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PREFACE

The present volume presents a translation of a Russian monograph*
intended for the technical staff of scientific research institutes and
of industrial laboratories, for members of university faculties, for
students specializing in the field of catalysts and gas purification, and
for technicians engaged in the automotive transport industry.

The monograph deals with air pollution in large cities and in closed
industrial premises, and with the toxicity of automobile exhaust gases
under various operating conditions. It also deals with methods of reducing
the atmospheric concentration of noxious substances. Emphasis is on the
catalytic oxidation of carbon monoxide, the complete oxidation of hydrocar-
bons, and the removal of nitrogen oxide from gaseous mixtures. There is
also a survey of relevant literature. The authors present some observations
on new catalysts that were the subject of experimental investigations made
at the Institute of the Academy of Sciences of Kazakh SSR. Considerable
space in the monograph is devoted to methods of obtaining active, stable,
low-percentage catalysts of carbon monoxide oxidation, to the role of the
carrier, and to the mechanism of the process.

It is hoped that the monograph selected for presentation in this volume
will be conducive to a better appreciation of some of the air pollution
investigations conducted in the USSR. As the editor of this wvolume I wish
to thank my co-workers in the Air Pollution Section of the Institute for
their valuable assistance.

M. Y. Nuttonson

February 1973

* "Kataliticheskaya Ochistka Vykhlopnykh Gazov"., (Catalytic Purification of Exhaust Gases.)
D. V. Sokol'skiy, N. M, Popova. Akademiya Nauk Kazakhskoy SSR, Institut Khimicheskikh Nauk,
Tzdatel'stvo "Nauka" Kazakhskoy SSR. Alma-Ata, 190 pages, (1970).
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INTRODUCTION

The removal of noxious impurities from the atmosphere of large cities,
chemical complexes, and closed industrial spaces (shafts, holds, etc.)
constitutes at the present time one of the main problems facing mankind.
Public health is threatened by discharges from industrial enterprises and
exhaust gases of motor transport containing a number of toxic components
(carbon monoxide, nitrogen oxides, carcinogenic agents, etc.), whose
concentrations in the vicinity of industrial enterprises and heavily traveled
streets are many times the sanitary permissible levels. This is particularly
harmful for cities with poor natural aeration (Los Angeles, Alma-Ata, and
others).

The elevated content of toxic components in exhaust gases seriously
complicates the use of diesel-powered equipment dn underground mines.
Foreign experience in the operation of diesel engines indicates comsiderable
advantages of trackless self-propelled equipment over electric power (the
labor productivity increases, the cost of mining of the ore is reduced,
etc.).

Because of increased capital investments in the chemical and mining
industries and of a considerable expansion of motor transport, the removal
of toxic components from exhaust gases constitutes a particularly serious
and pressing problem.

The most promising method of purifying exhaust gases in the near future
is catalytic oxidation of the toxic substances. A universal catalyst for
the purification of exhaust gases is platinum. A platinum-catalyst gas puri-
fier patented by Houdry in the U.S.A. and other countries in the early 1950's
has become very popular and is being mass-produced by Oxy—-France Co. In the
USSR, a platinum catalyst on aluminum oxide has been proposed for the same
purposes by the Karpov Physico-chemical Institute.

Because of its scarcity and high cost, platinum catalyst can be used
only for purifying the exhaust gases of engines operating underground.

For this reason, in the last 20-25 years, studies aimed at replacing
platinum with other metals and oxides have been conducted in the USSR and
abroad.

Since 1960, this problem has been given major attention at the Insti-
tute of Chemical Sciences of the Kazakh Academy of Sciences (IKhN AN KazSSR).
A number of new catalysts for the removal of carbon monoxide, aldehydes,
hydrocarbons, and nitrogen oxides from oxygen—containing gaseous mixtures
have been proposed and developed. Laboratory, bench and road tests have
shown that the maximum removal of carbon monoxide from the exhaust gases of
internal combustion gasoline engines is obtained in the presence of a low-
percentage palladium catalyst with properties identical to those of platinum.



A supported palladium catalyst whose method of preparation was worked out
at the IKhN AN KazSSR, has been recommended for road tests in gas purifiers
designed by LANE (Moscow Scientific Research and Experimental Design Labora-
tory of Exhaust Neutralization and Problems of Automobile and Tractor Power
Engineering).

Results of the first stage of efficiency tests showed that palladium-
catalyst gas purifiers achieve a high degree of purification of exhaust gases.
The overall efficiency of purification of exhaust gases, involving the re-
moval of carbon monoxide, soot, and hydrocarbons, amounts to 50-100% depend-
ing on the type of engine and its operating conditions. Palladium catalysts
are equal in efficiency to platinum catalysts produced at home and abroad
(Oxy-France).

The vigorous development of industrial organic synthesis, and of other
industries in the last decade, and the growth of motor transport have added
practical interest to the problem of purification of exhaust gases, and the
material accumulated in this field needs to be correlated. A survey of
work on the catalytic oxidation of carbon monoxide covering the period 1920~
1950 is given by M. Katz [162]. Some aspects of the reaction kinetics of
extensive oxidation of hydrocarbons are discussed in the monograph of L. Ya.
Margolis [170], but this in our view is inadequate when one considers the
large number of studies and patent material in this area.

The present book consists of six chapters. The first gives a survey of
the literature on the toxicity of exhaust gases and ways of reducing the con-
tent of noxious components in the air. The particularly favorable prospects
of catalytic purification as compared with other forms of purification of ex-
haust gases is noted.

The second, third and fourth chapters present an analysis of the litera-
ture, including patent data on the catalytic oxidation of carbon monoxide,
complete oxidation of hydrocarbons, and catalytic reduction of nitrogen oxides
as the most common method of removal of nitrogen oxides from gases. The in-
fluence of the nature of the catalysts, composition of gaseous mixtures and
nature of the toxic components on the conditions of the process is discussed.
Particular emphasis is placed on a review of studies with a practical bent
(high space velocities, etc.).

The chapter "Oxidation of Carbon Monoxide over Low-Percentage Supported
Catalysts" discusses the results of experimental studies aimed at the develop~
ment of new oxidation catalysts on supports. The effect of the method of pre-
paration and of the nature of the support on the activity and stability of
low-percentage contacts and on the depth of impregnation, mechanical strength,
and regeneration is examined. The chief characteristics of low-percentage
supported palladium catalysts are listed.

The fifth chapter contains an analysis of government tests of catalysts



produced by IKhN AN KazSSR, conducted at LANE (Moscow) and KazNIPIAT (Kazakh
Scientific Research and Design Institute of Motor Transport Alma-Ata) under
the direction of I. L. Varshavskiy and based on data supplied by these orga-
nizations to IKhN AN KazSSR. Data are given on the behavior of the catalysts
during the tests and on the change of activity, surface area, strength, phase
composition, and particle size composition of the catalysts.

The book utilizes literature and patent materials from 1920 through 1968,
including some information from surveys, for example, on the toxicity of ex-
haust gases (Korenev [5], Demochka [323]), oxidation of carbon monoxide (Katz
[162]), and decomposition of nitrogen oxides (Chernyshev, Zanchko [463]).

The chapter "Oxidation of Carbon Monoxide on Low-Percentage Catalysts"
describes experimental data obtained by a group at IKhN AN KazSSR: M. B.
Syzdykbayeva, G. A, Shchelkina, N. P, Belova, L. M. Novoselova, B. S. Mukanova,
L. M. Rozmanova, and I. N. Man'ko, working under our direction.

The following persons participated in the bench and road tests conducted
by several organizations [LANE (Moscow),* Institute Giprouglegormash (Karaganda),
KazNIPIAT (Alma-Ata), Volgograd Polytechnic Institute], and in the preparation
of experimental batches of catalysts: M. B. Syzdykayeva, G. K. Alekseyeva,
Ya. A. Dorfman, Yu. V. Pichugov, T, Ye., Dovlichin, B, Daurenbekov, and others.
The phase composition, structure, and surface area were determined by L. N.
Gudkova, A. Kh. Shalamov, G. Bedel'bayev, G. A. Shchelkina, and I. N. Man'ko.

*The tests were conducted by the staff of the Gasoline Engine Neutralization Section under the
direction of L. S. Zolotarevskiy.



Chapter 1
TOXICITY OF INTERNAL COMBUSTION ENGINE EXHAUSTS

AND WAYS OF REDUCING THE CONCENTRATION OF TOXIC COMPONENTS IN THE AIR

Analysis of air on streets and in closed spaces where motor transport
is operating shows that in some cases the content of noxious components is
many times greater than the sanitary permissible levels. The single maximum
permissible concentration of carbon monoxide in atmospheric air is 6 mg/m3
[48]. According to the data of [4], the average carbon monoxide concentra-
tion in the major cities of the USSR amounts to around 20 mg/m3, which is
considerably less than the value for the air of major U.S. cities (up to
20 mg/m3). The average carbon monoxide content on the main streets of Moscow
ranges from 4.3 to 12.9 mg/m3 [48]. It is determined by the traffic density
and width of the streets and may exceed the permissible levels ([52].

Analysis of air in the vicinity of traffic flow (up to 2000 automobiles
per hour) on certain arterial streets of Volgograd and Chelyabinsk has shown
that the concentration of nitrogen oxides and carbon monoxide in the air over
the pavement is 2-5 times higher than the permissible value [1, 2].

V. G. Devyatka [3], who studied the pollution of air with carbon monoxide
on streets as a function of their traffic load has pointed out that the car-
bon monoxide content ranges from 0.0004 to 0.21 mg/l, and in the vicinity of
the traffic flow it may amount to 1.5-7.1 mg/l.

The chief source of carbon monoxide pollution of air in large cities is
the motor transport, foundries of metallurgical plants (up to 10% CO), waste
gases of petroleum refineries, chemical complexes such as caprolactam plants
(6% CO), coking plants (up to 7% CO), and the like.

It is well known that on heavily traveled streets (2-3 thousand automo-
biles per hour), the carbon monoxide concentration in some cases is 10 times
higher than the maximum permissible sanitary level [7]. For the same traffic
density, the carbon monoxide contamination of areas adjacent to a main artery
varies widely. In sections with a perimetric layout, angular blocking of
houses and small gaps between them, the air is more polluted with automobile
exhausts than in sections with regular layouts. According to the data of
Kh. B. Berdyyev et al. [8], the average carbon monoxide content in living
quarters is highest on the third floor and 6-8 times greater than the maximum
permissible levels.

The problem of purifying exhaust gases in closed buildings and confinéd
spaces such as shafts, holds, sea ports, and open-pit mines is most urgent.



According to the data of a sanitary-epidemiological station, the air
pollution levels in Alma-Ata in 1966 substantially exceeded the sanitary
permissible values.

According to the data of the Kazakh Oncology Institute, areas with
major highways (50th October Anniversary Prospect, Abaya Prospect), consti-
tute zones of maximum pollution with 3,4-benzpyrene, a carcinogenic compounds
causing lung cancer (up to 0.227 ug/100 m3) [9].

The accumulation in humid air of toxic components of exhaust gases
from motor transport and waste gases from chemical plants and furnace systems
has catastrophic effects on the population. Thus, in Belgium in 1930, dam—
age to the respiratory tract and mucous membranes was observed on a mass
scale; the death rate during that period was 10.5 times the expected rate
under normal conditions. A similar phenomenon was also observed in Pemnnsyl-
vania in the eastern part of the U.S.A. (Donora) in 1948, in London in 1952,
and in the Ruhr region in 1962. Frequent smogs have a harmful effect on the
inhabitants of Los Angeles [10]. Frequently, the emission of large quantities
of hydrocarbons causes the formation of fogs, particularly in areas with
high contents of soot and moisture in the air. For this reason, motor trans-
port is sometimes halted for 10-12 shifts in deep open-pit mines (depth of
200 m or more) ([11]. When the natural air exchange is disturbed, the pollu-
tion exceeds the permissible sanitary levels, for example, the amount of
aldehydes on the bottom of the pit is 30-40 times the allowed level [12].

A high content of toxic components in exhaust gases also seriously
hampers the use of diesel-powered equipment in underground mines, although
experience with diesel engines in underground operations abroad (U.S.A.,
France, Canada, Sweden) indicates [13] considerable advantages of trackless
self-propelled equipment over electric power (increased labor productivity,
decrease of the cost of mining of the ore). It follows from these data that
as motor transport, whose use in the national economy and present-day tech-
nology is on the increase, gradually expands, the pollution of atmospheric
air with exhaust gases grows.

