specific value for each support.

Studies of catalyst poiboning 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 decomposition 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. go

*; Pt, Pts, Pis and Pt 7 . An interpretation based on kinetic data was attempted.
A rate equation could be developed by assuming an intermediate compound
of the type Pt._ 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 decomposition of hydrogen peroxide does take
place at active centers of odd numbers of platinum atoms, Lebedev and
Trosman (226)examined the reaction using platinum on cadmium(semicon-
ductor), ,.:rbon, 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
reaction taking place, and not by the physical nature of the support. The
relative spccific.activities for the three supports were C < Cd SiO z ,
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Lebedev (223- determined the Arrhcnius equation parameters for
platinum catalYsts on silica Fei and .arnon applied to ihe decomposition of
hydrogen peroxide. Decomposition was carried out at Z0-30' using cata-
lysts reduced in a stream of hydrogen at 300* for I1 hours. Packings on
silica gel carriers were 0. 00005-0.05 and 0. 0005-0.03 monatomic plati-
num layer. Values of parameters in the Arrhenius equation z eiE/h,
were, respectively for the two catalysts, Er 2000-12, 000 cal/mr'le and
Ea 4000 to ,1,000 cal/mole; log z= 1. 5 to 6.5 and logz a 3 to 14.3. The
temperature used for thermal treatment of the catalyst is essentially tV e
.tame as the experimental range of the catalytic activity. Platinum at
packing fractior., of 0.01, 0. 02, and 0.04 was calcined in vacuum at 350-
7000 at ZO intervals for 3 hours. At each temperature, E in the Arrhenius
equation ranged fron-. 2700 to 21,000 cal/mole, log z from 0 to 15, and a
from 0. 0 to 0. 1. Calculation of the heat treatment temperature from log
koa f(E) approximated the experimental temperature used to determine
catalytic activity.

L~opatkin and others (233) investigated platinum on silica in the
decomposition of hydrogen peroxide at 25'. Pt-to-SiO2 weight ratios of
0. 0015 to 0. 05 were included. The reaction was second order. Activity
increased with "available" surface of the carrier, but it was a complex
function of the weight ratio of Pt to SiOl, 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. This
behavior was attributed to the existence of active centers with definite
compositions and to energy heterogeneities at the carrier surface.

Strel'nikova and others (329) determined the catalytic activity of
platinum supported on cadmium oxide (CdO). Over-all activity was deter-
mined by plotting moles HzOz decomposed/sec/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)t, (Pt)3 , and (Pt)5 . The kinetics of the reaction
were formulated on the basis that PtOz dissociated reversibly.

Shashkov and others (313) attempted to correlate electron emission
with catalytic activity of platinum supported on BaSO4 in the decomposition
of hydrogen peroxide at 20'. X-radiation was used to induce emission.
At a concentration of 2 x 10'0 gm Pt/gm BaSO4 , the emission intensity was
double that cf BaSO 4 alone. As the platinum concentration increased the
intensity decreased. At (2-4) x 10"4 gm Pt/gm 3laSO 4 , the intensity was
constant and about the value of that of the carriev alone. At 4 x 10"3 gm
Pt/gm BaSO4 , the intenaity decreased to 1/2. Plotdrng catalytic activity
against the logarithm of concentration gay. S-shaped curves. Plotting
emission intensity against temperature gave peaks at 110 and 160%, whereas
the same plot for BaS)4 alone gave a single peak at 140.. Changes in
emission intensity with time could be mathematically correlated. Magnetic
measurements showed that for concentrations of 0. 0018-0. 0036 gmn
Pt/gm BaSO4 , 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 preparat~on was deterrnAned by Adamenkova and Poltorak (1). Silica
was prepaed by hydrolyzing SiCl 4. H1PtCl4 was treated with ammonia and
the platinum compound adsorbed on.the silica. Reduced platinuin was ob-
tained by pausing hydrogen through the heated sillca. granules. Catalytic
activity towards H10 2 decomposition was higher when the granules were
made smaller. Optimum temperature for the 1ydrogen treatment was 300".
Specific activity increased with platinum content and it was affected by
the nature o, the HaPtCl6 used.

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

Kersonov (1 !8) 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
ytterbium salt were %scd. " ha alt alonac had very low catalytic activity
that increased only slightly with concentration. The niixod catalyst was
more active than platinum catalyst alone, as indicated by a decrease in the
activation energy from 1Z. 7 kcal/molo for platinum to 9. 9 kcal/mole for
the mixed ratalyst. Increased concentrations of ytterbium in the mixed
catalyst led ultimately to a decline in activity. At a Pt/Yb ratio of Z:1,
acttvity was lower than that of platinum alone.

Enright and others (290) studied the effect of adsorbed& -netai ions
on the decomposition of hydrogen peroxide. Experimerts demonstrated
that heavy metal ions such as Hg(U), Pb(LI), or .Ag(I) have little 07 no effect
on the decomposition of hydrogen peroxide in aqueous solutien unless they
are sdaorbed on a rigid carrier. An explanation of the profound iniluence
of the nature of the carrier on the catalytic behavior of these ions is pre-
sented on the basis of K. Fajans' theoty of the polarization of ione.

e, Platin'imn Alloy

Zubovich (381-390) carried out a series of studies on binary, noble-
metal catalysts deposited on alkaline earth carbonates or sulfates. These
studies wero in part an attempt to relate catalyst activities to electronic
structures and magnetic properties.

An Interaction was found between the components of Pt-Ag, Pt-Au,
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Pd-Ag, Pd-Au, and Pt-Pd mixed catalysts at.sorbt d on alkaline earth sul-
fates (384). Behavior could be rela ed to the position of the !1ements in the
periodic table and to effects of the cirrter. Maxirr'im activity resulted
when the elements were in the stoichiQmetric proportions of 1:1 or A:Z.
Silver exhibited a poisoning effect on platinum and palladium, Poisoning
was a maximum at a silver concentration of 0. 0Z75-0. 055 per cent on the
carrier, which corresponds to a proportion of Ag to PI: or Pd of about 1:1.
The decline of catalyst activity in HZOj reduction was accompanied by a
considerable increase in activation energy, from 6. 6 to 22 keal/mole for
a 0. 1 per cent Pt-on-BaSO 4 catalyst when the AgPt ratio was 1:1. Addition
of gold to palltdlum or platinum catalysts resulted in a different behavior.
Gold slightly reduc.ed the activity of platinum, but it increased the activity
of palladium up to a maximunum for a Pd:Au ratio of 1 :Z.

Zubovich (385) showed that experimental data for the decomposition
oi hydrogen peroxide by Pt-Ag and Pd-Ag mixed catalysts supported on
alkaline earth sulfates agreed with the theory of catalytically active

ensembles. According to the theory, the catalyst activity is related to the
amount of catalyst present by the expression

A wAoe exp (-g/z)

where A is thpi original catalyst activity, g is the concentration, and z" Is
the numaer of catalyst migration regione on the surface. For other binary
ailoys, it was foind that, unlike silver, PalladiuLm activates platinum in
Pt-Pd mixtures. Gold activates palladium, but does not affect platinum
activity. Aditional er.periments confirmed the previous result (384) that
in t.•ose mixtures the strongest activation occurs for a Pd:Au ratio of 1:Z.

Zubovich (386) also studied thin layers of Pt-Ag, Pt-Au, Pd-Cu,
Pd-Ag, Pd-Au, and Pt-Pd ratalysts supported on z1kallne earth carbonates
and of Pt-CO catalysts on SrSC4 . Catalytic behavior w._ related to the
electronic structure of the metal ions, to thu exiitence of unpaired electeons,
and to carrier properties. In agreement with previous results, highent
activities resulted with catalysts having the simplest stoichlomelria ratios
of active metals on the carrier. Minimum activity yielded maximum acti-
va#ion energy. Catalytic activity was Aloe related to changes in magnetic
susceptibility.

The poisoning of platinum by silvcr as mixed catalysts supported
on lead sulfate was also investigated (387). The bethavior was identical to
that ottained earlier (384) for the same catalyst supported on barium sulfate
and minimum activity resulted when the Ag:Pt atomic ratio war l1l.
Zubovich sugges*s, therefore, that the behavior oi the mixed catalyst
depends on the raturi of the components, and not on the properties of the
carrier.

In a further study of the poisoning of platinuni by silver, Zubovich
(388) used anvtase and rutile (t-wo crystal.l.ne forms of TiOt) as supports.
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In this case it was found that minimum catalytic activity corresponded to a
1:1 Pt:Ag ratio on rutile, but to a 1:2 Pt:Ag ratio on anatase. It was pointed
out that the general behavior is the same for semiconducting rutile as it
was for alkaline earth sulfate& (384, 385, 387) and carbonates (.86), which
are not semiconductors.

Zubovich also observed a correlation between changes in catalytic
activity and magnetic susceptibility -f palladiuni-siiver catalysts supported
on polymorphic TiO2 (389) and of platinum-silver catalysts supported on
sugar charcoal, carbon black, and griphiti (390).

Bogdanovskil and Shlygin(27) reported that the addition of palladium
to a platinum c"talyst does not noticeably promote the rate of decompositionof
hydrogen peroxide. Housever, palladium does prevent self-poisoaing of the
catalyst, particularly when added in amounts of 10 per cent and hiiher.

Lopatukhina and Shlygin (M3•) found that an electrochemically
prepared palladium-platinum catalyst prepared froirn PdClA-PtCl 4 solution
was 100 times more active than pa!ladium alone in decomposing hydrogen
peroxide. Greater hydroger. and oxygen adsorption sWiwed that the mixed
catalyst had a more highly "developed" surface: however it was concluded
that the catalyst did not consist of mixed crystals; it was probably a solid
solution.