The process of combustion of liquid fuel in engine cylinders involves
the formation of combustion products in the form of carbon dioxide, carbon
monoxide, water, and other compounds. Tests performed during the last two
decades in the Soviet Union and abroad, involving analysis of exhaust gases
of gasoline and diesel transport engines by means of the most recent analy-
tical methods, have shown that the composition of the exhaust gases of internal
combustion engines includes several dozen components such as hydrogen, carbon
dioxide, oxygen, nitrogen, and toxic gases: carbon monoxide, nitrogen oxides,
saturated and unsaturated hydrocarbons (methane, ethane, benzene, propane,
ethylene, hexane, etc.), aldehydes (acrolein, formaldehyde, acetaldehyde) and
soot [14]. The composition of the exhaust of engines operating on sulfur-
containing fuel also includes sulfur dioxide.



When an engine runs on ethyl gasoline, oxides and other compounds of
lead injurious to the respiratory tract appear in the exhaust. The amount
of lead in air is directly proportional to the traffic demsity and may
reach 4-12 mg/m3, decreasing with the height [15].

The content of toxic substances in the exhaust of diesel and gasoline
engines varies and depends on the type of engine and its operating condi-
tions (Table 1), and also on the quality of the fuel, composition of the
fuel mixture in the engine cylinders, velocity and conditions of traffic,
systems of ignition and fuel feed control, qualifications of the service
personnel, etc. As is evident from Table 1, the amount of all the toxic
components in the exhaust gases exceeds the maximum permissible levels tens
and hundreds of times. The composition of the exhaust gases of gasoline
and diesel engines varies considerably. Engines running on gasoline are
characterized by a lower oxygen content, a higher content of carbon dioxide
and a particularly high content of carbon monoxide. This is one of the
chief factors preventing the use of gasoline engines in closed spaces, since
aeration of the latter requires 50-100 times more air than in the case of
diesel engines.

The complete combustion of fuel in engine cylinders requires a sufficient
amount of oxygen. A deficiency of the latter causes a sharp increase in the
content of hydrogen and carbon monoxide.

The extreme toxicity of carbon monoxide and its lack of odor and color
make this gas particularly dangerous. Its ability to displace oxygen from
compounds with hemoglobin is due to the greater affinity of hemoglobin for
carbon monoxide (200-300 times greater than for oxygen), so that carboxy-
hemoglobin is formed {16, 18, 22]. Carbon monoxide damages the nervous and
cardiovascular systems [16].

The maximum permissible carbon monoxide concentration in the air of
industrial enterprises is 0.0016 vol. %Z (0.02 mg/l). If the carbon monoxide
content of inhaled air is 0.1%, death occurs after 30-60 min, and if 1% or
higher, immediately [17]. When nitrogen oxides are present in air, the
toxicity of carbon monoxide increases and its allowed content in air should
be decreased by a factor of 1.5, since the combined presence of these gases
intensifies their effect.

Sulfur dioxide, which is formed in the combustion of sulfur-containing
fuel, even when present in low concentrations, produces an unpleagsant taste
in the mouth and causes irritation of the mucous membranes of the nose,
nasopharynx, trachea and bronchi, manifested in coughing spells, hoarseness,
etc. A single inhalation of very high sulfur dioxide concentrations causes
dyspnea and a rapid impairment of consciousness. Irritation of the mucosai
of the eyes and coughing are caused by a concentration of 0.05 mg/l. Man can
withstand a sulfur dioxide concentration of 0.3 mg/l for only 1 minute [18].



The maximum permissible sulfur dioxide concentration in the air of industrial
enterprises is considered to be 0.02 mg/1 [19].

Table 1

Typical Content of Main Components of Exhaust Gases
of Internal Combustion Engines

Permissible Content
. in Air, mg/m
Ggsoline Diesel {48, 78]
Component Engine Engine Fatal Dose
Maximum Mean
Single Daily
Carbon 0,56—12,0 | 0,01—0,50
Monoxide Vol. % Vol. % 6,0 1,0 106. %
Hydrogen 0,0—-5,0 —_ —_ Dénserously explosive |
Aldehydes 0,0—9,2 10,001—0,000{0,30%¢%* J1* 0,86 mg/l in
ng/l /1 0,035 0,0005%*®¢ | the course
. of 10 min
Nitrogen 74,0—77,0 | 76,0—78,0
Vol. ¥ | Vol.
Hydrocarbons| 0,2—3,0 | 0,009—0,56 | 5,0%** 1,5%e*
] Vol. Vol. % 3,00 | 3,0 y
Nitrogen 0,0—0 0,0002—0,5 6 1l in
Oxides Vo1. f ' Volj’ 0,8 0,1 ﬁe course
(in te of 6-8 min
of Nzoggs
Lead Com- 0,'0})07
pounds g/l
H,0 Vapor 3,0—5,6 | 0,5—4,0 -
Vol. % Vol. % Nontoxic
Oxygen 0,3—8,0 2,0—18,0
Vol. % Vol, % »
Carbon 5,0—12,0 1,0—10,0
Dioxide Vol. % Vol. % . .
Soot 0,0—0,04 | 0,01—1,1 0,16 0,06 Carcinogenic
g/n> g/m® ) )
3yl-Benz- |10—20 yy/m> |Up to Carcinogenic
pyrene 10 Y/mB ‘

* Given for acrolein, ** propylene, *** gasoline, **** formaldehyde,

Nitrogen oxides are present in the composition of exhaust gases in the
form of nitric oxide and nitrogen dioxide. They are formed by the reaction
between atmospheric nitrogen and oxygen or water vapor at high pressure
(28-35 atm) and a temperature of 540-650° [20] during each compression in
the cylinders. The fuel does not participate directly in this reaction.

The literature indicates a direct relationship between the pollution of
the atmosphere with nitrogen oxides and the proximity of nitric acid plants
[32], and also the number of passing automobiles [12]. Nitrogen oxides are
very toxic. In the most typical cases, poisoning with nitrogen oxides begins
with a light cough which passes after awhile. At relatively high concentra-
tions, the irritation of the respiratory tract increases: a heavy cough and
sometimes headache, vomiting, etc., are observed.



In nitric oxide poisoning, in addition to the general symptoms, dizzi-
ness and weakness are also observed, the face is pale, and the blood pressure
decreases. A 6-8 min inhalation of air containing approximately 6 mg/l nitric
oxide and a 12 min inhalation of 3 mg/l cause death. Poisoning with nitrogen
dioxide is characterized by edema of the lungs followed by bronchopneumonia.

A fatal concentration is 0.1 mg/l inhaled for 1 hour [22]. The maximum per-
missible content of nitrogen oxides in the air of industrial enterprises is
0.005 mg/1 [18]. 1In Los Angeles, where 3.5 million automobiles are in use,
under certain weather conditions, a photochemical reaction is possible whereby
nitrogen oxides form substances which attack the mucosa of the eyes and also
plants and even rubber [23]. According to the data of American investigators,
the maximum permissible content of nitrogen oxides in the atmosphere is con-
sidered to be 0.025% by volume (based on nitrogen dioxide).

In their effect on the human body, nitrogen oxides are the most toxic
components of exhaust gases, and their neutralization by catalytic decompo-
sition or reduction assumes a special importance.

As is evident from Table 1, exhaust gases contain a large amount of
hydrocarbons whose concentration ranges from 0.2 to 3.0% depending on the
operating conditions of the gasoline engine. On some of Moscow's main
arteries, among other hydrocarbons, large amounts of pentane (up to 4.5 mg/m3)
and hexane (up to 4.15 mg/m3) have been observed [26]. At high concentrations,
they have a strong narcotic effect. 1In low concentrations, methane-series
hydrocarbons lower the blood pressure. The concentrations of these hydro-
carbons in the atmosphere of Moscow were as high as 7-8 mg/m3 in the summer
of 1967 and exceeded the level of their physiological action [25].

The composition of internal combustion engine exhausts includes aldehydes,
particularly crotonaldehyde and formaldehyde, whose amounts increase with the
load on the engine during starting, acceleration and operation on mountainous
terrain. Symptoms of poisoning with formaldehyde vapors include conjunctivitis,
head cold, bronchitis, etc. A slight irritant effect on the mucosa of the eyes
and respiratory tract was observed in cases where the formaldehyde concentra-
tion ranged from 0.001 to 0.0095 mg/l. A 0.025 mg/l concentration of aldehydes
causes an acute irritation of the mucosa of the eyes. A 10 min stay in an
atmosphere containing acrolein in 0.35 mg/l concentration is fatal to man. The
maximum permissible concentration is 0.001 mg/1.

Carbon dioxide present in a concentration up to 0.4% in air stimulates
breathing, and above 47 causes irritation of the respiratory tract, tinnitus,
dizziness, and headache.

Soot, whose content in the exhaust of diesel engines is high, constitutés
a major peril in air pollution. It consists mainly of carbon particles. TIts
elementary analysis gives the following breakdown: 90-95% carbon, and 5-10%
balance divided equally between hydrogen and oxygen [26]. Soot has a largé



adsorptive capacity for highly condensed hydrocarbons including 3,4-benzpy-
rene, a carcinogenic substance causing cancerous diseases.

Motor transport exhausts and petrochemical plants [28] constitute the
two major sources of contamination of the atmosphere with 3,4-benzpyrene.
It has been established [29] that the soot on the inner walls of exhaust
pipes of carburetor engines contains a larger amount of 3,4-benzpyrene than
the soot of diesel engines (200 Yy per g of soot of a gasoline engine, versus
1 ¥ per g of soot of a diesel engine).

Contamination of the atmosphere with 3,4-benzpyrene in major cities
increases in direct proportion to the number of inhabitants. In cities of
the Soviet Union, the concentration of 3,4-benzpyrene in air is approximately
10 times less than in England and the U.S.A. [30].

The book of L. M. Shabad and P. P. Dikun [307 notes the relationship
between the pollution of the atmosphere with 3,4-benzpyrene in major cities
and the increasing incidence of lung cancer.

Of considerable interest is the effect of the operating conditions of
an engine on the composition of the exhausts. In this sense, there is a
marked difference between the combustion of fuel in a carburetor gasoline
engine and its combustion in a diesel engine. However, in both cases the
formation of incomplete combustion products is due to a deficiency of the
oxygen required for the complete combustion of the fuel, i.e., the quantity
of these products increases as the air-fuel ratio is decreased.

The operating characteristics of diesel engines are such that as the
load decreases, the composition of the fuel mixture becomes leaner, and
therefore the content of the toxic components decreases at small loads on
the engine. Whereas during idling the carbon monoxide content amounts to
hundredths of one percent (vol. %), at maximum loads it reaches its maximum,
i.e., 0.5%. This also applies to the content of aldehydes and hydrocarboms.

One American study [31] cites data on the variation in the concentra~
tion of noxious impurities in the composition of exhaust gases of diesel
engines. The content of nitrogen oxides is maximum during acceleration
(0.085%) and normal running (0.025%), and that of carbon monoxide, during
acceleration (up to 0.1%).

In diesel engines, the composition of exhaust gases depends on the
mode of injection of the fuel into the engine cylinder. Straight injection
is better than lateral, but is associated with the formation of large amounts
of nitrogen oxides. The composition of exhaust gases of diesel engines with
different degrees of wear, cited in [32], shows that the exhaust contains
from 2.1 to 3.3% of unburned fuel (this causes the formation of soot on the
surface of catalysts during catalytic purification). The amount of soot and



0il increases particularly in worn diesel engines, which run on richer
mixtures (air: fuel = 27:1) than new engines (air: fuel = 40:1). 1In the
exhaust of worn engines, the content of aldehydes and volatile fatty acids
is 3-10 times greater. The amount of soot in the exhaust of diesel engines
decreases when barium and other fuel additives that improve the combustion
processes are used [33].

The paper of S. S. Filatov [12] com-
pares the compositions of exhaust gases
ol from different makes of diesel dump trucks.
It shows that the lowest concentrations of
J/é:\\\\\ toxic components (carbon monoxide 0.05%,
nitrogen oxides 0.0029%, aldehydes 0.002%)
% are observed in the exhaust of the most

advanced four-stroke engine of the MAZ-525
truck.

0'

The condition of the fuel system of
diesel engines is very important. Thus,
it is shown in [63] that the replacement of
injectors in the YaAZ-210 Ye diesel engine
caused a severalfold decrease in the con-
&0 2 A " Gyl Gy tent of aldehydes in the exhaust gas.
a3 a7 as Lt L4

Volume of dry exhaust gases, %

The composition of gasoline engine
Fig. 1. Content of carbon monox- exhausts is chiefly determined by the air-
ide, hydrogen, and carbon dioxide .
in the exhaust of a_carburetor fuel ratio in the working mixture at the
engine vs. e’“’f;; air coefficlent  jipstant of ignition. In operation with an
1 excess air coefficient a<l (0.7), the con-
tents of hydrogen and carbon monoxide may
reach considerable values because of incomplete combustion, and only at
o>l (1.01-1.1) does it approach zero (Fig. 1) [323]. 0. K. Demochka notes
that under urban conditions, the engine of the GAZ-51 motor vehicle runs
mainly on a fuel mixture with o = 0.6-0.95, which decreases to 0.5-0.7 during
idling and deep throttle conditions, substantially increasing the carbon
monoxide content in the exhaust.

Data on the composition of the exhaust gas of gasoline engines as a
function of the content of fuel vapor in the air-fuel mixture are given by
M. S. Gershenovich and N. Z. Kotelkov [6]. The lowest content of toxiec
components and hydrogen in the exhaust gas is observed when engines operate
on lean mixtures.

The effect of the air-fuel ratio on the hydrocarbon content is similar|
[14, 20, 35], as indicated by the data of Fig. 2. '
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The amount of toxic components in
the exhaust gases of gasoline engines
varies with the run of the engine, its
load, power, and operating conditions.
Figures 3 and 4 show the content of the
various components of exhaust gases as
a function of the traveling speed of the
automobile and its loads [14].

It is evident that a considerable
content of products of incomplete fuel
combustion - carbon monoxide and hydro-
carbons - is observed under conditions
close to idling and during idling, when
because of the,combustion of an enriched
fuel mixture, the amount of carbon monox-
ide amounts to 5%, and also at higher
traveling speeds of the automobile.
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Fig. 3. Change in the relative amounts of

asoline engine exhaust components as a
%unction of the load [14] .
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At a speed of 120 km/hr, the carbon monoxide concentration rises to 6% of
the total gas volume. At the same time, in the range up to 50% load at a
speed of 60-70 km/hr, the content of incomplete combustion products declines
sharply, and in some cases none can be detected at all. The same applies to
nitrogen oxides and hydrocarbons. At a load of up to 20-50% on the engine,
their content is very low, but increases sharply at maximum power. As the
load of the gasoline engine increases, the carbon monoxide content can, as
is evident from Fig. 3, rise from 1 to 4~5 vol. %.

4 -
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Fig, 4, Composition of dry exhaust gases vs.

traveling speed of automobile with "Moskvich-LOg"

engine traveling along a horizontal hard-surface
road [T4 J.
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The relative duration of the running of trucks under forced idling
(braking) and independent idling (stopping of buses during discharging
in wintertime) conditions, when they operate on enriched mixtures, amounts
to 18 and 30% respectively of the total time of operation [36]. It is this
mode of operation of automobiles in cities that is primarily responsible
for air pollution [323].

In engine braking, the fuel in the cylinders burns at & = 0.67-0.68;
the ignition and combustion of such a mixture are difficult. As a result,
part of the fuel does not participate in the combustion and is discharged
in the form of spray particles, and the gases contain considerable carbon
monoxide and unsaturated hydrocarbons. A large amount of the fuel burns
incompletely, up to 4-6% under forced idling conditions of the GAZ-51 motor
vehicle and up to 8-14% on mountainous terrain [37].
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Traveling speed of automo-
bile, km/hr.

Fig. 5. Emission of carbon monoxide in the exhaust
gas under different conditions of operation of
ZIL-150 motor vehicle [5‘]’

In order to decrease the content of toxic components in the exhaust
gases of carburetor engines under three types of running conditions, a vacuum
regulator is recommended which permits the admission of extra air into the
combustion chambers [36]. When this regulator is used, one can achieve an
80-90% reduction in carbon monoxide concentration and a 10-fold reduction of
the content of formaldehyde and other substances (acrolein, benzene).

An interesting calculation is given in M. S. Korenev's survey [5] of
the possible emission of carbon monoxide for different operating conditionms
of the ZI1~150 motor vehicle (Fig. 5). It is evident that about 30 kg of
carbon monoxide is evolved by the combustion of 1 ton of gasoline in the
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engine, at a traveling speed of 20-40 km/hr. The amount of CO increases
at a higher traveling speed and during idling. These data are somewhat
relative, but they can give an idea of the amounts. of emitted carbon monox-

ide when it is necessary to have a general estimate of the toxicity of the
traffic.

In our view, a more correct method of evaluating the toxicity of exhaust
gases has been proposed by I. L. Varshavskiy, L. S. Zolotarevskiy and
L. Ye. Ignatovich [38]. They refer the amount of emitted carbon monoxide in
grams to a unit of the path traveled by the automobile (Fig. 6).

ot 72 |

-g CO/km )
g Co/ ¥ 0,0109

%60

.W-g’o&g 1

V-
| qo35 o
————
.0\ R 7
—— O, . ®
¥» 0,32.5'\-\__.;.0____/ V. kn/hr.
23 43 63 69 8 &

Fig. 6. CO toxicity characteristic of ZIL-150 motor
vehicle after bench test data [38].

Calculation of the "specific toxicity" values (determined by the volume
of air necessary for neutralizing the individual toxic components of an
exhaust gas), carried out by L. S. Zolotarevskiy, made it possible to deter-
mine the danger contributed by each of the toxic substances. When gasoline
engines operate on lean mixtures, the main toxic components are products of
incomplete fuel combustion: carbon monoxide (up to 95% of the total toxicity)
and soot in the case of a diesel engine. In operation on rich mixtures
(gasoline engine), and as the load on the diesel engine increases, the chief

danger is due to nitrogen oxides, whose toxicity contribution climbs to
55-85% [14].

According to the data of Fitten [31], the content of toxic components
under different conditions of motion may fluctuate considerably: carbon
monoxide from 1.8 to 7.0%, hydrocarbons from 0.1 to 1.0, nitrogen oxides
from 0.002 to 0.105%, aldehydes from 0.001 to 0.03%.
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Table 2

Carbon Monox:'g.de Content of Exhaust Gases (2IL-120)
in Percent by Volume [20 ],

For Normal Technical
Traveling Condition of Engine For Worn
Speed of Engine
Automobile, .
km/hr With Properly | With Carburetgrs
Adjusted Giving a 2
Carburetor Overfeed
0 1,5 8,b 6,6
10 1,6 8,0 pit
15 -_ — 6,2
20 0,2 1,3 6,1
a0 0,2 1,7 8,4
40 0,2 — 2.8
50 1,2 —_— _

Data obtained by the author of [31l] in a study of the operation of
22 automobiles indicate an increasing amount of CO and hydrocarbons during
idling and of nitrogen oxides in normal operation and during acceleration,
and also an increase in the amount of aldehydes during decelerationm.

Among the many factors affecting the composition of the exhaust gases
are the structural characteristics of the engines, the extent of their wear,
and their technical condition (carburetor adjustment, etc.). Thus,

N. Z. Bitkolov [20] has shown that the exhaust of a four-stroke engine con-
tains a considerably smaller amount of toxic components than that of two-
stroke engines. Furthermore, the volume of exhaust gases formed by the
combustion of 1 kg of fuel in a four-stroke engine decreases markedly
because of the absence of forced air supercharging.

Obstruction and malfunctions of air filters and a prolonged operation
of the engine cause a malfunction of the fuel- and air-feed equipment and
a decrease of the adjusted air-fuel ratio. Owing to the operation on en-
riched mixtures, the composition of the exhaust gases of improperly adjusted
and worn engines contains larger amounts of carbon monoxide and hydrocarbons
than do the exhaust gases of new engines. For example, the carbon monoxide
content in the exhaust gases of a worn ZIL-120 engine is four times greater
than in the exhaust of a new engine (Table 2).

According to the data of Zh. G. Manusadzhyants and L. L. Stepanov [39],
in 70% of 368 operating GAZ-51 and ZIL-164 motor vehicles that were studied,
the idling system of the carburetor was found to be faulty, and in 50% an
improper adjustment of the proportioning system was observed. As a result,
the exhaust gases of most automobiles contained from 6 to 13% carbon monox-
ide. After the fuel feed process was adjusted, the amount of carbon monoxide
decreased sharply (to 1%). The grade of fuel has a considerable effect on
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the carbon monoxide content. Data on this effect are listed in Tables 3
and 4. NG

Table 3 Table &4
Carbon Monoxide Content Content of Carbon Monoxide and Hydrocarbons in
of Exhaurslt Ga:esogs : the Exhaust of 2I1-156 Engine
Funetion of Gasoline During Idling [48].
Grade Used During :
Operation of .
ZIL-120 Engine. Distance of Gasoline Compressed Gas
Sample Col=- *
CO Contents  lector from Content, mg/m>
End of
Speed, f-—————  Exhaust
km/hr’ A-70 | p-56 Pipe. cm | Carbon | Hydro-| Carbon | Hydro-
Gaso~ | Gaso~ Pes Monox- {Carbons| Monox- | Carbons
| line | 1ipe ide ide

(] 1,5 | 3,5 10 279,3 1044,2 | 71,6 | 7.8
10 2,6 | 3,1 478,8 | 991,1 | 53,0 | 7,46
20 1,5 | 8,0 118,7 | 151,4 | 11,0 | 3,83
30 1,5 | 8,0
40 1,5 | 1,5 200 106,4 | 79,8 | 17,0 | 4,75

As is evident from the tables, the use of gaseous and high-octane
fuel without tetraethyllead additives substantially decreases the carbon
monoxide and hydrocarbon contents of the exhaust gases.*

The decrease of atmospheric pressure associated with the operation of
engines in mountainous areas affects the air-fuel ratio. In automobiles
with a normally adjusted carburetor (o = 1.0-1.1), when the air pressure
is reduced [40] by 10% as compared with normal pressure for which the feed
has been adjusted, the fuel consumption increases by 7%. When the pressure
drops 30%, which corresponds to the pressure at 3000 m above sea level,
the specific fuel consumption increases by 30%. The decrease of the excess

air coefficient causes a sharp increase in the carbon monoxide concentration
of the exhaust gases.

The same effect is observed when the pressure of the air entering the

engine is reduced by passing the air through the throttle valve in a worn
engine.

Tests performed by N. Z. Bitkolov [20] on two engines at pressures of
756, 660, and 610 mm Hg also showed that as the air
the carbon monoxide content of the exhaust
the air-fuel ratio decreases.

pressure decreases,
gases increases markedly, and

* Results of Tables 2, 3 and 4, based on unpublished data of a series of studies, were obtainea
under incomparable conditions and must be considered debatable,
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Interesting relationships were found by L. M. Shabad and A. Ya. Khesina
[27] in the effect of the operating conditions of the engine on the content
of carcinogenic hydrocarbons, particularly 3,4-benzpyrene, in the exhaust of
gasoline and diesel engines. In the operation of the YaAZ-204 engine, the
amount of 3,4-benzpyrene increases from 4.3 yg/min at a load of 10% of maxi-
mum power to 20.1 pg/min at maximum power. During idling, the amount of
3,4-benzpyrene increases from 1.3 ug/min when the engine operates at 500 rpm
to 8.41 pg/min at 1500 rpm. A similar pattern was observed in other brands
of diesel engines. Thus, in [53], where the content of 3,4-benzpyrene was
studied in the exhaust gas of a two-stroke three-cylinder engine, an increase

of its concentrations was shown during idling and at a traveling speed of
30 km/hr.

The largest amounts of 3,4-benzpyrene are discharged during incomplete
combustion of the fuel resulting from an increased fuel feed, especially
when the engines are started up or turned off, when the automobile starts to
move, and at intersections.

For a carburetor engine, the content 3,4-benzpyrene increases at high
loads, in idling (particularly at low rpm), and when low-octane gasoline is
used. The content of 3,4-benzpyrene in automobiles operating on overrich
mixtures increases sharply (by a factor of two) [55].

The content of carcinogens in exhaust gases can be cut in half by
decomposing them catalytically [181, 27] in gas purifiers with a Pt and
copper oxide-chromium oxide catalysts, and also by using a special anti-
smoking additives (1%) to the diesel fuel which decrease the amount of
3,4-benzpyrene by 60-80% [41].

State road tests of catalytic gas purifiers on flat terrain in Moscow
and in Alma-Ata, located at an altitude of 800-1000 m above sea level,
conducted by LANE and KazNIPIAT, yielded some interesting data on the
change of the composition of exhaust gases from various engines.

Figures 7 and 8 show data on the average oxygen content of exhaust gases
of different engines in the areas of Moscow and Alma-Ata (processed data of
LANE and KazNIPIAT, obtained by analyzing the gases of three automobiles of
each brand with gas samples taken once and twice).