L. Platinum Colloids

Blesa (20) studied the effect of micellar surfaces on the catalytic
decomposition of hydrogen peroxide by platinum sole prepared, by the
electrolytic Bredig method. In the first study, the effect of 1KCN on the
rate of decomposition was determined. Platinum sole with particles In the
range 75-95 millimicrons were prepared electrolytically. Small concen-
trations of KCN decrease the rate of decomposition of hydrogen peroxide,
but larger amounts incr.ase the r..te. The concentration (,f KCN that yields
the mkinmum rate increases roughly with the total surface area of thr sol
particles. A nearly constant value of 0. 65 mg per sq c•t •as obtained for
all #,ols studied. Substitutior of iodine in place of KCN gave similar results,
but in this case the dome required for mrtinfinum rate was nearly a constant
0. 095 mg per sq cm of sd surface.

In a second study by Blesa (19) the relation between the particle
site of the sol and the amoint of poison necessary to produce a minimum
in the rate of decomposition of hydrogen peroxide was investigated. Each
salt was found to have a specific value. Substances studied included KCN,
thiosulfates, Iodine, and iodides.

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

57

...... .-........ -..-............. .-......... •-................



order with an apparent activation energy of 11.6 kcal/mole. The initial
retardation was attributed to the accumu!atioa at the surface of reactzon
products which blocked active sites.

Kokado (126) reported that tannic acids inhibiti the catalytic decom-
position of hydrogen peroxide by platinum sols. The logarithms ol the
first-order rate constant and tannic acid concentration followed a linear
ree ction.

The effect of deute r'um roxide 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 inhibition of the decomposition reaction rate was estab-
lish-d. A series of exchange reactions is postulated to explain replace-
ment reactions that took place. All rcsults were for 0. 05 N hydrogen
peruxide at 25".

Kobozev (121) derived kinetic data for the catalytic decompositioni
of hydrogen peroxide on geveral catalysts by analyzing experimental results
based on three reactions:

(1) Cat + HzO = Cat 0 + H!Z-, K,

(2) Cat+ 2HzOHz Cat:° + 2H0, K

(3) Cat:0 M Cat + OX k0 r

where'"Cat" is the catalyst. Reactions (1) and (?) 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 K1 , K, and kr. The relative
"time activities per active center" for various catalysts at 0" Vere as
follows: MOO4', Cr0 4 ", WO,,', and iodine, 0. 1; Fed, 1.0; C'. 7 %- . ,
Fe*+ on charcoal, i00; hemin, 50 to 650; hernin on charcoal, 800; catalase,
5 a 108: Fe30 4 and MnOz, 10-; and Pt-black sol, 106. Since the value of k0
in the expression k = k E-q/RT (qo = activation energy) was approximately
100 for all catalysts, thAe increased activity of t - mixed catalysts was
attributed to a lowering of the activation energy only. A plot of log kr
against the dlfftrence in free 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 was attri-
buted to decre-ing repuluion between the oxygen atoms of the intermediate
couples, Cat:o , 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.
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g. Effects of Accelerators, Poisons, and otherAgents

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

In further studies of catalytic poisons KMppen (134) reported that
thiophosphate esters retarded the catalytic decomposition of hydrogen per-
oxide by acidic, platinum-coated silica gel. In this case, however, the
retardation could be eliminated by addiig what was found to 7e the optimum
amount of saponin to the reactink mixture. Foam was produced in proportion
to the amount ot oxygen evolved in the reaction. Foam height was more
sensitive than foam amount as a measure of the decomposition rate.

Strel'nikova and Lebedev (33Z) studied the poisoning of catalytic
platinum in various forms by hydrochloric acid. Colloidal platinum, plati-
natod, dehydrated SiO: and platinum black were examined in the decomposi-
tUon of hydrogen peroxide. The poisoning is related in a complex manner
to the partial dissolution of surface atoms (usually up to I per cent, but
up to 33 per cent for platinum black) as a result of simultaneous reaction
of HzOz and HtC. 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.1 , hzSO 4,
and HCl on platinum-on-silica catalysts in the decomposition of hydrogen
peroxide in order to e.-terrrdue the anomaluus Lehaviour of RCI. Platinum
was soaked in the various acids for ! hours, after which 2 N HzOj was added.
Nitric acid deactival~ed 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 HC1 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 atoms 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 CdO adsorbed
more HgCI thrln CdO alone, regardless of HgClz concentration. Catalytic
activities of platinized CdO treated with various concentrations of H&gCl
were then determined, as was the activity of an untreated platinized CdO
catalyst. The log of the ratios of the activities plotted agaiust the amount
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of HgClj adsorbed gave two intersectink straight rinc... The results could
be e~xpressed by a r,.a.thcrnatical relationship involving the. relative dctivities
of poisoned and urnpoianned catalyst, the probability of poi.3cm~ng an act~i-e
center, the number of rvgions of poison migration, and 'ie quantity of
adsorbed poison. The act~ivation energy was independent, of the q~uanitity of
poison adsorbed, and varied irregulairly with the amount of platinum
employed

Zykova and otherb (394) studied in detail the poisoning of platinum
black by large amounts of mercuric. ch~lo ride, In the presence c~f hydrogen
peroxide, HgClz is reduced to H-gaClA. which is then adsorbed by platinum.
1(gClz is not adsorbed by platinum in the absence of hydrogen peroxide.
Since crystals of HgaClZ w!re observed on the catalyst surface. the amount
of HgCl3 reduced considerably exceeded that amount needed to form a mono-
layer. Abaorpt~an isotherms possessed three distinct regions, but eventually
irveled off as the surface became saturated. No alteration ix! activation
energy was observed for various surface cove rages, which was taken as
confirmation that the ar~tive centers are energetically uniform on the cata-
lyst surface.

buito (3305) studied the effect of vzrious poisons of platinum sols
toware the decomposition of hydrogen peroxie&.. Poisons included HgClZ,
Hg(CN)&. KCN, and KCl. Acti 'vity declined in proportion to the logarithm
of the concentrations of HgClZ and Hg(CN)Z; in the case of KCI, a linear
relation was found between the logarithms of activity and poison concentr36-
tion; the behavior of KCN was more complex. The relative degrees of
poisoning were Hg(CN)a> HgCli5 > KCN> > KCl. The relative quantities
required to reduce c~atalytic activity by 90 per cent were 0, 008, 0. 02, 0. 03,
and M)O, respectively. Complete poisoning corresponded to a unlm-olecular
layer of the poisr~n on the catalyst surface. Kinetic evidence showed two
types of bahavior. Poisouing by mercuric and chloride ions did not involve
reaction viith hydrogen peroxide; but in tbe cace of cyanide ion, poisoning
did involve reaction with the peroxide.

~Vliruwatari (266) used a fundamental pyrolysis equation to derive
first-and second- order equations applicable to the decomposition of hydro-
ger peroxide by p!.atinumn sol. Experiments were -conducted in order to
determine the ooigoning effecto of CO, HgClk, )4g(CN)Z. KCN, and KCI.
Various eip.Lanations are advanced to rationalize tk'- inhibiting effects.

Gonzales -Salaz~ar and Blesa (93) obswerved that potassium iodide
inhibits the catailytic decomposition of hydrogen peroxide by colloidal
platinuam4 Reaction rite i~ a m~inimumn at a concentration of 0, 146 mg KI
per squat- ccntimete- of platinum sal surface area.
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t SECTION XV.

A.J1. COPPER .. .COPPER, SILVER, COLD

a. Metallic Copper .nd Copper Alloy

Markovic (243) found that dilute hydrogen peroxide was decomposed
by copper at 20' by a z.iro-order reaction. A reaction mechanism wag
proposed on the basis of adsorption potentials for oxygen, water, and hydro-
gen peroxide. The double layer on copper electrodes in hydrogen peroxide
solution was studied by measuring the growth rate of polarization potentials.

It was Lound that only high peroxide concentrations affect the size of the
hydrogen double layer and thAt the charge on the double layer in a nitrogen
atmosphere was about the same as that of aU polycrystalline metald.

Kotkowski (135) determined the kinetics of decomposition of dilute
solutions of hydrogen peroxide by powdered copper. Solutions containing
0.3, 0.6, and 0.9 per cent Hg0Z at 27, 37, and 47* were examined. Electro-
lytic copper and copper reduced in hydrogen gave different kinetic equations
that permitted distinguishing the two processes. In the case of electrolytic
copper, chemisorption of atomic oxygen (HMO2 = HZO + 0) was followed by
desoprtion (0 + H20 2 = HZO + Os), at measurable rates. For hydrogen-
reduced copper, the chernisorption step is so fast that only the desorptin
rate is measurablc. It was found that the rate depended more on the degree
of dispersion of the catalyst than it did on the catalyst concentration.

Rosa (301) examined the activities of abraded copper-copper oxide
foils in the catalytic decomposition of hydrogen peroxide. The foils were
prepared by depositing filme of CuZO on smooth and abraded copper sheets.
The reaction was studied in a flow reactor at 40 to 1000C. Abraded foils
were more active than smooth ones, particularly at low temperatures.
Smooth foils gave an activation enerlsy of 18.4 kc:l/nole; abraded foils
gave 9. Z kcal/mole. Since no significant differences in surface area could
be detected, increased activity with abraded foils were attributed to change%
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 in rate
as the 3d band begins to empty, Dowden and Reynolds (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 hypothesis. Activation energies and
frequency factorr for the various alloys were also determined.

Krause and Kotkow ki (178) compared the activity of fresh and used
catalysts of copper-iron alloys in the decomposition of hydrogen peroxide.
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The criteria for activity was the rate at which the c€otalyst decolorized
indigo carmine. Mn(1l), Cu(lI), and Fe(fl) ions were adsorbed on fresh
and used catalysts and the activation or inhibition towards further catalytic
activity observed. Mx(Lt) inhibited the fresh catalyst but activated the used
catalyst. Cu(LU) and Fe(III), either alone or in combination, activated both
catalysts.

b. Copper Oxid( a and Hydroxides

Shashkov and Krylova (314) studied the activity and magnetic sus-
ceptibility changes in Cu, CusS, CuO, 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, CuzO, CuO, and CuOOH in the respective ratios by weight of
50:62. 5:57:75 gave constant activity through repeated HaO decomposition
processes. The following mechanism was postulated to accoumt for the
re sults:

2CuO + HPa, -CurO + HIO + Ol

Cu&O + H OI--ZCuO + H&O.