It is evident from Fig. 7 that the maximum quantity of oxygen is
present in the gas when the automobiles are idling, and as the traveling
speed increases, this quantity decreases, then increases slightly at 60 km/hr.
The average oxygen content in the exhaust during idling ranges from 5 to 15%,
reaching a maximum for GAZ-51, ZIL-130 (12-15%) and a minimum for "Moskvi ch"
motor vehicles, 5-6%.

During the operation of different motor vehicles, in Alma-Ata, the
average oxygen content in the exhaust decreased to 5-7% during idling and
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ranged from 3 to 5% at 30 km/hr and from 3 to 6% at 60 km/hr.
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Fig. 7. Oxygen content of exhaust gases of various

engines operating in the Moscow area as a function of
the traveling speed.

1 - ZI1-585; 2 - GAZ-51; 3 - ZIL-130; 4 - "Volga";
5 - "Moskvich-408".

The carbon monoxide content of exhaust gases of the engines operated
in Moscow ranged from 0 to 10% during idling depending on the brand of the
motor vehicle; it decreased to 2-3% for "Moskvich" and to 0-6% for "Volga",
ZIL-585, and GAZ-51 as the traveling speed increased to 60-75 km/hr. The
minimum amount of carbon monoxide during idling was observed in the exhaust
of ZIL-130 (up to 2.0-3.07%), and the maximum in the case of "Volga" and
"Moskvich" (0-4%Z, 3.7-10.0%). The CO, concentration in the exhaust of the
engines of GAZ-51 and '"Moskvich-408" %n Alma-Ata considerably exceeded that
of the other engines in the Moscow area at speeds of 30-60 km/hr. Whereas
in Moscow the carbon monoxide content in the exhaust of the "Moskvich"
motor vehicle did not exceed 3-4% in this speed range, in Alma-Ata it ranged
from 2 to 10Z, and for the engine of GAZ-51 amounted to 0-8% in Alma-Ata
and 4-67 in Moscow under all operating conditions. The lowest carbon monox—

ide content was found in the case of the structurally newer engine PAZ-652
under all operating conditions.

As was shown by the analyses, in addition to carbon monoxide, the compo-
sition of the exhaust gases from the engine of GAZ-51 contains a large amount
of hydrogen. Its content in the exhaust of some automobiles amounts to as
much as 5~6 or more volume percent.

It follows from the analysis carried out by KazNIPIAT on the exhaust
gases of 50 automobiles that the carbon monoxide concentration in the exhaust
gas of the GAZ-52 engine is related to the hydrogen content.

An arbitrary classification of the motor vehicles into two groups, in

the first of which the hydrogen content of the exhaust did not exceed 2.5%
(12 automobiles) and in the second was higher than 2.57 (38 motor vehicles),
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Fig. 8. Oxygen content of exhaust gases of dlfferent engines
in the Alma-Ata area vs. traveling speed.

1 - GAZ-52; 2 - "Moskvich 408"; 3 - ZIL-585; 4 - PAZ-652.

indicates that these groups are characterized by different limits of fluctu-
ations in carbon monoxide content. In the exhaust gas of motor vehicles of
the first group (Fig. 9 a), this content ranges from 0 to 5% under all
operating conditions, and in the second group (Fig. 9 b), from 0 to 10-11%

at 40 and 60 km/hr and from 5 to 11% during idling. Apparently, the presence
of substantial amounts of carbon monoxide and hydrogen in the exhaust gases
of most motor vehicles is due to a partial cracking of the fuel and the
incompleteness of its combustion caused by an insufficiency of air in the
composition of the combustible mixture. This is due to an insufficient
adjustment of engines which had been little worn in (most of the motor
vehicles had a low mileage), and to the lower atmospheric pressure in Alma-Ata.

Thus, analysis of the literature data indicates that the content of
toxic components, especially carbon monoxide, in the exhaust gases of gaso-
line and diesel engines depends on many factors and shows a particular increase
during idling and at high traveling speeds, when increasing the load and
braking, stopping and starting, and also in motor vehicles with a maladjusted
fuel feed in the case of a worn engine and when the latter operates on low-
octane gasoline or when the oxygen content of the air is low (mountainous areas
and high mountains).

A substantial reduction in the air pollution of large cities, shafts,
open~pit mines, and closed industrial buildings can be achieved by carrying
through extensive organizational and technical measures [1541.

It is very important to establish more rigid norms for the content of

toxle components in engine exhausts and to follow them, particularly in areas
where motor transport is the chief source of atmospheric contamination.
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At present time, the legislatures of many countries (certain states
in the U.S.A., England, the German Federal Republic [42]) have imposed
restrictions mainly on smoke discharges. For example, the city of Los
Angeles prohibits the discharge of smoke with a density of 2 or more units
on the Runkelmans scale for more than 3 minutes per hour.

In some countries and states of the U.S.A., where the traffic is par-
ticularly congested, the exhaust gases comprise the bulk of the atmospheric
pollutants (for example, in Los Angeles, 80% of the total pollution of the
atmosphere with hydrocarbons and 65% of pollution with nitrogen oxides are
due to motor transport), and restrictions are placed on the concentrations
of a number of the components of the exhaust gases. Thus, the laws of the
state of California (which apply to the first 80,000 km of the motor vehicle)
set the limiting concentrations of toxic components according to the type of
engine and its power. For engines with a displacement of 0.2-1.64 1, the
carbon monoxide content of the exhaust gas must not exceed 2.3%, and the
hydrocarbon content must not be more than 410 parts per million. As the
engine displacement increases to 1.64-2.39 1 and above, the amount of car-
bon monoxide must not exceed 1.5-2.0%, and that of hydrocarbons, 275-350
parts per million [34, 143].

In the USSR, the norm recommended for the carbon monoxide content of
exhaust gases is 2% of the total volume of these gases. To reduce the pol-
lution of the atmosphere with toxic components of exhaust gases in major
cities of the USSR, motor vehicles are converted to high-octane and gas
fuel. Thus, in Moscow, 3000 motor vehicles were running on liquefied gas
in 1965 [44, 45], continuously moving traffic with a minimum number of inter-
sections is being established, and central arteries are kept free of automotive
trucks, particularly those with diesel engines. The construction of under-
passes also sharply reduces the carbon monoxide concentration of air [48].
Thus, whereas on Mayakovskiy Plaza in Moscow before the underpass was built
the maximum carbon monoxide concentration was 70 mg/m3 (10 times the permis-
sible level), and the average was 20.7 mg/m3 (3 times greater), now the
maximum value is 15.4 and the average is 8.2 mg/m3; the hydrocarbon content
of air was reduced severalfold.

Among the technical measures aimed at reducing the content of toxic
components in the exhaust gases, one must mention first and foremost those
taken toward a rigorous observance of the rules of operation and technical
servicing of engines (carburetor adjustment, prohibition of the operation of
defective engines) and the improvement of the fuel combustion process: intro-
duction of antechamber flame ignition, a special vacuum regulator, and anti-
smoking fuel additives [41, 46, 44, 7]. A radical means of decreasing the
toxicity of engine exhausts and completely eliminating this problem would be
the conversion to electric cars operating on storage and fuel batteries [7, 49].

Among the possible steps toward reducing the toxicity of the exhaust
gases of chemical plants and internal combustion engines, major importance
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is now being assumed by their purification and neutralization by different
methods: chemical binding of aldehydes and nitrogen oxides by passing

them through liquid filters in the form of scrubbers filled with a solution
of sodium sulfate and hydroquinone, sodium carbonate, and catalytic oxida-
tion of the toxic components in the gas phase.

Liquid "neutralizers' permit the binding of 60% of nitrogen oxides and
90% of aldehydes, but do not remove carbon monoxide. The latter can be
oxidized in the liquid phase at low space velocities (3 x 103 hr~1) by using
a low temperature (20~40°C) homogeneous catalyst consisting of a mixture of
complex salts of palladium and copper [50, 51].

Because of the low efficiency of noncatalytic liquid neutralizers with
respect to carbon monoxide, they cannot be used for purifying the exhaust
gases of gasoline engines and are chiefly employed in diesel engines operating
underground. A drawback of this type of gas purifiers is also their size and
the frequent replacement of the absorbing solution (once every shift).

The most promising method of purifying exhaust gases containing products
of incomplete fuel combustion is the catalytic oxidation of toxic components.

Studies aimed at the development of exhaust-purifying catalysts were
carried out in the 1950's in the U.S.A. (Houdry) and in the 1960"s in the
USSR chiefly by the Institutes NIOGAZ (Central Scientific Research Laboratory
for the Purification of Industrial Gases), NAMI (State All-Union "Order of
Labor Red Banner" Automobile and Automobile Engine Scientific Research Insti-
tute), and later by the Karpov Physicochémical Institute (Moscow), the
Institute of Chemical Sciences of the Kazakh Academy of Sciences (Alma-Ata),
and by the Azizbekov Institute of Petroleum Chemistry (Baku).

The most umiversal exhaust-purifying catalyst was found to be platinum.
A catalytic gas purifier with platinum deposited in a special manner on
ceramic material was patented as a catalyst by Houdry in the U.S.A. This
purifier was then adopted widely, for example, introduced into mass produc-
tion by the "Oxy-France" Co. in France.

It must be noted that the idea of using platinum as a catalyst for
purifying exhaust gases was not new. Back in 1938, M. S. Gershenovich and
N. Z. Kotelkov proposed for this purpose platinized nichrome consisting of
a screen of nichrome steel (d = 0.8 mm) on which platinum was deposited by
brazing. The device for gas purification consisted of a cylinder 25.5 cm in
diameter and 60 cm long in which 20 screens of platinum nichrome were mounted
perpendicular to the cylinder axis.

In the USSR, a platinum catalyst on Y—A1203 was developed for thesel: !

purposes: its bench and road tests showed a high efficiency and stability
in the purification of diesel and gasoline engine exhausts.
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Because of its scarcity and high cost, platinum catalyst can be used
only for purifying the exhaust gases of engines operating underground. This
has led in the last 20-25 years to many attempts to replace platinum by other
metals and their oxides in the USSR and other countries. The research was
aimed primarily at selecting the catalysts and studying the kinetics and
mechanism of oxidation of the chief toxic components: carbon monoxide, hydro-
carbons, and aldehydes. The difficulty of selecting catalysts for purifying
exhaust gases lies in the rigid requirements for the specific conditioms of
their subsequent operation in automobiles: a high efficiency, stability and
operational durability at considerable space velocities of the gas flows (up
to 100 x 103 hr~1), an abrupt change in the catalyst temperature (200-800°),
high concentrations of toxic components, and the presence of catalytic
poisons (lead, sulfur, soot). A major importance is assumed by the method
of preparation of catalysts with a high operational impact strength and wear
resistance during the exothermic oxidation processes.

Because of the unusual conditions of operation of exhaust-purifying
catalysts, few catalysts are known at the present time (palladium, vanadium)
which do not contain platinum and have successfully passed the stage of bench
and road tests and provide a high degree of purification of exhaust gases.

In spite of intensive research, with the exception of France, no mass pro-
duction of catalytic gas purifiers for mass—produced automobiles has been
set up in any country thus £far.

At the Institute of Chemical Sciences of the Kazakh Academy of Sciences,
studies on the selection and perfection of exhaust-purifying catalysts have
been conducted since 1960. A large amount of experimental material has thus
accumulated which has been published in part in the form of individual papers
and author's certificates [54, 56-62, 266, 267].

After bench and experimental and road checks (at LANE) one of the pro-
posed catalysts (palladium) has been recommended for mass road tests, the
first stage of which - efficiency tests - was carried out jointly by LANE
and KazNIPIAT in 1967. The results of the efficiency tests of palladium
catalysts under road conditions are presented in Chapter 6 of this book.

In the near future, LANE will carry out the second stage of stability and
durability tests. '
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Chapter 2

CATALYTIC OXIDATION OF CARBON MONOXIDE

The catalytic oxidation of carbon monoxide has been extensively studied
for the purpose of investigating the mechanism of the process and using dif-
ferent contacts for removing carbon monoxide from air. An exhaustive survey
of studies in this area for up to 1950 was given by M. Katz [162]. A prac-
tical result of these studies was the development and improvement of 'hopca-
lite,” a catalyst successfully used for removing carbon monoxide from air at
low temperatures in modern gas masks [21, 165-169, 470].

In the last decade, the rapid development of industrial orgamnic synthe-
sis and the growth of motor transport have created the problem of purifica-
tion of the exhaust gases of internal combustion engines and waste gases of
chemical plants (cracking, caprolactam, rubber, coking, paint and varnish
plants, etc.) through removal of toxic components, the bulk of which con-
sists of carbon monoxide, nitrogen oxides, and hydrocarbons. As a result,
research on complete catalytic oxidation has assumed an even greater prac~-
tical importance. In the 1950's-60's, thorough investigations were under-
taken to determine the mechanism of the processes and action of catalysts,
and their results are being applied in industry.