Cu(Q) ions were said to constitute the active centers irn the catalysts.

Zhuravlev and KoloUova (383) examined the relation between the
distribution of thermal enif over the surface of cupric oxide and the catalytic
activity of the oxide. Cupric oxide plates were prepared by compressing
the powder at 400 kg/cm'. followed by sintering at 580%. Measurements
of thermal emr potentials over the surface were distributed as a normal
Gaussian type in every case, though average deviations from the normal
varied. Increased deviation from the norrmal 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 o€ the development of a high-potential field between adjacent points of
the surface must be greater for catalysts with flat erif distributions, the
activity in those cases must be higher.

Zhuravlev and Kruzhelyuk (379) measured the emf of a cell con-
taining hydrogen peroxide in which one electrode was a catalyst and the
other electrode a non-catalytic conductor. When copper oxide (CuO) was
used as one electrode over the range of 20 to 90"C, the emf passed through
a maximum at 40', and a minimum at 60%' beyond which it increased. The
decrease in emf in the temperature region of 40 to 60' was accompanied
by a small increase in decomposition rate, which indicates that there is
some conr.ctton between the emf and the reaction taking place in the cell.
The same results were obtained using zinc oxide on copper as the active
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electrode. i

Hart and Weir (99) used thermistors to study rapid changes of
catalytic behavior in the decomposition of I to 4 N H101 by copper oxide
(Cu&O). 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 measure of catalyst efficiency. Effects unobservable
in a static system can be studied with this technique.

DAn. and Mattner (4S) reported that Cu(OH)2 catalyzed the decom-
position of alkaline hydrogen pero,.-de according to a first-order reaction.
Based on the fact that magnesium hydroxide adsorbs traces of copper from
solution, a series of experiments was carried out to determine the fixation
by MS(OH)2 of copper dissolved in sodium hydroxide and th catalytic action
of copper on hydrogen peroxide in 1 N NaOH solution.

Hart and Rose (100) studied the decomposition of hydrogen peroxide
vapors by catalysts contaiinng equhnolar binary mixtures of CuO with
Fe.1 s, .-AIlO 3 , and COJOS. Catalysts were heated to 6000 as psrt of the
preparation. A mixture of CuO and FeO, was more active than either oxide
separately. CuO - a-A1sOs mixture was no more active than CuO alone.
The high activity of CoeO3 prevented distinguishing effects due to CuO in
CuO- Co & mixtures.

The effect of various ions on the activation of CuO, sintered at
60 0 ", in the decomposition of hydrogen peroxide was investigated by Krause
and Wolski (154). lron(ll) was the best activator. Thorium(IV), manga-
nese(U1), eirconium(IV), cobalt(tI), lead(U), lanthanum(M), and mercury(JI)
also activated CuO. Aluninum(IM) was the poorest activator. Chrornium(MI)
ions destroyed the catalytic activity of CuO completely. Combinations of
the above ions with CuO were also investigated as catalysts. Cations of
the first- and second-group elements were activators.

Krause and Wosinska (144) studied the activation and inhibition
of copper hydroxide in the catalytic decomposition of hydrogen peroxide.
Calcium, magnesium, and cobalt(MI) hydroxides activated the catalysts
when p-ecipitated with Cu(OH)j. Precipitation with beryllium, lead(U), and
nickel(XI) had no effect on the catalysts. Cadmium anid zinc hydroxides were
inhibitors. Calcium and magnesium ion do not appear to affect the catalysis,
but cobalt(IH) ion inhibits iz.

Krause* nd others (163) studied the effect of various ions on the
catalytic activity of CusO in the decomposition of hydrogen peroxide at
37"C. In the cafe of single ion species on CuzO as a carrier, catalytic
activity was increased by ( F6(CN)6] 4', weo-, Mn(fl), Fe(m), and Cu(II).
Catalytic activity was decreased by Al(I1), Ni(II), Na+ and N'4+ . 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
mutation). Mutation was most pronounced for orders of addition
CuaO-L Fe(CN)6 14" -Fe(Ul) and CuzO-Fe(UII)-[ Fo(CN)6 ]4", and the six possi-
ble arrangements of CusO, ( Fe(CN)6]4", Fe(IM) and Cu(HI). Catalytic muta-
tion is observable when 0. 01 gram of carrier is mixed with 1. 0 mg of the
given ions. Krause and Smoczkiewiczowa (155) evaluated the relative acti-
vities of 14 iron and copper minerals in the decomposition of hydrogen
peroxide. Minerals included chalcocite, covelite I and U, chalcopyrite,
bornite I and U, cuprite I and U, malachite, pyrites I and U, marcasite,
hematite, and FeS. The action of the various metals in the minerals was
selective and specific.

Klppen (132, 133) invented a means for determining waste waters
from the poisoning effects of biological materials in the catAlytic decompo-
sition of hydrogen peroxide. Potassium cyanide shows marked effects and
therefore illustrates the process. The rate of decomposition of 30 per
cent H10 decreased by half in the presence of 0. 00000Z molar KCN. The
effects of hardness, pH, and dissolved salts can be buffered by adding
about 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 that of a
blank. K8ppen reported that low concentration of KC14 accelerates rather
than retards the decomposition rate for hydrogen peroxide by CuO, mineral
MnO1 , and precipitated ferric oxyhydrate.

c. Other Copper Compounds

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 CuCrO4 , then removing excess CuO to yield a material corres-
ponding closely to CuCrO 4. 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 leid 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 cent of PbOj. 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 and unpro-
meted catalyst.

Wolfram (368) measured the effect of added silica gel on the
catalytic activity of FeCIS (0. 1 MI and CuCIs 10. 05 M) solutions. Silica gel
of 3.2 m 1/gram and 60.100 micron particle size was used. Adding gel
doubled the activity o. CuCl&, but slightly decreased the activity of FeC13.
Wolfram suggested that in the case of CuClz very active intermediates such as
H-Cu&O are formed. In the case of FeCl, active micelles thxt 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 1Fe(CN)6 and temperatures of 2-48.4', the reaction followed
the relation log k a 7. 31 - (3788/T) + (121. 3 pH/T), where T Is the absolute
temperature. The apparent activation energy depended on pH according
to Ea - 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 (Cua(Fe(CN)4 1. (2) Prussian blue, Fe4 ( Fe(CN)f1s, and (3)
Turnbull' a blue, Fest Fe(CN)6]J . In all three cases the reactions followed
the relation log k = log m + A - B/T + C(pH)/T, where k is the unimolecular
rate constant ( time in minutee ), m is the catalyst weight (mg), T is the
absolute temperature and A, B, and C are 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 Cua( Fe(CN)6] is an excellent

catalyst for decomposing hydrogen peroxide. Catalytic activity was
depressed in the presence of salts of cobalt, nickel, cadmium, lead, trer-
cury, and manganese, Copper salts had practically no effect. Ferric
chloride and alkaline sulfide solutious increased the activity. Erkut also
reported that Fej(Fe(CN)6] did not significantly catalyze peroxide decompo-
sition, and that the ferrocyan.ides of nickel, cobalt, manganese, cadmium,
lead and silver were inactive.

The effect of hydrogen-ion concentration on the catalytic activityof copper ferrocyanide for the decomposition of hydrogen peroxide was

studied by Kandare and Constable (116). Finely divided Cul(Fe(CN)61 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) + c(pH), where
a, b, and c are constants. For 0. 1 mg/ml of Cu&[ Fo(CN)j], a a 3. 987,
b a 2746, and c = 0.4039.

Krause (143) reported that although Al(I.I) ions do not catalyze the
decomposition of hydrogen peroxide, they do promote the decomposition
by copper-iron ferrocyanide gels. Al(M) ions inhibit the catalytic activities
Of CuO, Al(0H)3-Cr(OH)3-Fe(OH)3, Cu(OH)A-Pb(OH)2-Fe(OH)3, Mg(OH)2-
-Cu(0H)j-Fe(OH}3, and Coj[Fe(CN)6] gels.

2. SIL•ER

a. Metallic Silver

Davis and McCormick (46) presented an analynis of design para-
meters in the use of samarlurn oxide-coated silver catalyst fir decomposing
high-strength hydrogen peroxide to oxygen and superheated steam. Various
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applications were discussed.

Shell Development Company (316) conducted a comprehensive
program in 1957-58 to study decomposition catalysts for 90 par cent hydro-
gen peroxide. The effects of impurities, the mechanism of the reaction,
effects of promoters, silver loss rates, and new catalysts were included.

Silver was the catalyst of principal concern. Detailed analysis
of the kinetics of decomposition in catalyst beds of silver screens supported
by stainless steel screens led to the conclusion that there are four reaction
zones, each dominant for a range of bulk solution temperatures.

In the low temperature zone, the rate is probably chemically con-
trolled. Rate varieq 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 basis of experiments, two plausible reaction
mechanisms are proposed for the reaction in this zone.

In the nucleate boiling zone, liquid contacts the surface and there-
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 zone 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 catilysts.

The effects of impurities in hyd_:icrn piwcici ox, the dv•,t,-"-sition
by silver were studied in detail. This work was aimied at gaining a more
complete understanding of how impuTities modify the decomposition 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 perfluoracaprylate was found to
greatly promote the decomposition by silver in the low temperature reaction
zoAe. The rate is accelerated by a factor of 50 at the concentration (0. 075
gram/liter H'0 5 ) of maximum activity. Process carbon concentrate behaved
similarly, but to a lesser extent.

Among the other catalysts investigated, an alloy of I per cent gold
. and 99 -er 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
gold-silver alloys with up to Z0 per cent of gold had activites comparable
to that of silver. At higher gold contents, activity was much lower.