Table 5 summarizes the literature data on the catalytic oxidation of
carbon monoxide, Included are studies where carbon monoxide was oxidized
in laboratory units at relatively high space velocities and temperatures
approximating the conditions of their subsequent practical application and
the removal of carbon monoxide from actually occurring gaseous mixtures.

It is well known that the principal catalysts for oxidation processes
(oxidation of S0y to SO3, of ammonia to nitric acid, etc.) are metals,
alloys, and oxides (on carriers or in the form of mixtures) of elements of
group 8 and other groups of the periodic system.

As is evident from Table 5, in the case of oxidation of carbon monoxide,
the researchers' attention was directed to the study of metal and mixed cat-
alysts on carriers. The platinum catalyst in the reaction of carbon monoxide
oxidation was studied by N. Z. Kotelkov {[6], L. Ya. Margolis, 0. M. Todes
[97, 374], Houdry [82, 83], Kennan and welling [87], and D. V. Sokol'skiy et
al. [54]. Results of bench tests of platinum catalyst in the USSR are de-
scribed in the papers of V. V. Goncharov and R. V. Malov [70]. Platinum on
a metal carrier - nichrome - for the removal of carbon monoxide from gaso-
line engine exhausts was first proposed by N, Z, Kotelkov back in 1938 [6].
Later, this contact was used for the quantitative analysis of gas mixtures.
Judging from the patent literature and statements in the press [82, 83],
extensive research on the selection of catalysts for the complete oxidation
of toxic components of exhaust gases was carried out by the American Scientist
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Table 5.

Catalytic Oxidation of Carbon Menoxide (Laboratory Data),

Catalyst Composition Space velocity
composition of gas mixture x 102 -t
1 2 3
Pt/AL;,0; on ceramic Exhaust gas of gasoline.
engine 80—100,0
Ptfasbestos 0,05—0,1%Pi[1% CO in air —_—
Pt/AlL0; Exhaust gas of gasoline
engine . 80—120,0
Pt/Si0; Close to exhaust come
position 9,0 .
Pt/nichrome Exhaust gas of gasoline|[3 1/sec, surface of spiral
engine 1.1
B, [ )
freshly prepared
AP~56 platinum, IS IS
used
Pd/chamotte CO:H,=1,76:1
00+Hz=6.3%
200 +Hz/ 02 =3 10—18
Pd/ALO; 1% CO + air 6—380
Pd/ALOs » 86—172
Pt—Pd/AlLO, » »
Pd—Ru/ALO, » )
Pd—Ag/Al,O; POI P » .
Copper—chromium oxide |2%CO+3% O,+N; 9,6—52
Copper-chromium Cu0:/1% CO + air 86—72
1Cra03=1:2
Cop%esr-chronﬁ.um GIPKh- » »
1
Fez05/A1,0, 4% CO in air 6—8
Fe 0skommercial 1—6% CO, 0;
AhOg,promoted '9-—19% COq, 1'3%. 1—
with CuO 3% CO (regeneration 48
Cu0/AL,0; (13 6—50 wt. . gases) 40
H P - EF
. _— a
CuO/ALO, (1:1) milfion in air 10—16
. " Bxhaust gas with L5—
7.0% CO »
CuO/Fei0s 1% CO in eir 36—72
clay
MnFe,0, 2,0—6% CO in air 2,4—6,0
CuO/MnO; Pt
— O+4-H;=
chamotte CO+H’.0 —=1:3 10—18
. CO+-Hj:0,=1:3,
CuMn,04 2—6% CO in eir 2—4
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Continuation of Table 5

Degree of oxidation of CO, %

Characteristics Refer-
150° | 200° | 250° | 300> | 400° | 500° of ‘the process ence
4 5 6 7 8 9 10 11
S — 100 }100 {100 - {82,83]

8 30 — 73 82 — —_ 97]
- 20 50 | 100 | 100 | 100 - [70]
— — — | 100 }100 | 100 - (87]
- - 100 | 100 100 | 100 - [6]
— (80—100{ 100 | 100 | 100 | 100 — (54]
95 |100 {100 |100 |100 | 100 i—_ -
65 100 | 100 100 {100 | 100 - -—
—_ — — 75 — {7090 - (86]
— ] 100 100 | 100 100 | 100 - [85]
— 80—90 | 100 | 100 | 100 | 100 — [54]
40 [40—75 | 100 | 100 100 | 100 - [54]
40 | 75 92 100 |100 | 100 — (2671
— 30 45 | 91 100 | 100 - —
— [|47—100] — |[90—100{ 100 | 100 — [90]
— 130—40 |65—80{90—95 | 100 | 100 — {62,58]
— 2030 | — |95—100] 100 | 100 - [11]
— — —_ —_ 60 | 90 | Catalyst is stable to

heat in a stream of air
at 900-950° [129]
— - — 94 96 97 | Catalyst is stable to
heat {900-950°), sur- |{128,
face remains unchanged | 130]
— 160—65] 96 | 100 | 100 | 100 = [62,
113]
60 | 98 | 100 — - - - [110]
— | 100 —_ — — —_ - »
— |po—0 | 40 [r5—00 | 35 100 - [58,62]
— [35—62 | — |85—96 |95—90] — - [91]

— — — |45—75 | — [90—95 —_ [86]

— | o8 9 | 99,6 |99,6} — - fo1]
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Continuetion of Table 5

8

Cu0-MnO;
Al,04

(21, 3% oxides on
support

Menganese ore of Nikopol')

deposit

Kazakhstan copper ore,
melachite, chrysocolla

Aktyubinsk chromium ore

Manganese ore of Nikopof
deposit, activated with
15-20% Cu0

Ferromanganese acti-
vated with CuO

Pyrolus:.te + dunjite +
Cu0 l' 1:1 3
Dunite activated with

Dunite + NiO

Dunite + NiO + MnO

Ferromanganese + dun:.te
+ Cu0

Homogeneous catalyst:
3,0 g/1 Pa*2
Fet? - 1.1 g/l
Cl=/Br" =m 0.2

"CHsCO0 =13,1 z/1
Cuti=141 s7 e/

1% CO in air

ust gas: 16-17% Op,
1-3% COpy 245-5.6 CO,
0.008-0,01% acrolein

ExMust gas: CO 0,1~

aldehyde 0.0008~
gléi nitrogen oxide

L 4

0 3—2% carbeon monoxide-
in air

18

18

36

Fluidized bed, thickness
of catalyst bed 25~30 cm

v

0,8
1,6
2'4



Continuation of Table S

4 b 6 7 8 9 10 1

—_ Water vapor up to P
35—50,78—98) 100 | 100 | 100 has no dgactisating ef=
i fect on catalyst

[113)
— |20—60] — |73—57]92—99 | 100 ] Stable in long-term

operation [114)

—  |70—75/80—85/85—90{98—100{ 100 [58]

— | 20 las—50] 65 | 85 92 *

3 | — | 79| 9 95 »

27—39 53—67| — |89—99log—100| 100 | Stable in operation -
with 9% water vapor 1114)

— [11—83[ — |80—96[87—93 [92—97 | Up to 60~70% of ni-
trogen oaxides snd 70-

acrolein removed |
on the contact at (114]
200° |

—_ — — —  174—99 Aldehydes oxidized
completelys; content of
nitrogen oxides re-

mains imehanged [115)
— —_ — — 6078 | — »
_ — _ — loo—99 | — Aldehydes 20-60% oxi- »

dized, amount of ni-
trogen oxides in-

creases
- | - — — |s0—100; — »
— —_ - — 90:1_597 _ Acrolein and formalde- | ©

hyde oxidized complete-
1y, nitrogen oxides re-
Bain unchanged

Complete oxidation is achieved at 20° New method of catalyst [[50, 51

regeneration with si~ |58 60]
75 % at  20° multaneous oxidation of| °
CO has been proposed.

50 % at 20°
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Houdry. 1In 1950, he proposed a platinum catalyst, an "oxicat” consisting
of platinum specially deposited in a thin layer (0.05 mm) on a porcelain
carrier pretreated with ground colloidal aluminum oxide. The catalyst was
found to be stable when used for 1600 hr in an automobile. He also devel-
oped a catalyst for purifying the exhaust gases of automobiles operating on
ethyl gasoline. Unfortunately, the laboratory data on this work have not
been published in the literature. Soon thereafter, a platinum catalyst on
a ceramic carrier was designed for this purpose in the USSR, and later, on
an aluminum oxide carrier, mechanically strong samples of which are made in
the form of rods and beads according to a method developed by the Karpov
Physicochemical Institute [17, 20].

The removal of carbon monoxide from artificial mixtures and exhaust
gases on platinum catalysts occurs readily. At a platinum content of 0.2-
0.5 wt.%, carbon monoxide oxidizes to the extent eof 20-30% at 200°C., and
at 300°C. a complete oxidation is observed over a wide range of space ve-
locities of the gas flows (up to 120,000 1/1 of catalyst per hour).

Among the plant catalysts tested, a high degree of activity in the re-
action of oxidation of carbon monoxide is displayed by the AP-56 platinum
catalyst in both the initial and used form, palladium-ruthenium [267] and
copper-chromium catalysts [62]. However, the mechanical strength of these
contacts is low. On the platinum and copper-chromium catalysts, hydrocarbons
and soot burn completely together with carbon monoxide at 500°C. and above.
The palladium-ruthenium catalyst in a reducing atmosphere is known as a
catalyst for the removal of nitrogen oxides and hydrocarbons from gases [440].

The drawbacks of platinum catalysts are their high cost and the scar-
city of Pt throughout the world, and also their inability to bring about
the reaction of complete oxidation of carbon monoxide and hydrocarbons at
temperatures below 150-200°C. This is the temperature range of the ex-
haust gases of idling engines, when the bulk of unburned components of the
fuel are discharged. Still unexplained is the role of the platinum catalyst
in the processes of decomposition of nitrogen oxides in oxygne-containing
gas mixtures.

Not as scarce and more accesdible and cheaper is the palladium catalyst,
first investigated by O. M. Todes et al. [85]. The authors of this paper and
later D. V. Sokol'skiy et al. [54] showed the great activity of the palladium
catalyst on a carrier in the_oxidation of carbon monoxide in air. At space
velocities up to 30 x 10 hr-l in a stream of air, this catalyst achieves a
1007 oxidation of carbon monoxide to carbon dioxide even at 200°C. The paper
[54] described a comprehensive study of the oxidation reaction of carbon
monoxide both in the liquid phase [50, 51, 58] in the presence of palladium
ions, and at a high temperature in the presence of palladium, platinum and
mixed palladium-platinum and palladium-ruthenium catalysts on carriers [54,
56-61, 267). In addition to studying the kinetics and mechanism of this re-
action, the authors were interested in the possibility of a practical
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It is obvious from the data shown in Figs. 12, 13, and 14 that a mutual
promoting effect is displayed in the case of mixed contacts. The observed
effects probably have a rational explanation only if one distributes the func-
tions among the various active surface centers of the mixed catalysts. The
acceleration of one process, for example, activation of carbon monoxide on
palladium atoms added to the cerium oxide catalyst on the carrier, increases
the electron concentration in the catalyst and facilitates the acceptor stage
of the process, i, e., the activation of oxygen on the metal oxides with for-
mation of oxygen ions. There is no doubt that the promoting causes a sub-
stantial change in the binding energy of the adsorbed substances, i. e., oxygen
in the reaction under consideration. It is known that the energy binding oxy-
gen to the surface of oxides, spinels and metal catalysts has a decisive in-

fluence on their activity in oxidation reactions of carbon monoxide, hydrogen,
and hydrocarbons [147, 161, 163, 164, 186].

The use of a mixed palladium-cerium oxide catalyst on aluminum oxide sub-
stantially lowers the temperature of the process: even at 200-250°C., a 60-
80% oxidation of carbon monoxide in the stream of air is observed. The high
activity of low-percentage cerium oxide catalyst on aluminum oxide in the
oxidation reaction of carbon monoxide is not unexpected. Rienacker has shown
that at a ratio of cerium dioxide: aluminum oxide = 3:4, this contact mahni-'
fects a catalytic act1v1ty in this reaction at 200-300°C. A 100% oxidatlonl
of carbon monoxide at 270°C. is also possible on a thorium oxide - cerium
oxide contact [135]. The observed strong oxidizing properties of ceriuﬁ oxide
catalyst are explained by the low binding energy of the adsorbed oxygen, which
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The special properties of other spinels are indicated in the paper [91],
which notes their high activity in the oxidation reaction of CO at space
velocities of 2.4-4-6 x 103 hr~l and a CO concentration of 2-6%.