The behavior of a 1 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
"at intermediate temperatures then increased markedly at 2lZ*F. Veryhigh
rates of silver loss were apparent in this alloy. Increasing the palladlum
content to 10 per cent reduced the silver loss, but the activitv was also
r'auch less .

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

A report on the state of the art of catalyst packs for use in rocket
applications of 98 per cent hydrogen peroxide disc:itased some of the work
carried out by FMC Corporation before 196Z (73). Some of the problems of
improving catalyst performance and design were also covered.

A prograr, carried out in 1958 by FMC Corporation (73) was designed
specifically to develop a satisfactory catalyst for rocket applications of 98
pea1 cent hydrogen peroxide. An improved approach was to put a few silver
screens above a section of Monel screens in the catalyst pack. Presumably
the silver screens would start the decomposition but escape the high temper-
atures produced by complete decomposition. Monel screens would then
complete the decomposition. The partial success of the system led to the
development of a gas generator employing it. The average starting transient
of l/Z second (room temperature feed) was considered a drawback for some
of the other applications of interest. Adding fine-mresh plated silver screens
above the pure silver screens already in the catalyst pack reduced starting
transients, but erosion was severe enough to remiove the plating within three
starts.

A second approach was to use platinum-plated qteel screens 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 screens 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 screens. Starting transients were short, but increased with successive
starts. Cobalt-plated nickel screens were interspersed with oxidized nickel
screens in order to test the possibility that electrochemnical interaction would
Increase the stability. No silver screens were used in initial tests. Good
performance and small starting transients resulted, but again the transien•ts
increased with successive starts. When the 16 silver screens were u.od
at the inlet section of this catalyst pack, starting transients changed very
little in successive starts.

In 1957 FMC Corporation (73) conducted a program on the develop-
... .nt 0 a-gas generator. As part of that program 4 number of different
catalysts, including copper-plated nickel, nickel, Monel, silver, and silver-
plated brass, were evaluated for decomposing 90 per cent hydrogen peroxide.
With the exception of silver alone, the silver-plated brass catalyst was the
most 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 prepare 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 furthr r activated by treatment with a Z per cent solution of
samarium nitrate, followed by heating at 840" F to give a coating of theoxide. 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 4-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 iriurn screens than were smooth iriurn 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
atesearch Center investigated the effect of variation in screen 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 ba suitable for use with
a 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-mush 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.
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Bed life we@ sufficient for reaction-control-rocket missions. The tests
covered environmental temperatures from 3500F to 8ZO0F and a chamber
pressure range from 100 to 315 pounds per square inch absolute.

Runckel and others (302) investigated silver catalyst beds for use
with 98 per cent hydrogen peroxide in reaction-control type rocket motors.
Seven types of catalyst beds of lengths from 1. 38 to 1. 50 inches, containing
14 to 75 active silver scieens, packed at a pressure of 1000-1500 lb/sq in.
were investigated at 3.5857. Catalyst beds for 98 per cent hydrogen per-
oxide with performance about the same as for 90 per cent peroxide were
obtained. Melting was not serious when 2S silver screens were used. The
40-mesh screens were better than 20-mesh screens. Treatment of the
silver screens with 2-,,.r cent Sm(NOs)2 solutions gave better performance
than treatment with concentration of 10 per cent. The best results were
obtained with the screerz, arranged as follows: 2 pieces of 20-mesh, 0. 014
inch, stainless-steel screen, I antichannel baffle, 25 pieces of 40-mesh
0. 010-inch silver screens treated with 2 per cent Sm(Z4O3)a, I antichannel
baffle, and 60 pieces of Z0-mesh 0. 015-inch nickel screen at a packing
pressure of 4000 lb/sq in.

Cooper and others (3) conducted an investigation of various catalyst
materials that might be useful for full-scale propulsion units in the decom-
position of concentrated hydrogen peroxide. Silver plated on copper gauze
was found to be the outstanding catalyst. A manganese alloy prepared in
the form of scrolled strips showed some promise, bt a cobalt-plated gauze
and copper-lead mixture were not effective 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 screens gave good results. Qu•ik 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. Catalysit life was 3 to 4 hours, after
which silver was stripped from the support screen.

This investigation included an analysis of an involved concept of
ebullition temperature in the decomposition of 1IaOX vapor by silver screens.

A 1959 U. S. patent to De HavillLnd Engine Co. (97) relates to
metal-catalyst packs employing silver catalyst for use in rocket rnotors.
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) obtained 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. S. patent in 1949 on a silver-plated
activator for decomposing hydrogen peroxide in underwater propulsion
systems. A steel screen is first electroplated with silver by a process that
yields a porous surface. The screen is then coated with a metal pernianga.-,
nate solution and dried in an oven at 100-110.

A 1957 U.S. patent assigned to D. Napier and Sons (44) relates to
a catalyst suitable for decomposing high-strength hydrogen peroxide in
rocket motors. A thin layer of molten catalytic metal is sprayed on a peas-
forated support. For rocket motors silver supported b y a copper gauze is
preferred. Start-up times are shortened by anodizing in a bath of sodium
carbonate.

In a 1964 paten~t assigned to Bell Aerospace Corp., Sill (3Z4)
described a thrust chamber catalyst structure useful for propulsion units
employing decomposition of 90 per cent hydrogen peroxide. The catalytic
bed itself consists of porous nickel plated with a 99-1 silver-gold alloy
ha-ving open surfaces. The alloy is plated in wrinkled surface form.

Baumgartner and others (13) carried out extensive quantitative
studies on the decompositiun of 90 per cent hydrogen peroxide on silver
surfaces at 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 mechanism.
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 rat'
proportional to catalyst surface area and peroxide concentration. Th. rate
of silver mass lose is proportional to the catalyst area and the square of
the peroxide concentration. Silver (I) ions and hydroxide ions present in
hydrogen per-)xide solution inhibit the rate of silver loss. In this region,
reaction rate is chemica'Iy controlled: experimental evidence indicates a
chain mechanism. The abrupt transition from a lower to a higher rate is
strongly Influenced by the rate of decomposition 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
pressure increases slowly the catalyst surface temperature, but decreases
slowly the decomposition rate and the silver loss rate.

Sutton (Z98) reported that the rate of decomposition of hydrogen
peroxide on a smooth silver surlace at 0"C rIses linearly with concentra-
tion of peroxide up to about 50-60 percent w/w and then becomes independent

70



of concentration up to about 70-80 per cent w/w. At stili higher concentra-
tions the rate rises again. It is tentatively concluded that decomposition
occurs by a strictly heterogeneous mecha.nism 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
HIO 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 tipproaching it is
V.tpod;zed. Passing water through the catalyst can lower its tem'perature
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
decreased.

In a program conducted by FMC Corporation (68), silver metal
was reacted with both dilute and concentrated HjQ2 semi.-adiabatically and
at atmospheric pressure. A method wau developed for preparing silver
surfaces which were reproducible in their reactivity toward both dilute and
concentrated li1O&, 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 H102 than metal which had been either tarnished by exposure to
the atmosphere or given Sm(NO,)3 treatment. In the case of tarnishing, the
initial reaction rate is believed to be controlled by the. diffusion of HlzO
through a layer of combined oxygen on the silver surface.

The Sm(NO)S-treated metal afforded a "catalyst" which was not
reproducible in activity towards H&OZ. The nature of the coating produced
by such treatment is discussed. The phenomenon of Sm(N0 3)3 "activation"
of pure silver surfaces in the decomposition of cuncentrated q.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 inactivc 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 limitiuz process in the decomposition of concentrated
H&aO is the migration of Ol and water vapor bubbles from the 'catalyst"
surface. For dilute H102 of high purity, the primary rate controlling
process was considered to be oxidation of silver metal.
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The reaction between pure silver and 5 per cent H0Z2 followed first
order kinetics very closely; Sm(NOO3 ) 3-treated silver, however, rea-ted
with the same HzO2 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 ;urfacc as a result of the treatment.

The isothermal reaction between silver metal and 90 per centHZOI
at ZO*C and atmospheric pressure was examined in detail by FMC Corpora-
tion (69). The reaction was followed by measuring the rate of Oz evolution
and the rate of dissolution of silver. Calculations were made in such a way
as to be independent of the silver surface area. The primary reaction was
considered to be oxidation of the silver; results were consistent with the
idea that this process is followed by free radical chain reactions, which are
responsible for the major portion of the HZOz decomposition, the mole ratio
of O evolved to silver dissolved was .ound to be in the order of 107 in the
decomposition of 90 per cent I-I1OZ. 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 OZ bubbles from the
reaction surface.

In order to study the effect of trace impurities upon the reactiorA,
the following compounds were added singly to 90 per cent HZOz (unhydrated
formuL"s given): NazSO 4, Na 3PO 4, NazSnO3, Na 2 SiOl, NaCi, KF, NaCN,
NaNO), CuS0 4, AlZ(SO 4 )3, (N-l4)zSOs, KOH, HaSO 4, and AgNO,. In no case
w'as there a promotion of the decomposition. The main depressants, Na 3 PO4 ,
Na 3SnOs, AIZ(SO4)j and AgNO3, all had the same general effect upon the
decomposition, i. e., the rate dropped sharply and then leveled off as the
impurity concentratiolA increased. In no case werc impurities visually
observed to build up on the silver surface. This fact, coupled with measure-
ments of the ratio Oz/Ag, led to the conclusion that trace impurities that
lower the decomposition rate under the experimental conditions do so either
by capturing fzee radicals or by affecting the adsorption of free radicals at
the reaction surface.

It is concluded that if the above concluslons are correct, silver
metal cannot be considered a true catalyst in the PZCg decomposition.
General requirements for a solid reagent for H0Z5 decomposition, based
upon the silver mechanisrm• study, are discussed.

Bagg (7) measured the effect of pH and concentration on the rate
of decomposition of H1lOZ by a single crystal of silver. Reaction order
var.ed with concentration for various concentrations of up to 1. 8 molar
H1 azO and 1. 0 normal NaOH. AgzO was identif-.ed on silver crystals after
catalytic decomposition of Hz2C and silver(I) ions were found in the solution.
The first crder reaction at 0. 16 molar HzO& and 1. 0 normal NaOIH was
postulated to proceed as follows:
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(1) 2Ag + HO' - Ag3OtOH"

(2) AgaO + HOi-- ZAg + OH" + 0j

The kinetics indicatee that at a concentration of 1. E M HjO the silver surface
is saturated with reacting species.

Maggs and Sutton (Z39, 940) studied the rate of silver dissolution
and the resultant 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+ I ([HO-] ionic
product needed to start rapid catalysis (239). Solubility was constant from
-1l to 25"C. Dissolution rate of silver in hydrogen peroxide at strengths
over 50 per cent were diffusion controlled. In solutions of H2O2 containing
Ag(I) ion, rapid catalysis was initiated when the solubility product of AgOzH
was reached. If NaCl was present, AgCQ precipitated in the diffusion layer.
Both the diffusion of Ag(I) ion 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 HOZ- formed when silver 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
HAO saturated with silver ions was attributed to the continuous precipitation
of silver particles. As further decomposition decreased the HZOD concen-
tration, Ag+ and HOZ- were removed from solution in accordance with the
limiting ionic product.

Wentworth (253) found that in the decomposition of hydrogen per-
oxide by silver and silver salts, no catalysis occurs until the solubility
product of Ag(OH)z is exceeded in the solution. When the solubility product
is exceeded, divalent silver can be reduced. At a hydroxyl concentration
sufficient 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 precipitated the reaction is zero order. The evidence
indicated that the catalysis proceeds through an oxidation-reduction mecha-
nism consistent with the following reactions:

Ag + Ht02 + 2H+-" Ag+ + 2H 1O

S, + HZO_. AgO+ 21+

h• AgO + HZO-- Ag + HZO +O2.
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Blisnakov and Peahe', (21, 23) measured the effect of heating silver
catalysts on the decomposition of hydrogen peroxide. N'lished 99. 95 per
cent silver plates heated in air for various times and temperatures up to
920*C provided various decomposition rates. Heating at 7506 for up to two
minutes gave very high catalytic activity. Continued heating decreased the
activity sharply; a miniimum 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 surface.
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 a heating period of nine hours. Bliznakov (23) concluded that
chernisorbed oxygen is necessary for the decomposition.

Krause and Hermann~wnt (168) noted that the catalytic activity oi
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 AgaO or silver peroxide.

CotA and others (43) found that among 14 catalysts v•sed to decom-
pose HO, in solutions containing X23CO 3 and KOH, silver gave the highest
decomposition rate. Silver was more active than Pt black, Pd black, or
Col. ,Fe0,O4, which were the other most active catalysts.

Sviridov and others (336, 337, 338) ini-estigated the catalytic effects
of Ag-Ag 5CA0 4 mixtures prepared by thermal and photochemical decomposi-
tion of AgaCaO4. Activity depended in a complex manner on the quantity
of silver in the mixture, the degree of crystallinity, and the crystal struc-
tture. Thermally decomposed AgXC,0 4 gave maximum activity for silver
content of 35 per cent. Activity increase, with time of exposure when pure

* Ag&CZO 4 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) studied the effect of silver on the oxidation

of indigo carmine by hydrogen peroxide.

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 enhitncernent 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 metal, samarium nitrate-treated silver, or silver-silica
cermets.

Silver surface area changes could not account for the increased
activity. In fact, a negative correlation was found. One possibility based
on the heat transfer theory is that "the inactive material furnishes a pathway
through which reaction heat can be transferred to the liquid HOI, 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."

The enhancement of silver catalytic activity by Sold is offset by
the tendency zif gold to alloy with silver. The use of smaller proportions of
gold makes it posaible to prepare a catalyst having a continuout, phase of
silver flocked with Ag-Au alloy. A mixture containing 10. 7 per cent of gold
was pressed into a pellet and examined under a microscope. Distinct areas
of two different materials were observed. Heating to 1000r. dil not alter
the structure. Catalytic activity toward 87" per cent HaOz was high and
remained high. H-igher concentration of gold ter'ded to form continuous phase
alloys with lower activity.

A si)ver-platinum catalyst gave extremely high activity, which,
however, dropped markadly after heating the catalyst to l000'C. Consider -

able shrinikage o, ;:rred at 9700C. Flockee catalysts similar to ihosc.
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 thu low heat conductivity, but this cannot
be concluded unequivocally.

Stainless steel additive gave a higiier specific activity than did
silicon carbide

As part of a program conducted by FMC Corporation (7Z) under
U.S. Navy Contract NOas ti8-689-c, catalytic decomposition of hydrogen
peroxide vapor, and vapor binding in mixed c~t~lysts were studied.

Hydrogen peroxide vapors were decomposed at about 200*C 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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electrochenmical effect. At the high temperature of decomposition, the
copper-nickel alloys are presun ed lo 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 a.iixed catalysts
designed to further test a theory of vapor binding. Accordig to the theory,
rapid decomposition of hydrogen peroxide at a silver surface at high temper-
atures results in a vapor barrie7 that limits the rate at which fresh peroxide
can migrate to the surface. Catalyst activity of silver coated with samarium
oxide or other materials that modify the thermal condvtctivity at the surface
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 ..ilver-
silica, silver-silicc.n carbide, silver-copper, and silver-gold mixed cata-
lysts was apparently in accord with the theory.

To further examine the theory, mixed catalysts of silver and gold
pellets were used to decompose hydrogen peroxide (90 per cent, and diluted).
In general, the experimental results confirmed the hypothesis, at least
for some cases. Activity varied with gold content in an irregular manx'r,
and peak activities were greater than could 'oe accounted for by. changes in
surface area. These data constitute additiornal evidence that the theory is
correct but they are inconclusive because of the problems encountered in
trying to achieve reproducible catalyst surface areas.

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 dinsolved
compound is exceeded, at which point the unstable compound precipitates
and decomposes, releasing silver particles. Contact with the particles
then greatly accelerates the decomposition. This in known as the "catalysis
poiDt."

Experiments to test the theory involved placing A silver rod in 90
per cent HIO at 16"C, preventing the temperature from rising above 20"C
until the reaction became very vigorous (catalysis pointy. In repeated tests
of duration up to three hours, at various silver losses and H2 0 concentra-
tion decreases to 9 per cent, the rate immediately declined when the silver
rod was removed from the reaction mixture. H1ad a catalysis point been
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 Comr.pany (358) studied the anomalous
behavior of silver and silver-nickel alloys as catalysts in the decomposition
of dilute and concentrated H2 02 , In dilute H2 z0, decomposition rate was
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found to increase with silver content of a silver-nickelalloy catalyst, reaching
a msaomum at 100 per cent silver. In concentrated H-0j, the behavior was
reversed: the highest decomosition rate was obtained fat a catalyst of low
silver coartent. A 'gas envelope" hypothesis is 4ieveloped to explain the
anmalous behavior, and extended to show how mixed compositions could
be used to sustain peak decomposition rates during repeated exposures to
Hi0 3 , and how to achieve sustained activity.

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

c. Silver and Metal-Oxide Mixed Catalysts

In a program conducted by FMC Corporation (70), cermet catalysts,
which are c6inposed of itert materials dispersed in a continuous phase of
silver metal, showed eignificantly 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 contir.uous 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 hydrogen peroxide was followed by
measuring oxygen evolution rates of the semi-adiabatic, atmospheric pres-
sure reactions.

The cermets, prepare-i in pellet form, contained silica, silicon
carbide, or copper oxide as the inert material. The available silver areas
of cermet surfaces and the roughness factors were estimated by reaction
with dilute hydrogen peroxide. The start-up activity of all cermets with
concentrated HZOA was higher than that of pure silver, and markedly higher
than that shown by Sm(NO3)3 treated silve' surfaces.

The apparent specific activitics (reactivity with concentrated H2z0 2
per unit geometric area of surface) attained with cermets was as high as
Z5 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 specific activity of the 9. 1 per cent SlOt
cerm•et was higher than those containing 7.4 or 11. 5 per cent SiOz, which
indicated a maxiimur somewhere in the interval. The 9. 1 per cent SiO0
cermsts combined the merits of hilh activity and constancy of activity with
rep•ated reaction.
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The behavior of the surfaces with repeated reaction, the effect of
high temperatures upon reactive surfaces, and the effect of roughness, ara
discussed, Silicon carbide atnd silica corsets ma.intained their shape,except for local silver flow, at 1000"C, under no stress. The CuO pellets,
however, melted at 960rC (melting point of cilver) or below r

The density of the 9. 1 per cent Sil, cermet, found to be 5. 05 gm/cc
(less than half that of silver metal), shows the porous nature of the material.
Compression of cermets remu.lted (with one exception) in a decrease in
specific activity.

A Sm(NO,)3 treated silver pellet was studied for comparison. Some
similarities in the behavior of the latter with that of cermets tend to confirm
that Sm(NO3 )a activation is a physical and not a chemical phenomenon.

Between 1957 and 1961, a series of patents on hydrogon peroxide
decomposition catalysts employing silver as the actve material was assigned
to D. Napier and Son, Ltd. , England.

Lane and Ramsden (214) obtained a British patent for a catalytic bed
employing 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 oi copper. A catalyst
of the same composition 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
hiih-flow-rate region of the outlet.

Lane and Strickland (215) obtained a British patent covering a catalyst
for instantaneous decomposition of hydrogen peroxide, thus eliminating the
delay of start-up. Copper gauze is abraded with crushed grit, then degreased.
Silver is hot sprayed on the gauze, and this is followed by anodizing in an
alkaline carbonate solution. The gauze is washed, riaced in 10-per cent
NH4 OH for 24 hours, and finally washed with distilled water and dried.
Lane and others (217) also patented a process for preparing a metallic
silver catalyst in a form suitable for use 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 eontained 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, "t can be prepared readily in tablet form. Active silver is
mixed with inert ingredients, such as A1103, SiO0, 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 comprised the development of catalysts for sustained
decomposition of 90 per cent peroxide and for use with 98 per cent peroxide.