% oxidation of CO
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Fig. 10. Oxidation of 1% CO in_a stream of air at a space velocity
of 26 x 10”7 hr~! on commerciasl catalysts,

1 - used AP-56; 2 - Fresh AP-56; 3 - copper-chromium-barium catalyst;
4 - RPK-1; 5 - ROSh; 6 - GIPKh-105.
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Fig. 11. Oxidation of 1% CO in a stream of air at
a space velocity of %6 x 10”2 hr—t.

1 - Pd/Alp035 2 - MRA-5; 3 - Pt-Pd/ShASTZ; 4 - Pe-
Cu oxide catalyst on clay; 5 - Cu-Mn oxide catalyst/
Alo03;3 6 - Pd-Ru.
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It has been shown that at 400-500°C., the degree of oxidation of carbon
monoxide on manganese ferrite, copper manganite and chromite, and manganese
chromite is 91-100%. As the temperature is lowered to 200-300°C., spinels
form the following sequence from the standpoint of the degree of oxidation:
copper manganite (98-997%), copper chromite (77-98%), manganese ferrite (62~
96%), and magnanese chromite (11~70%).

The copper-chromium catalyst has shown a high stability in prolonged
testing in the laboratory at temperatures above 500-600°C., and served for
620 hours without any appreciable decrease in activity [131].

T. G. Alkhazov and M. S. Belen'kiy made a thorough study of the oxida-
tion of carbon monoxide on an iron oxide catalyst on aluminum oxide [158,
130, 128, 129]. The maximum act1v1ty is reached at 1-2% Fe203 in the contact:
at 200°C., 51%; 250°C., 30%; 300°C., 70%; 350°C., 90-95%.

The above authors note [129] the high stability of the iron oxide-alumi-
num catalyst during heat treatment (900-950°C. for 5-25 hours). This catalyst
withstood tests during oxidation of carbon monoxide in gases from the regenera-
tion of petroleum cracking catalysts [128]. It was shown that the most suit-
able carrier is plant aluminum oxide.

Researchers have been particularly interested in the possibility of
using hopcalite for removing CO from exhaust gases, and also mixtures of
copper and manganese oxides similar in composition to hopcalite [113, 91].
The activity of copper manganite (see Table 5) was high; starting at 200°C.,
carbon monoxide was virtually completely oxidized on this catalyst. This
showed it to be similar to hopcalite, which operates at low and even sub-
zero temperatures. However, hopcalites, copper oxide-manganese oxide and
other oxide catalysts, for example copper and copper-chromium ones, are
very sensitive to the action of water vapor and quickly lose their activity
[21-162] when used to remove CO from exhaust gases and mixtures containing
substantial concentrations of water vapor.

When oxides of copper and of copper and manganese are deposited on a
carrier, they become more resistant to the action of moisture [113]. It
has been shown that a water vapor content of up to 5% in a mixture of gases
does not reduce the activity of the copper-manganese catalyst on bentonite
clay. In hopcalite deposited on bentonite clay, the mechanical strength
simultaneously increases [116], which is very important for the pratical
application of oxide catalysts of relatively low mechanical strength. In
addition to improving their stability to moisture, the use of these con-
tacts on carriers increases their resistance to sintering, to a reduction of;
surface area at high temperatures, and to the formation of metal beads dur-
ing oxidation of large concentrations of CO and hydrocarbons.

The stability of manganese oxide and copper oxide catalysts to water
vapor can also be increased in another way, i. e., by promoting them with
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platinum, palladium, or silver oxides. Thus, a series of patents [121-124,
285, 363] indicate the promoting influence of silver, palladium and their
mixtures, and the moisture resistance of promoted oxide catalysts.

Katz and Halpern [120] have shown that when silver nitrate is added to
manganese catalyst during its preparation, a stable catalyst is obtained.
A high moisture content (up to 80%) favors the oxidation of carbon monoxide.
At the same time, it is important to deposit the mixture on a carrier (kaolin,
talc, asbestos).

In a study of the oxidation kinetics of carbon monoxide on manganese-
containing catalysts at low temperatures and pressures, it was observed [117]
that the strongest activating effect among the additives studied (Pt, Ag,
Cu0, Fep03, V505) was displayed by platinum. An electron~microscopic study
of the catalyst established that platinum spreads, in a thin film over the
surface of manganese dioxide. The authors hold the view that Pt ard MnO
act as two independent catalysts: carbon monoxide is adsorbed on the plati-
num surface, and this in turn accelerates the process of activation of oxy-
gen on MnO,. A similar separation of the functions of the individual com~
ponents of mixed oxidation catalysts appears possible in an intimate ad-
sorptive but not chemical interaction of the components. A fact of this kind
was observed and thoroughly investigated by Royter et al. in the oxidation
reaction of hydrogen [118, 119, 160]. It was shown that platinum accelerates
the donor process (activation of Hz), which is the rate-determining step in
the oxidation reaction of H, on vanadium oxides, which proceeds in accordance
with an electron mechanism. Platinum promotes the activation of hydrogen by
dissociating the molecules into atoms and H' ions, which because of their
high surface mobility migrate to areas of vanadium oxides adjacent to the
platinum. This facilitates the reaction of hydrogen with oxygen activated
on the vanadium oxides.

The promoting of oxide catalysts may lead to a change in the kinetics and
mechanism of the process [160]. No positive effect was observed by mixing
platinum and vanadium oxide mechanically.

Very similar results are obtained by promoting low-percentage vanadium
oxide (1.5 wt.% V,0g5), cobalt oxide (0.5 wt.% cobaltous-cobaltic oxide) and
cerium oxide cata%ysts on aluminum oxide with palladium in the oxidation
reaction of carbon monoxide.

Figures 12, 13 and 14 present comparative data on the oxidation of 1%
of carbon monoxide on cerium dioxide deposited on beads of aluminum oxide,
and on catalysts with 0.5 wt.% cerium promoted with O.gSZ gillaQium at
space velocities of 36 x 103 hr-l (Fig. 13) and 72 x 10° hr™* (Fig. 14).
The palladium was precipitated on low-percentage oxide catalysts by chem-
ical means.
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application of the catalysts to the removal of carbon monoxide from exhaust
gases.

Particular attention was focused on the methods of preparation of highly
active, stable, mechanically strong and easily regenerable palladium caatlysts.
A number of new methods for preparing contacts and carriers of different
chemical types and structures were used for this purpose. As a result, new
methods of preparation were proposed, along with new compositions of palla-
dium and mixed catalysts with a controllable depth of impregnation, for the
purpose of removing carbon monoxide from gasoline and diesel engine exhausts.
A special chapter is devoted to a discussion of these data.

In addition to metal contacts (platinum, palladium, ruthenium, silver)
on carriers for oxidizing carbon monoxide, oxides of many transition elements
mixed with one another, on carriers, or in the form of spinels, are widely
employed for the oxidation of carbon monoxide.

Among oxide catalysts, the copper and iron-copper catalysts on carriers
[62, 110, 113], copper-chromium [62, 90], manganese-copper catalysts of the
type of hopcalites [86, 113], manganese-iron [91], and copper-chromium cata-
lysts on carriers [62] have been thoroughly investigated. A detailed analysis
of the results of oxidation of CO obtained in their presence and of the mech-
anism of their action is given by D. V. Sokol'skiy and G. K. Alekseyeva [58,
62], M. S. Belen'kiy and M. Yu. Sultanov [157], and others.

The data listed in Table 5 attest to the high activity of oxide catalysts
under laboratory conditions. A particularly high activity, comparable to that
of platinum and palladium at space velocities of 36-72 x 103 hr-l, is dis-
played by copper oxide and copper-chromium catalysts [58, 62, 90, 110, 113,
131]. 1In their presence, carbon monoxide is 50-1007% oxidized even at 200°C.
(Fig. 10, 11).

In the case of oxidation of carbon monoxide on copper oxide without a
carrier, the method of preparation is very important. Addition of an alkali
(KOH) decreases the rates of adsorption and oxidation of carbon monoxide and
increases the adsorptive capacity of the contact for carbon dioxide - the re-
action product, thereby slowing down the process [144]. Copper oxide cata-
lysts are poisoned by water vapor. Cohen and Nobe [159], who studied the
effect of water vapor on the oxidation of carbon monoxide at space veloc-
ities of 10 x 103 hr’l, showed that even slight concentrations of water
vapor strongly decrease the activity. Increasing the water vapor concen-
tration above 800 parts per million has practically no effect on the ac-
tivity of the contact.

The activity of copper-chromium oxide catalysts is determined by the

quantitative ratio of the oxides and their content on the carrier, and it is
maximum at a Cu:Cry03 ratio close to 1:2 [62, 58, 90], when they form a spinel,
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is comparable in mobility to oxygen adsorbed on cobaltous-cobaltic oxide [408].
As a result, during the oxidation of carbon monoxide on cerium oxide catalyst,
the process is inhibited by a slight adsorption of carbon monoxide (activation
energy, 10-12 kcal/mole). Promoting of the catalyst with palladium facilitat-
es the donor step, and the reaction proceeds at a lower activation energy

(6.5 kcal/mole). Recently, Barrett et al. [181] obtained a patent on a mixed
cobalt oxide - cerium contact (8.6% Ce0, and 8.8% Co) on aluminum oxide, re-
commended for the oxidation of carbon monoxide and hydrocarbons.

% oxidation of CO
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Fig. 14, Comparative cxidation of 1% CC on cerium oxide (0.5 wt. %,

curve 3), Eallacium (0.05 wt. %, curve 2), and cerium oxide~palladium
catalysts (0.05 % Pa, 0.5 wt. % Ce0y, curve 1) at a space veloeity of

% % 10° ur~! (a) and 72 x 10% e~ (0)

A survey of the extensive patent literature on the catalytic purifi-
cation of exhaust gases shows that in addition to platinum and oxide cata-
lysts, other catalysts have found broad applications: mixed supported
catalysts (on aluminum oxide, silica=-alumina, etc.) consisting of oxides
of polyvalent metals (copper, chromium, vanadium, molybdenum, manganese,
cobalt, nickel) in the proportion of 0.5-25 wt. %, with platinum, palladium,
iridium, rhodium, and silver as promoters [123, 124, 125, 126]. The intro-
duction of salts of phosphoric acid and phosphoric acids themselves into the
composition of the catalysts [126] increases their stability to lead and
facilitates the regeneration.

In recent years, there has been a marked increase in the researchers'
interest in natural materials: refractories (dunite), copper, chromium,
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manganese and ferromanganese ores in various deposits. As is evident from
collective Table 5, 'matural catalysts' possess a high activity in the re-
action of carbon monoxide oxidation, particulafiy when activated with ox-
ides of copper, nickel, manganese, and silver [58, 92-94, 114, 115, 127].
Copper and chromium ores of the Kazakhstan deposits, malachite, Aktyubinsk
chromium ore and manganese ore of the Nikopol' deposit at space velocities
of 18-36 x 103 hr-1 yield a 50-70% oxidation of carbon monoxide at 200-250°C,
(Fig. 15) in a stream of air. Despite the higher activity of pyrolusite and
malachite, Atasu and braunite ores in the oxidation reaction of carbon mon-
oxide, their value is decreased by their poor mechanical and heat-resisting
properties.

Manganese ore of the Nikopol' deposit has a higher wear resistance.
The activity of manganese ores increases considerably when they are acti-
vated with copper oxide (3 wt. %) and silver (0.5 wt. %) and they can be
used for purifying the exhaust gases of thermal drilling rigs and in other
processes at lower temperatures (150-200°C.). The activation of manganese
ores with copper oxide increases their stability in long-term service and in
the presence of up to 5% water vapor [113]. Natural manganese ores activated
with copper oxide promote the oxidation of hydrocarbons in addition to that
of CO, the oxidation of aldehydes (up to 70-80%), and the elimination of
nitrogen oxides (up to 70%) [395].

In selecting the ore and carrying out the activation of copper oxide
and silver salts with it, the method and conditions of thermal treatment
become significant. It is important to obtain and select an ore with the
maximum content of pyrolusite, a B modification of MnO,, the promoting of
which yields a greater effect than that of a-~MnO,.

Decreasing the content of nitrogen oxides in mixtures after purifying
the exhaust gases in the presence of manganese ores assumes a major impor-
tance, since no other methods of removing nitrogen oxides from oxygen-con-
taining mixtures exist to date. The purification probably is also partly
due to absorption of nitrogen oxides by the ores with formation of manganese
and iron nitrates, which are capable of dissociating (decomposing) at higher
temperatures (above 300°C.). It is necessary to explore the mechanism of
the process and to determine the service life of such a catalyst.