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 catalyst mixture was applied as a coating on
stainless steel screens. This catalyst was thoroughly tested to compare
the activities of modified formulations.

It was found that adding gold to the basic catal,/ist promo~ted the &cti-

vity up to a maximum for a gold concentration of about 2. 5 per cent. Adding
glass to the formulation increased the adherence of the coating.

Catalyst activity declined with increasing sintering temperatures
ia the preparation. However, even ior a sintering temperature of 1950"F
the catalyst gave a decomposition rate 33 per cent higher than that of
conventional 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 as 48 per 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 catalyst 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 Polsons

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. rC-126, Triton X-100, and Deceresol OT agents produced
a 25-fold increase in the rate of decomposition by sil-. _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
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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 stability using concentrations of wetting agents
up to 270 mg/littr of HOs.

Shell Internationale 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
casehydrogen peroxide (60') containing 400 mg residue/liter is decomposed
in a repector at a flnw rate of 45 grams /minute on a silver catalyst to give
oxygen at a rate of 4. 15 liter/min/sq cm catalyst, compared to 2. 62
liter/min/eq cm •nder the same condition without the promoter.

A 1964 patent to Shell Oil Co. (296) relates to the use of ammonium
perfluorocaprylate as a promoter for decompooing concentrated hydroge"
peroxide with silver. At O0C a silver catalyst decomposed 90 per cent per-
oxide containing 0. 075 gram of promoter per liter at a rate 50 timea faster
thzn in the absence of the promoter.

In a 1964 patent assigned to Shell Oil Co. , Baumgartner and Roberts
(14) deucribed the use of certain promoters that increase the rate of cata-
Lytic' decomposition of 30 to 100 per cent hydrogen peroxide. Promoters,
such as the residue containing organic peroxides resulting from the manu-
facture of hydrogen peroxide, particulvrly C3.5 alcohols, aldehydes, and
ketones, are added in concentration of 100 to 750 mg/liter of H&OZ. The
promoters allow start-up temperatures as low as the freezing point of the
hydrogen peroxide and they reduce catalyst loss as much as 50 per cent.

A 1963 SheU 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 bottom product
obtained during the purification by diutillation of hydrogen peroxide mnanu-
factured by the use of aldehydes and ketones, such as alkylanthraquinone
or primary and secondary alcohols. Residues can be added to purified or
electrolytic hydrogen peroxide. Preferred concentrations range fromn 100
to 750 mg of carbon in the residue per liter of hydrogen peroxide.

Ordinarily, silver phosphate does not catalyze the decomposition of
hydrogen peroxide. Krause and Zielinski (162) found, however, that Cu(I),
Cr(lMl), Mn(fl), and Co(LI) ions activated the catalyst st 37". Fe(CN)64 " in
the presence of Ag 3PO4 acted as a stabilizer for hydrogen peroxide. The
highest activity was shown by Ag 3 PO4 with AI(III), Cu(UI), and Fe(CN)64",
added in that .rder to the hydrogen peroxide solution in contact with Ag3,p0.

Krause and Domka (200) reported that the activity of Ag(I) ions was
greatly increased when adsorbed on a mixture of Al(OH), and Co(OH)a. An
effect was observed Lt concentrations as low as 10"1 gram Ag at a dilution
of 1.6 x 1011. Ag(I% ions were also catalytically active when adsorbed on
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alkaline earth carbonates.

Nikolgaev (281) found that ions of silver, cobalt, and nickel 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 MnOs, charcoal, and silver
powder. Salts included NaOAc, NaIS0 4 , NaNOj, Na•Cl NeBr. KOAc, KlS0 4 ,
KNO,3 KCl, KBr, and sodium and potassium tartrates. In general the effects
of the anions corresponded to the Hoffmeister series (i. e., in decreasing
order of their salting-out effect on hydr-philic solutions or in tho lowering
of gelation temperature: e. g,, SCN" > I*> B r- > NO" > C10" > C1" >

*O.2H,0," > 804 "). 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 MnOg reduced activity in a manner similar to rapid aging.
Irradiation increased the activi - f charcoal, evidently as a result of
superficial oxidation by 03, 0:0, 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 decomposition ceases.
The effect of cations was also investigated. The order of retarding action
hI the case of silver was K< Ba< Ca < Mg for 0. 16 and 0. 3? per cent hydrogen
peroxide. The rate increased markedly at pH 4-5 and reached a maximum
at pH 11.7. The corresponding cation order for MnO2 was K< Mg < BawCa;
activity reached a maximum at pH 0. 5, a minimum at 4. 2, and finally
increased up to pH 10 and beyond.

Lasarov and others (221) studied the effect of chloride ion on decom-
position of hydrogen peroxide by silver powder. In the process, Clreplaces
OH' formed at the silver surface during decomposition. The rate of chemi-
sorption of Cl- !ncreases with H&O, concentration up to 0. 38 N without effect
on the final equilibrium. Adsorption of C1" increases at high temperature,
end lower IpI but total adsorption is independent of temperature and is
1.41 a 10" gram-ions per gram of adsorbent in the case of 0. 38N H-Iand
0. 013 Nl KCI solution. Calculation showed that C1" does not form ii monolayer,
but penetrates 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 ions block active sites of the catalyst. This 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
"maxLmuuu
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Bliznakov and Lazarov (22) measured the effect of KC1 dissolved in
a 0. 5 per cent solution of 1 110 , on the rate of catalytic decompositiun of
H5 0 by silver. Small conce~ntr•tions of KC1 markedly promoted the reaction
rate, but high concentratiois decreased the rate to a small value. At high
pH 'he effect of thee chloride is to poison the catalyst. Blisnakov concludes
that the concentration of chloride affects the pH of tne medium and therefore
the adsorption proceiseo on the silver surface. A kinetic expression relating
chloride concentration to the hydrogen peroxide decomposition rate constant
is derived and a consistent mechanism proposed.

Xrause and Olejnik (139) found that the decomposition of hydrogen
peroxide by Ag&O at 37" was retarded by I-2CO3 , HCl, HzSO 4, Na3 SO 4,
HMP 4 4nd CHsCOOH, prestumably as a result of complex formation with
the catalyst.

3. GOLD

The catalytic properties and poisoning of gold in the decomrposit~on
of hydrogen peroxide were examined by Krause and Hermann (171). Two
gold foils, containing 0. 1 and 1. 5 per cent of Cu + Ag, had low activities.
The Loll containing 0. 1 per cent additives always gave a higher activity.
Both increased in activity with temperature. Relative first order rate
constants were 0. 9 and 1. 35. AszO.% and HIS strongly poisoned both catalysts,
whereas NaCN activated both.

9

Tamura and others (340) studied the catalytic decuarnposition of hydro-
gen peroxide by gold sols prepared wtth different reducing agents. Solo
prepared in HaO: itself gave first-order reactions with respect to HOx
concentration and catalyst surface area; Jt was 1/2 order with respect to
base concentration. About 20 kcal/mole was calculated for the activation
energy. Higher pH increased the rate and yielded a linear relation between
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 H101 was concluded to be the rate -determining
step.
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SECTION XVI.

ZINC, CADMIUM, MERCURY

I. ZINC

Krause and Miedzinski (169) studied the influences of traces of metals
on the catalytic activity of zinc hydroxide. Although Zu(OH)g has low activity,
at 370, adsorption of Ag(I) and Mn(II) ions greatly increases the &ctivity at
certain concentrations. Below 2 x 10.? grams Mn(fl) per 0. 1 gram Zn(OH)&,
the ions inhibit the decomposition. The most active ternary catalyst con-
sisted of 0. 1 gram Zn(OH)a + 2 a 10-1 gram Co(3r) + 2 x 10" gram Mn(U).

Krause (159) pointed out the importance of lattice imperfections
("active centes 11) in investigations of contact catalysis. A method involving
the decomposition of hydrogen peroxide was proposed as a means for deter-
mintng immrfections. It consists of activation of a catalytically inactive
solid by adsorption ions. For example, Inactive ZnO (heat-treated at 10000)
was activated by adsorption of Cu(II), Co(II), and Na(I) ions. FsaOs con-
tating adsorbed Co(II) was active if heated to 700, but inactive if heated
to 800. Similr experiments were used to confirm the transformation of
y-Al030 Into n-AIOj at 10006.

Nergararian and Markaham (27S) 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 !s described as a competition between the inhibiting Ion and
HaO2 for donating electrons to the photoasicrated catalyst.

2. CADMIUM

Krause and Winowski (193) used cadmium oxide as a carrier to
illustrate "catalytic ion antagonisms' in the docomposition of hydrogen per-
oxide. It was demonstrated in two cases that the catalytic activity of one
ion on the carrier deproesed by the adsorption of the second ion even If the
added ion, when alone on the carrier, catalyzas the reaction. It was found
that CdO alone or the ions Mn(U1), La(tI), and Cr(3I7I r•une are very weak
catalysts. Co(If) ions have little more activity, and the ion pairs Co(II)
ions have little more activity, and the ion pairs Co(fl) 4 La(Ifl) and Mn~fl)
+ Cr(XU) slightly accelerate the reaction. In exptrinmants with ions adsorbed
on CdO, Mn(II) and Co(fl) were very active, Cr(II) wwr little more active
than the weakly active La(IMI). The reaction was slower for the combination
CO(U) + La(flX) than with Co(nl) alone, and slower for Mn(II) + Cr(n) than
with Mn(1r) alone. The antagonism was related to the formationof complexes
Sad the blocking by a stronger complex of decomposition by an activecomplex.