In addition to the development of heterogeneous gas-phase catalysts
for oxidation of carbon monoxide, a homogeneous catalyst-has been proposed
[50, 51, 58-60, 75]. The composition of the catalyst includes ions of
palladium, iron, copper, chromium, bromine, and acetic acid in certain pro-
portions. At the optimum relative amounts of the components, the catalyst |
completely oxidizes 1% CO in a mixture at 20°C., at a space velocity of
800 1/1 of catalyst per hour (Fig. 16).
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Fig, 15, Oxidation_of 1% CO in a stream of air at a space

velocity of 26 x 103 hr-1 in the presence of manganese and

chromite ores [62, 114, %95], 1 - Aktyubinsk chromite ore;

2 ~ Manganese ore of Nikopol' deposit; 3 - same, promoted

with % copper oxide; 4 - same, promoted with 0.5% silver

oxidej 5 chrysocolla; 6 - malachite ore; 7 - pyrolusite;
8 - Atasu braunite ore.

After electrochemical regeneration
00 ¢+ o o . . s
*0\.

[/ Wl\.t‘\ L
o Pegenethoug "~
© T8t o )
B % ‘ \\
§ )
o
5 2 \
] .
b
_ 40

94 & 4 6 20
Time, hr

Fig. 16, Oxidation of carbon monoxide in the presence of palle-
dium complexes in solution at 20°C. and a space velocity of 800
hr-l with electrochemical stabilization of the catalyst [50].

A low-temperature homogeneous catalyst for oxidation of carbon monoxide
can be used successfully in plants and units where high temperatures are un-
safe (coal mines, cleaning ventilation units). An improvement of the design
of the device (the reaction occurs under foam conditions) will raise the ef-
ficiency of the catalyst and increase the space velocities of the gas flows.
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Judging from the available data, natural manganese ores activated with
copper or silver oxides appear to hold promise as inexpensive catalysts for
purifying exhaust gases containing CO, aldehydes, hydrocarbons, and nitro-
gen oxides at low temperatures. Tests of their activity and operational
stability in streams of exhaust gases should be accelerated on internal com-
bustion engine stands. Thus, in addition to platinum and mixed catalysts
of group 8 metals and also palladium and supported oxide catalysts promoted
with platinum group metals, of interest for the practical removal of car-
bon monoxide from exhaust gases may be natural ores activated with metal
oxides including oxides of precious metals.
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Chapter 3

OXIDATION OF CARBON MONOXIDE ON LOW-PERCENTAGE METAL CATALYSTS

A survey of the literature on catalytic removal of toxic components
from exhaust gases shows that the most suitable catalysts for this purpose
are low-percentage supported metal catalysts.

Because of the rigid conditions of operation of exhaust-purification
catalysts (high space velocities of up to 100 x 103 hr-l, overheating to
800-1000°C., stable activity for no less than 20,000 km) there follow some
special requirements with regard to the methods of their preparation. First
of all, the catalyst must be effective, stable tp thermal treatment over a
wide temperature range, and must be characterized by a strong adhesion
between the metal and the substrate and an optimum depth of impregnation of
the carrier. Of particular importance is the choice of the carrier, whose
chemical nature and structure determine the activity and operational strength
of the catalyst. There is need for simple methods of catalyst regeneration
in the course of operation and recovery of precious metals from the spent
contacts.

\

The section below discusses the development of a method of preparation
of platinum, palladium and mixed supported catalysts suitable for oxidizing
carbon monoside and other components of exhaust gases. Particular emphasis
is placed on the method of deposition of metals on the carrier, the condi-
tions of preliminary activation of the contacts, and effect of the carrier
on the activity and mechanical strength of the catalysts.

Methods of Preparation of Catalysts

There are a number of methods of preparing catalysts for oxidation-
reduction processes in the form of supported metals. They include:

1. Precipitation of metals from solutions of their salts or other
compounds, followed by roasting, and reduction.

2. Deposition of the metal layer by brazing from organic pastes.

3. Electrolytic deposition of metal on metal or on a conducting
layer previously deposited on the support.

4. Preparation of cermets by sintering.
5. Deposition of a metal layer by cathodic vaporization in a vacuum.

In practice, two variants of the first method have been most widely
adopted: adsorption by the carrier of compounds of active metals from dilute
solutions with removal of excess solution (adsorption catalysts) and impregna—
tion of the carrier with solutions of salts based on its moisture capacity.
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The second variant is simpler and more convenient, since in some cases the
steps of filtration and washing of the contacts are eliminated.

Usually, the carriers (A1203, silica gel, aluminosilicate, etc.), from
which the moisture has been removed by drying, are impregnated with solutions
of salts of the corresponding metals, the moisture is driven off at 110-120°C.,
and reduction to metals is carried out in a stream of electrolytic hydrogen
at 200-500°C. Platinum, palladium [187-202] and palladium-ruthenium contacts
[203] are thus obtained for use in the removal of 0y, NO and CyH, from con-
verted gas.

Complex salts of platinum metals are decomposed to the metals by firing
at a high temperature. Thus, in the work of Kh. M. Minachev and N. I. Shuykin
et al., active Pt, Pd, and Re—-Pd reforming catalysts were prepared by impreg-
nation of the carrier with solutions of the corresponding complex salts or
acids, followed by roasting [192, 193] or by treatment with hydrogen sulfide
at low temperature [234-238]. The activity of such contacts is positively
affected by the addition of compounds of group III metals and rare earth ele-
ments to the impregnating solution [242]. In the deposition of platinum on
nonporous carriers, the binder used by some authors is a mixture consisting of
an aqueous suspension of finely ground aluminum and beryllium oxides with an
admixture of aluminum nitrate [239-241]. Metal films strongly bound to the
base are thus formed.

The activity and stability of contacts obtained by impregnation are
greatly affected by the nature of the initial salt. Thus, a study by
M. D. Adamenkova and O. M. Poltorak has shown (Table 6) that in the decompo-
sition of hydrogen peroxide, the greatest activity among platinum contacts
on silica gel is displayed by a catalyst prepared from a platinum ammine [227].

Table 6

Effect of the Nature of the Initisl Platinum Salt on the Catalytic
Activity of Platinized Silica Gel Samples [227].

Initial Platinum % Ad-
c s sorption | % Pt Tred, ®,-10 o
oo of Salt | nSiOy| G | g pe-
on Si02

{CH3NH,)PtCl; 72 1,44 150 0,028
(NH;3)Pt(NO;), 36 0,73 200 0,178
[(NH,).(OH);Pt}(NO3), 36 0,73 200 0,147
{(NH,3),(0OH).Pt] (Cls) 83 1,67 200 0,065
%lat::numfami;naé series I

or ys at room
tg;gffsthen at 65°C. . 95 1,50 300 0,290
Platinum ammine, series II
(drying at 65°C.). 95 1,50 300 0,690
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Platinum contacts prepared from [Pt(NH3)4](OH)2 display a high sta-
bility during petroleum cracking [228] (Table 7).

Table 7

Activity and Stability of Petroleum-Cracking
Platinum Contacts

Initial Platimm| pj.isoom | Reduction | Overall
in Octane {Stabilit
Compound Content, %| Number Index J
H.PtCl, 0,48 2,5 53
[Pt(NH,)]Cl, 0,484 4,0 43
[PHNH;);:J(OH), 0,465 2,0 82

-~

Other researchers [229] also indicate a high stability of platinum,
palladium, and rhodium oxidation, hydrogenation, cracking, and reforming
contacts prepared by impregnating aluminum oxide with solutions of organic
metal complexes containing no chloride ions.

In order to obtain a very uniform and strong coating of Pt, Pd, Rh, Ru,
Ag, or their mixtures (Pt-Rh, etc.) on the aluminosilicate carrier, it is
recommended that the catalyst be reduced while still moist (15-207 moisture
content) at a low temperature (up to 75°C.) with subsequent roasting in air
at 100-1000°C. [204]. The same effect is produced by the introduction of
oxidants into the impregnating solution. In US patents, it is recommended
that in the precipitation of platinum from chloroplatinic acid solution on
aluminum oxide, the oxidizing agents used be nitrates (nitric acid, 0.3-1.5
times the weight of the platinum) or hydrogen peroxide [209, 210].

In some studies, the carrier is first impregnated with solutions of
salts of metals, for example platinum and ruthenium [205], which are then
precipitated with sodium carbonate in the form of hydroxides. Lacev [206]
proposes that after the carrier has been impregnated with sodium carbonate,
the metal (Pt, Pd, Rh, Os) compound be deposited during boiling from orgamic
solutions (ketones). The metal' oxide, which thus deposits only on the outer
surface of the carrier, is dried after the ioms of the initial salt are washed
off and is reduced in nitrogen-hydrogen mixtures at 250°C. [201, 202, 398].

A rapid reduction of the metals from the salts and formation of an active
metal layer is facilitated by a preliminary treatment of the carriers with
hydrogen or carbon monoxide [207, 208]. A positive effect on the reduction
rate is produced by the introduction of formaldehyde into the stream of hydro-
gen. Active palladium and platinum catalysts on asbestos fabric and porous
ceramic rings for industrial applications are thus obtained [77, 84, 211-213].
The method of preparation of supported metal catalysts is substantially
simplified by reducing the metals from their salts with the aid of reducing
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solutions that impregnate the carrier before or after deposition of the

salt of the initial compound. The reductants used are formaldehyde
[214-216, 219, 397], sodium formate [103, 197, 217, 218], sodium hypophos-
phite [219, 220], hydrazine [220-221], hydroxylamine [222], organic acids

in the presence of ammonia and without it [225, 226], ethylene glycol [224],
compounds of 1,4-dihydropyridine [223], or dialkyl sulfides [399]. The
temperature of preparation of the catalysts is thus substantially reduced,
thereby apparently causing the formation of metals in the form of fine crystals
with a nonequilibrium form of faceting, and a large fraction of amorphous
phase which is due to a decrease in the surface migration of the metal atoms
on the carrier.

Reduction of palladium with sodium formate [217, 218], and of platinum
and other metals of groups 8 and 1 with hydrazine and hydroxylamine [221,
222], is used to prepare active palladium, platinum and mixed catalysts for
the purification of internal combustion engine exhausts. A necessary step
in the preparation of these contacts is the washing of the catalyst to remove
extraneous ions following the interaction of the reactants on the carrier,
drying at 120-170°C., and roasting in a stream of air at 250-550°C. depending
on the type of contact.

If the composition of the complex organometallic compound includes
reducing agents such as the acetylene [230, 231], amine [233], alkyl, cyclo-
alkyl and other radicals [229, 335], the process of preparation of the
catalyst is even more simplified.

Thus, Bukhovets [230, 231] has shown that after impregnating the carriers
with complexes of palladium chloride or platinic chloride with dimethylethynyl-
carbinol, heating to 130°C. is sufficient to decompose the complexes formed
to the metals. The same method is recommended for preparing a platinum
catalyst by starting with organic complexes of platinum of the general formula
(Me, R, Y )Jm, where Me is a polyvalent metal (Pt, Pd, Rh), R is a hydrocarbon
radical of variable structure, and Y is H or OM [229].

In order to increase the stability of platinum~palladium catalysts in
the reaction of dehydrocyclization and aromatization, the carriers are impreg-
nated with solutions of complex salts of platinum and palladium with alkali
metals, for example, Na,PdCl, or K PtCl [199, 400]}. Alkali metal ions have
a stabilizing effect on platinum. ?ntensity of the bands of metallic
platinum in the x~ray spectra of these catalysts decreases, although the
average size of the platinum crystals remains unchanged [401].

Catalysts on metal carriers (screens, wires, sheet steel) are prepared

by electroplating, contact displacement of metals upon immersion of metal'
articles into solutions of the corresponding salts, and chemical reductien.
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The electroplating of platinum group metals has been treated in special
surveys and papers [402-407}, so we shall not dwell on this method. Let us
note only that the electroplating of platinum is carried out from phosphate
electrolytes, and that of palladium, from phosphate and nitrite electrolytes
after special cleaning of the conducting surface [259-262]. A drawback of
contacts obtained by electrolytic plating of surfaces is the weak bond
between the metal layer and the support and a small surface area. Neverthe-
less, all-metal catalysts made of alloys of platinum with other metals and
deposited on special strips of alloy steels find extensive applications,

particularly abroad, in the catalytic purification of industrial waste gases
[409-411]7.