83

S.. " * . ' '. . .. * . . ...-

* ., , '5 . . ..
. * "• . . , " ,• ".. ,



Krause and others (195) studied the kinetics of catalytic hydrogen
peroxide decomposition by various ions adsorbed on solid carriers. Cata-
lysts included Co(ll) on Ca(O 3, Co(lI) on CdO, Mn(fl) on CdO, and Ag(I) on
CdO. All the reactions were first order and had activation r.nergies smaller
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 late&ncy period decreased as
pH increased and it vanished completely at very high pH, where the reaction
reached a constant maximum rate. Lower peroxide concentrations or
higher temperatures had the same effect as pH. The transition fro.'. periodic
to continuous catalysis was ascribed to diminishing peroxide conc.entrv'on
and higher pH. Irregular pulsations in activity were observed in the various
transition regions.

Bethe (17) studied 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 negl4.gible. An active surface changes to a passive one at a pH that
depends on the cont.ent 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 opposite 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 HOz solution increased with activity. The potential
decreased If the mercury was passive.

Bagotakil 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 H0 2 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 a theory that the reaction involves a mechanism of simul-
taneous reduction and oxidation of HZOj at different 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 nercury.
Both cations (Co(flI),AI(MU), Mn(It), Fe(Mf)), and anions (AcO-, Br-,
[Fe(CN)64-. [Fe(CN),] 3") were supported on HgI3, HgS, HgzO, and HgO.

i
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SECTION XV'1.

GA.LLZIUM, INDIUM, THALLIUM

Krause and Blawacka (190) found that the rate of catalytic decomposition
of 3 per cent hydrogen peroxide by TIJ03 at 37" is a first-order reaction
having a minimum reaction rate at a concentration of 5 rng/150 ml and a
maximum rate at 1. 5 mg/150 ml. The behavior of this catalyst is described
as 'latent activity."

TI10 was used zs a carrier to determine the catalytic activities of
P series of metal ions in the decomposition of hydrogen peroxide at 371 (185).
Co(fl) ions especially promoted the reaction. Other prormters, according
to decreasing act.vity, were Ag(I), Mn(II), Cu(II), Al(M)1and Pb(1X). Ions
that were ineffective include Na+ , K+ , Cs+ , Be 4 , Mg , NI(II), U~aj+ ,
La(III), C'. NOS%, SO#',, Fs(CN)jg', and Fe(CN)64. A mixed ion promoter
of Co(II) - Ag(I) - Cu(II) was very active.

It was later reported tLat adsorbing ion pairs such as Co(IZ)-Mn(I1)
and Co(nl)-Zn(fl) on TlO, carrier could produce the so-called "ion antago-
nism" (186). This refers to the lower catalytic activity obtained by adding
the ions simultanec isly from a mixture, as compared to the higher acti-
vity obtained by adding each in separately.

II
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SECTION XVIII.

LANTHANIDES AND ACTINIDES

Kbodskov and Minachev (119) studied the kinetics of peroxide decom-
position by lanthanum hydroxides. Experimental data for y -irradiated and
monirradiated La(OH)3 were obtained to confirm a complex set of equations
derived from a postulated mechanism. The mechanism involved the form-

ation of an intermediate complex of the type ( La(OH)3' H10a" He0s. The
energy of activation for decomposition of the complex was determined to
be 24 kcaklmole.

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

series of uranium oxides in the decomposition of hydrogen peroxide at 37",
UOj, U03, U3O., and hydrated U0 4 were Included. The highest activity
was obtained with UsO& thermally treated at 800 and 10000. UO was less
active; U304 and UO0 were least active, and both had very small activities.

Nabe and Gyani (273) studied the kinetics of hydrogen peroxide

(0. 350-0. 022 M) catalytic decomposition by hydrated CeOs 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
in activity up to 730., where all activity vanished.

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

TbOr> ZrO1 > CraOs> CoO> MgO> TiOe> VOS< LAaO,> Pr60 1 > T11O3> S•&n 3 .
The catalyst activity increased to a maximum with promoter content and

then declined as the oalde-to-platinum ratio increased. The activity
Increases were large. ThOW and ZrOz yielded nearly 9 times the value of
unpromoted platinum at the peak.

Zubovich (391) investigated the activities of mixed adsorption catalysts

adsorbed on sugar charcoal. Catalyst mixtures included (1) Pd-Ag, (Z)Pd-Au,
(3) Pt-ZnO-Mn(Ul) ions, and (4) Fe(UI) ions-Ln(M) Ions (where Ln Lu, Pr,

Nd, Sm, or Yb). Different results were obtained for each catalyst when
activity was plotted againmt the atomic ratios of the active components.

Catalyst (1) yielded a minimum and catalyst (2) yielded a maximum, regard-
less of the method of preparation. Catalyst (3) yielded a sharp minimum

when very smali amounts of additives were used. Catalyst (4) yielded a
mnonotonic increase in activity with increased amounts of additives. The
chemical and magnetic properties of the elements are used to explain the

correlations obtained between catalytic activities and magnetic suscepti-
bilities.
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The effect of adsorbed lanthanide ions on the catalytic activities of
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, neodyrnium•
samarium, europium, gadolinium, and lutetium. It was found in all cases
that small doses of the lanthanidem activated both platinum and palladium,
and yielded maximum activities at ratios of Pt (or Pd) to Ln(Xll) of less
than 25 to 1. There was no evidence of homogeneous decomposition by
dissolved ions, nor of heterogeneous decomposition by lanthanides adsorbed
on barium sulfate. Some activity of the ions adsorbed on sugar charcoal
was observed.

The behavior of the lanxthanides was contrasted with that of the
d-transition elements. Nin(II), Fe(fll), Co(fl), Ni(II), and Cu(II) reduce in

decreasing order the catalytic activity of palladium, silver, and platinum.
Unlike the f-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 decomposing hydro-
gen peroxide at 370. Sm(OH), was an ineffective catalyst, and It could be
activated only by adsorbing Cu(IX) ions. The activation is presumed due to
the formation of copper samarate, which can initiate the chain decomposi-
tion. Adding Group 1 ions further increased the activity of the mixed cata-
lyst, presumably by promoting the activity of copper samarat, .

Krause and Slawek (197) used the effect on catalytic decomposition
of hydrogen peroxide as a means for differentiating rare oxides. Theoxides
LA1aO, CeOs, Nd,0 3 , and Pr60 11 strongly inhibit the catalysis by mixtures
of Mn(fl)/Cu(I[) and Mn(J1)/Co(II) ion pairs. The fact that the decomposition
rate increases according to LA.O 3 < Pr6O11 < NdpOj< CeO3 can be used to
determine the different rare earths.

,* I
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SECTION IX.

THERMAL DECOMPOSITION

Shell Development Company (315, 317) conducted a two-year program
(1956-58) of research on the thermal stability of 90 per cent hydrogen per-
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 determined as a function of composition, temperature, and
pressure up to 100 psi&. Heat transfer and drop-weight test data were also
determined. A large part of the experimental work was devoted to a 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 quartz, dust-free vessels. The results
indirAted that the reaction was sero-order, but they were not precise
enough to elizate the possibility of a half-order reaction. Between 59. 3
and 86.3' the activation energy was 14.4 kcal/mole and the collision factor
was about 104 mole/liter.

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

Gigulre (90) Investigated the thermal decomposition of hydrogen
peroxide vapor at low partial pressures (1 to 6 me) 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 metalixed 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 low temperatures.

ausing 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 effects at all temperatures was
considered an indication that the reaction was predominately heterogeneous.
Apparent activation energies ranged from 8 to Z0 kcal. It was concluded
that the decomposition of Rpsa vapor is not very specific as far as the nature
of the catalyst is concerned.
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Gigulre and Liu (91, 92)used a static method to• determine the kinetics
of thermal decomposition of hydrogen peroxide at 0. 2 to Z0 mm Ig pressure
and from 300 to 6000. The reactions were first order with respect to time.
Water and oxygen were tho products. Up to 4000 the surface reaction was
predominate, but above that the phase reaction was faster. The activation
energy of 48 kcal/zmole for the over-all reaction corresponds to the 0-0
bond dissociation energy. The suggested mechanism is-

(1) {&30°-.20H (rate determining)

(2) OH+ HjO3 a HO + HO&

(3) HO + H01 - Hz0j +Oz

(4) HOg+OH = HJO +O .

Yatsimirskil (374) studied in detail the energy characteristics of
the particles produced by the dissociation of hydrogen peroxide vapors and
of hydrogen peroxide in solution. Electron affinities, proton affinities, and
heats of hydration and formation in aqueous solution were determined for
W+, 0+@ OH+. sOzM+, oH, 0, OH. Oz, OH. OzH,, R', 0, OH', 0", OR-,
and O-"'. The heat effects of HaOj dissociation in the vapor phase and in
solution aze related to the number and types of particles produced.

The thermal decomposition of hydrogen peroxide vapor in glass
viessels was considered by Baker and Ouellet (9). A first-order hetero-
geneous reaction was observed up to 140". At higher temperatures the
kinetics 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 fas.ter on soda glass than on Pyrex glass. No
explosion occurred in experiments up to 335" and 18 cm Hg pressure.
Activationenergies 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 Hz0. OC, and He at 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. 50 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 oth'ers (11) studied the kinetics of the thermal decoanpo.
sition of hydrogen peroxide in the presence of hydrogen. Ile studies were
based an a mechanism proposed originally by Baldwin and Brattan (10) and
later by Forst (79):

(1) H10 3 + X (-Has.2 N.) - ZOH+ X

(V) OH + H a H 1 + H

(3) H 4Hj a~H&O + OH

(4) H + HjOxa H + HO,

(5) OH + H1 03  Ma O + HOS

(6) Z1OA a* jS+0

(7) H +Og+ X a - +

UL It is assumed that the relative coefficients of H,~ and ?4j In reactions (1)
and (7) are Identical, and because for (7), kN/1kllR r 0. 43 and for (1),
k./kNS. 6.7. the calculated value for () is 0. 33-0. 38,
wherep a H01s. A plot of experimental data gave a cai f 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:

(1) HgOg + M -ZOH + M (rate determining)

(2) OH + H101- Hg1 0+ H0 3

(3) Hg+Iaf &s+O

The calculated activation energy of 48 keal/mole corresponds to that
* expected as the minimum energy to break the 0-0 bond.

The decomposition of hydrogen peroxide vapor at pressures below
I mwn Hg In silica vessels from 15 to 1400 was investigated by Mackensie
and Ritchie (237). In general the reaction was bimolecular, blat the order

* depended an the vessel used for the reaction. Most diluents retarded the
* ~reaction (none accelerated It), but water vapor at above 10 miii pressure

caused a periodicity in the rate. Approximate heats of activation were 4200
calories from 15 to 701 and 8400 cal fr,,. 80 to 140.. For 1 mm pressure
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0. 70 x 1013 mole/cm'V/sec-I 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 1013 mole/crn 2 /sec'". Above 140, the reaction was too rapid to
measure rates,

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 4601 and
0. 02 atrm yielded a calculated value of 1.9 x i017 molecules decomposing
per cc per second. About 1.8 x 1010 collisions per second had energy
greather than the activation energy. The large difference in the two calcu-
lated numbers indicated that long chains are invlved.

McLAne (263) used a flow system to study the thermal decomposition
of hydrogen peroxide at partial pressures of I-Z 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 H40 1 , taking into account the breakdown in the Boltzmann
distribution for the vibrational states.

Kondrateva and londratev (131) investigated the thermal decompo-
sition of hydrogen peroxide vapor in a molybdenum glass tube. The decom-
position was carried out in moist air containing 0. 01 to 0.4 mm Hg of H&O.
The reaction was second order with an activation energy of 8.5 kcal/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 atrospheric 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 explod.d the vapors. Vapor-liquid equilibria diagrams
weie prepared to show the temperatures at which various aqueous peroxide
solutions have explosive vapors over them. A minimum HgO concentration
of 74 per cent was determined necessary to yield explosive -apor. The
explosiov reaction was believed to be thermal, Involving straight chains
only.
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SECTiON XOC.

GENERAL AND APPARATUS

FMC Corporation (6Z-66) conducted a two-year program (0956-1958)
under U.S. Navy contract to study the parameters involved in the catalytic
decomposition of hydrogen peroxide. This work included techniques for
determining the surface areas of catalysts, analysis of the effects of ialpu-
rities on the catalytic actvlt-y 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
and large-scale 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 Mor~i the activity of rnixed 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
depend on the particular combination of elements on the material used as
a carrier. For example, Mn(a[) ions alone do not catalyze the decomposi-
tion of HjO at 37", but it is extremely active adsorbed on Mg(OH):. Group
I and 11 metal ions are not active on Zn(OH)3, and aluminum ion can inhibit
the reaction. l-Mwever, these same ions activate the catalysis when Cu(UI)
or Co(U1) ions are also present. The behavior of sodium ion on BI(OH)3
Wustr&.Ua: that the catalytic activity Is not always proportional to the ion
concentration. The behavior of activating salts of sodium adsorbed on
maganetite in the presence of Co(U) and Cu(lI) ions depends on the anions
that are present. These components affect the catalysis by forming a
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 I -FeOOH and CuG, but at small concentrations, it is an
accelerator.

Block (Z4) reviewed the work of other investigators in the field of
heterogeneous catalysis in an attempt to correlate activity with the electronic
defects of semiconducting properties of catalysts. It was found that a
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 at measurable ratos,
are effectively catalysed by p-conducting agents. Acceptor reactions, which
hAve anion formation as the rate-determining step, are effectively catalyzed
by n-conductors. Defects are consistently without effect if molecular
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rearrangements are rate-determining since such reactions do not involve

electron transfer with the catalyst. Semiconducting properties can also

be used to relate catalytic activity and properdes 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 thermodynamnics of real crystale led to a mathematical expres-

slon 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 cmn 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.

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

temperature, and (4) activity passes through maximum and minimum with

1ncreasing sintering temperature. Case (4) can occur when the surfaco at

the initial temperature has an amorphous phase that crystallizes with

nanequllibrium 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 equilibrium 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 crystals. Activity

depends on "metallic ensembles "1 on the a arface.

Krause (136) discussed the theory of catalytic decomposition of

hydrogen peroxide on the basis of electrochemical behavior. Electrolytic

dissociation of HMaO into H+ and HOI" by a catalyst leads to decomposition

because the HO&" ion is unstable. Krause assumes that solutions of H&O&

contain two isomers in dofinite equilibrium that can be altered by various

chemical environments.- H-8-H, which acts as an oxidizing agent, Is
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catalyzed by metals because this molecule is the final acceptor. 14O1,
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
amd HOS radicals are produced and they can initiate an uninterrupted chain
reaction involving electronic resonance. Efficient resonance allows obser-
vation of only at contact catalyst, which is active even in the smallest
quantities.

Kuahelyuk (21Z) attempted to correlate emrf measurements with the
activities of semiconductor catalysts in the decomposition of hydrogen pea-
oxide solution.. Changes in amf and catalytic activity over the range 29-90"
were measured for p-type catalysts (CuO and Ni JO3 ) and n-typ" catalysts
(ZnO, Feljpj MnO+3 PoO, and AIeOn). In the case of NI10, eni increased
to a naximumn, decreased to a minimum at 65, then increased. Catalytic
activity increased continuously o'.er the temperature range, but it acceler-
ated between 52 and 650. Both p- and n-type catalysts showed the same
behavior. Alj3j, which does not catalyze Hj01 decomposition, was tho only
exception. In this case the emnf decreased continuously with increasingtemperature.!

Piarron (191) studied the rate of hydrogen peroxide decomposition
by a series of metal oxides in alkaline solutions. At all base concentrations,
oxides of the following metals increased the rate: nickel, cobalt, iron,
copper, lead. manganese, silver, and mercury. ZnO, CdO, and AIO
inhibited the reaction over a narrow range of alkalinity. MgO, CaO, and
BaO decreased the rates over a wider range of alkalinities. Sn',OH)4
decreased the rate in all casea. It was concluded that the most stable
oxides decrease the rate, and the least stable oxides increase the rate.
The effects are more pronounced at higher temperatures and HjO2 concen-
tratinns.

The catalytic activities of several groups of metal oxides and salts
in the decomposition of hydrogen peroxide were investigated by Zhabrova
and others (377). The compounds were selected on the basis of chemicail
properties and color: (1) non-transition, insoluble salts (Pb.O94 Ba&O4 ,
BaCOS, aluminum silicate); (2) acidic and amphoteric colorless oxides
(SOOl, SlO, ZnO, AI&OS, and colorless transition metal oxides); (3)
colorless alkaline earth oxides (BeaO, CaO, MSO); and (4) ionic semicon-
ductors (Cr&O1 , MnO2 , NiO, FetO1 , Cue, and others). It was found that
in certain cases, such as VXOS, Cr1 O,, and FerO 3 , the homogeneous reaction
caused by dissolved catalyst plays an important part in the over-all decos-
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. %he 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 there is a direct exchange of electrons in the decomposition reaction.
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Zhuravlev and Kuzbhlyuk (380) used an electrochemical procedure
to measure changes of activity with time for hydrogen peroxide decompo-
-ltion catalysts. 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. End was measured
every ten minutes for ton days. The following groups of catalysts were
dzstinguished: p-NiO, n-MnOz, and n-CdO; p-Nixp,, and p-CogOj; p-CuO,
n-ZnO, and n-PbO; and n-FeZos, A second degree equation for relating
activity and emf best fitted the dpa.

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 to measure
the work functions of Co1OA, CdO, NiO, PbO, ZnO, and Pb&O. A correla-
tion with work function was possible only in some cases, a result explained
by simultaneous adsorption of H10 3 and H10 molecules on the catalyst sur-
face. In the case of semiconductor catalysts the work function in the
adsorption of various gases correlated with activity. Hfigher activity cor -
responded to larger changes in work function. However, it was not possible
•O distinguish acceptor and donor gases and vapors since the characteristics
depended on the adsorbent used.

Satterfield and Audlbert (307) studied the apparently analogous
behavior between phenomena obse'rved in catalytic decomposition of concen-
trated Lydropen peroxide on a solid catalyst and the behvalor of non.reacting
fluids in nucleate and film-bollizig heat transfer, Decomposition rates as
a function of H&O0 concentration, surface temperature, surface curvature,
and corresponding heut 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 (Z54) reported that the rate of
decomposition of HzOz vapor is controlled by the rate of mass transport to
the catalyst surface.

Yamnada and Nlshioka (373) proposed methods for evaluating the
decomposition rate of concentrated hydrogen peroxide. Rates were given
by the ratio of exhaust gas flow rate to liquid inflow rate using a catalyjt
pack. Low feed rated gave high decomposition rates, and a maximum rate
was reached for a hydrogen peroxide concentration of 70 per cent.

A simple ýester for oumparing catalyst activities was developed.
Small samples of catalyst yielded results consistent with full-scale tests.

Forw.walt (77) obtained a 1953 U.S. patent covering an apparatus
used to measure caAtalytic activity. The apparatus continuously measures
pressure with a cyllnder centaining hydrogen peroxide and catalyst.
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Temperature-compensated resistance-wires strain gages connected to an
oscillograpb are used for the meaaurementp

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

In a 1962 U. S. patent assigned to General Mills, Moore and others
(269) described a catalytic chemical beater that employs hydrogen perozide.

4.1
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SECTION XXLIL

CROSS-REFERENCE INDEX

This index can be used to locate discussions of catalytic activity of
an element when it is not discussed under that element in the body of the
report. For example, in this index under silver will be found information
on catalysis Ly silver and silver compounds not included under silver in the
text. The notation refers to the page number, followed by the reference
number (Section XXI) in parentheses.

ALUMINUM

7(198), 16(153), 21(274), 22(102), 25(151), 26(300), 30(177), 37(175),
37(203), 40(259), 42(353), 52(264), 63(100), 80(200), 85(157), 86(185),
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SILICON

21(285), 28(375), 75(73), 77(70), 95(377)

SILVER
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