In applying a catalytically active layer of metal on wires, screens, and
spirals of pure metals (copper, aluminum, iron) or their alloys (nichrome,
"fekhral" [a high-resistance alloy similar to Fecraloy] nickeline, manganin,
etc.), the method of brazing from reducing organic mixtures is frequently
employed [243-247, 254-258]. The same method is suitable for applying metal
on nonconductors: ceramics, glass, mica, etc. [248, 249, 252, 253]. It is
recommended that rosin, amyl acetate, synthetic resins such as polymethyl
methacrylate, and alcohols be included in the composition of the reducing
mixture.

N. Z. Kotelkov and M. S. Gershenovich [243-246] use this method for
applying platinum and palladium on nichrome wire for the purpose of oxidiz-
ing hydrogen, carbon monoxide, methane, and sulfur dioxide in the analysis
and purification of internal combustion engine exhausts [6].

A catalyst obtained by brazing from an organic mixture has an extended
surface coated with highly dispersed fine crystals. However, as the contact
continues to be used, sintering is observed, and the active phase is partially
carried off the surface. The authors have described the composition of
tinctures and the conditions of their brazing. Palladizing is carried out by
taking 0.05 g of palladium in the form of a saturated solution of palladium
chloride, adding 0.5 ml of pinene, 0.5 ml of alcohol, and a few drops of a
concentrated ammonia solution of salicylic acid (which produces a wetting
layer). The nichrome wire is first kept red hot for about 10 hours (to obtain
an oxide layer), then immersed in the tincture and heated for 10-15 min at a
moderate temperature to braze the mixture, and the temperature is raised to
a red heat. The brazing process is repeated two to three times, and finally
the contact is kept at a bright red heat for 30 min.

In the platinizing process, 1 g of platinum tetrachloride is dissolved
in 3 ml of alcohol, and 10 ml of a saturated solution of boric acid in alco-
hol and 20-ml of a 1:1 mixture of turpentine and lavender oil are added.
According to the authors' data, the contacts thus obtained prove to be hun-
dreds of times more active in the dehydrogenation of cyclahexane and tens of
times more active in the oxidation of hydrogen than ordinary platinum or
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palladium catalysts on asbestos (Zelinskiy's catalysts). This effect is
due to the fact that the oxide crust on the surface of nichrome protects
the thermally precipitated platinum from fusing with the metal of the base
at very high temperatures.

Brazing of metals from pastes into ceramics, glass, quartz, mica,
and plastics is used to prepare electrically conducting coatings and has
been described by B. Ya. Kaznachey [250] and F. Ya. Yevteyev [251]. The
composition of the platinizing paste includes 1 g of chloroplatinic acid,
3 g of ethyl alcohol, 10 ml of a saturated solution of boric acid in alcohol,
and 20 ml of turpentine.

The binders used are essential (lavender) and vegetable oils (linseed,
cottonseed, soy, castor) or a solution of rosin in turpentine. Prior to the
application of the paste, the ceramic is etched in hydrofluoric acid (or a
small surface is prepared mechanically), then cleaned, dried and calcined
at 550-600°C. The layer of paste applied on the surface of the carrier (by
dipping or with a brush) is dried to drive off the volatile matter, then
brazed in ovens with strong ventilation. The process of brazing of silver
to a ceramic, for example, begins at 600°C., but better results are obtained
at 800-850°C. At this temperature, the flux is more actively bound to the
ceramic, and this increases the mechanical strength of the bond. Thus,

B. Ya. Kaznachey notes that after a triple brazing of silver, an effort of
50 kg/cm? is required to detach it from the ceramic. A layer obtained by
brazing has a porous structure and possesses no bulk conductivity.

To prepare metallized glass electrodes, M. S. Zakhar'yevskiy [252],
V. A. Rabinovich and 0. V. Kurovskaya [253] used a mixture of 1 g of chloro-
platinic acid in 10 ml of alcohol with 10 ml of a saturated solution of boric
acid in alcohol and 20 ml of a rosin solution. The rosin is first dissolved
in hot turpentine, cooled, and diluted with an equal volume of alcohol. It
is recommended that the brazing be carried out in the flame of a burner. 1If
metal carriers are used, the platinum or its alloy with other metals is also
brazed in the flame of a burner, but after the preliminary application of a
thin layer of Al,04, ZrO, or any other refractory oxide [254].

The metallization of refractories is carried out in two steps [255].
First, the surface of the refractories is coated with a thin platinum film
that firmly penetrates into the fine pores, and in the second step pastes
that can contain up to 50 wt. 7 platinum are used. The metal content and
paste viscosity are selected according to the porosity of the refractory so
as to allow the formation of dense metal films without excess impregnation
of the interior of the refractory. The compounds of platinum and other metals

in pastes decompose to the metals in atmospheric air, the strongest bord being
obtained on nonporous materials. ]

Heating is carried out at different temperatures depending on the base:
ordinary sodium glass 570-625°C.; Pyrex, quartz glass 650-680°C.; glazed



ceramics 675-760°C.; unglazed ceramics 760-845°C.

Apparently, platinum was applied in a similar manner on porcelain rods
in the shape of candles by the American scientists Houdry and Hayes in the
preparation of a catalyst for removing noxious impurities from internal
combustion engine exhausts [256, 257].

When silver is used to metallize the carrier surface [258], the paste
is prepared by coprecipitation in aqueous solution of reducible silver com-
pounds with compounds of other metals (alkaline earths, etc.) that are
irreducible on heating, followed by reduction of the silver at low temper-—
ature and the formation of a suspension in an organic liquid. A catalyst
with an extended surface and a high activity is prepared by applying the
paste on a support. .

In the preparation of cermets, finely divided powders of metals, their
oxides and other chemical compounds are mixed in the required proportioms,
then molded and subjected to sintering at a high temperature. The papers
of Ternision [263] describe the use of alloys of platinum with nickel and
metal oxides (Zr0,°Ca0), obtained by sintering (25% porosity), as catalysts
for the afterburning of automobile exhausts, surface combustion of rocket
fuel, synthesis of hydrocyanic acid by oxidation of an ammonia-methane
mixture with air, and other chemical transformatioms.

The methods of application of a metal layer by cathode sputtering and
Vacuum deposition are employed rarely and for special purposes.

It is evident from the above survey that among the methods of prepara-
tion of low-percentage platinum, palladium and mixed catalysts, those deser-
ving most attention are methods of impregnation of the carrier with solutions
of salts of the corresponding metals or their mixtures with organic reducing
agents for the purpose of excluding the stage of reduction of the oxides to
the metals in the gas phase and obtaining a strong bond between the metal
and the support. One of the variants of such procedures are the methods of
preparation of palladium and mixed catalysts containing palladium proposed
by D. V. Sokol'skiy, N. M. Popova et al. [266, 267]. A distinctive feature
of the method of preparation of a palladium contact is the small number of
steps involved, i.e., the absence of such steps as washing of the catalyst
to remove extraneous ions and reduction in hydrogen.

The effect of the conditions of preparation on the activity of contacts
in the oxidation reaction of carbon monoxide was studied in the course of
development of the method. It was shown that the degree of conversion of
carbon monoxide is -affected by the duration of the impregnation and the con-
ditions of activation chiefly at temperatures of 200-250°C. (Table 8).
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Table 8

BEffect of Conditions of Preparation on the Actiuty of Palladium Catalyst
on Synthetic Aluminosilicate (0.5 wt. % Pd) in the Re%ct:.on of Oxidation
of 1% CO in a Stream of Air, V = 36 x 103 hr=1,

egree of Oxidation of CO, %
Impregna- Treatment Following
tion Time, Impregnetion 200° | 250° | 800° 400°
Days

1 D at 110°C., activa- 0 50 84 95
2 aonmsat 400°C. 1n & strea 35 65 84 96
3 of air for 0.5 hr 20 64 81 89
4 » 15 52 82 89
5 » 10 40 83 90
2 Drying at 110°c., act]_va- 17 | 66 82 92

tion at LOO®

of % CO and 10%" 0o for
0.5 hr.

Figures 17 and 18 show thermograms of a palladium catalyst on synthetic
aluminosilicate and aluminum oxide, obtained during a gradual temperature
elevation (5°C./min) for undried (1) and dried (2) samples. From the Pd/Al,;0
thermogram it is clear that a change in the weight of the samples occurs
mainly at temperatures of 50-120°C. and 230-270°C. The granules of both
samples of catalysts blackened considerably at 50-100°C.

The activity of palladium and mixed palladium catalysts is greatly
affected by the gaseous atmosphere (Table 9) in which the process of catalyst
activation takes place. Contacts obtained by activation in hydrogen are less
active in the oxidation reaction of carbon monoxide.

Decrease in weight of

»| catalyst,
s ng * \o
7
! - -
.
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20 0 oo 200 P o0 50 o e

Fig. 17. Thermogram of palladium catalyst on synthetic aluminosilicate.
1 - sample before drying; 2 - sample from wnich moisture has been removed.

The temperature at which activation of the contacts takes place im the
stream of air is of considerable importance. Table 10 lists data on fhe
effect of the activation temperature on the oxidation of carbon monoxide over
low-percentage platinum, palladium and platinum-palladium contacts.
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Fig. 18, Thermograms of palladium catalyst (0.5 wt. % Pd) or
aluminum oxide, 1 - sample Lefore drying; 2 - sample from which
moisture has been removed,

Experiments have shown that palladium catalyst on many carriers dis-
plays a maximum activity after activation in a stream of air for 3 hours at
400°C., and platinum catalyst, at 500°C. In the case of mixed contacts, the
temperature of the treatment depends on the composition: for platinum-pal-
ladium and other platinum-containing contacts such as platinum-nickel and
platinum—cobalt 500°C. is required, and for palladium catalysts, 400°C. The
effect of the temperature of treatment of platinum catalysts and palladium
foil with oxygen and an explosive gas mixture on their activity in oxidation-
reduction reactions is discussed in [273-278]. In the hydrogen oxidation
reaction, the activity of platinum increases almost linearly with rising
activation temperature and rate of absorption of oxygen up to 550°C., then
falls off linearly (Fig. 19) [274].

M. I. Nikolayeva and A. I. Shlygin [295] also observed that the rate
of decomposition of hydrogen peroxide on thermally activated platinum goes
through a maximum after it is treated at 500°C. This they explain by the
formation of oxygen strongly bound to the platinum surface [295]. This was

Tuble 9

Oxidaticn of Y% CO in a Stream of Air in tke Presence of PalladiumeCobalt
Catulys; (Pa:CO = 1:1) (I Me = C.75 wt. %) on Sygthe_t..ic Aluminosilicate
at a Space Velocity of 26 x 102 hr™-,

Activation of Catalyst Degree of Oxidation of CO, %
In & Stream of Hy| In a Stream of Aix
Temper= s Tempe™ Ipuration o o o 400°
atugg, Durg::.on, ature, b 200 250 300
°C. °C
800 4 . —_ — 20 42 60 o
300 2 _— -— 1022 | 80—45 | 60—74 |77—88
500 1 — _ 12 48 60 7
400 1 — — 16 81 60 |- 80
_ - 400 0, 22 | 87—b4 | 60—T4 [T5—88
—_— —— 400 2,0 10 26 42 64
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Table 10

Cxidation of 1% CO in a Stream of Airat V = % x }03 hr™' on Platinum,
Palladium and Platinum-Palladium Catalysts on Carriers (0.5 wt, %L Me)

Percent of Carbon Monoxide Oxidation at
Different Temperatures After Activatien
for 3 Hours in & Stream of Air at

Carrier 400° 5mo

200' 250 300| 400| 200 | 250 , 300 l 400

Platinum/carrier (obtained by brazing platinum
from an organic mixture for 2 hours in air

Corundum 67 ] 74 100 100 |} 77 | 100 | 100 j100-
Porcelain 21 | 50 [100 {100 | 96 | 100 | 100 (100
Aluminum oxide 69 { 95 |100 |100 | 90 99 | 100 (100-
Synthetic aluminosilicate 76 {100 J100 (100 | 79 100 | 100 (100

Palladium/carrier (obtained by brazing palladium
from en organic mixture in hydrogen)

Aluminum oxide (reduced in Hp) 45 | 72 |100 |100 | 40 70 | 100 j100-
Synthetic sluminosilicate

not. reduced in Hy) o|35(65|95| o | 18| 43|92
Synthetic aluminosilicate ‘ '
reduced in 36 | 68 {100 100 | 28 | 62 | 100 {100

Houdry catalyst (not reduced) 50 | 75 | 90 | 99 0 42 | 78|97
Keles bentonite l 95 100 {100 [100 | 80 | 100 | 100 [r00*

Platinum-palladium/carrier obtained by our
proposed method

Darbaza clay 75 ) 98 |100 100 | 90 | 100 } 100 |100
Kustenay clay 46 | 77 {100 {100 | 60 95 | 100 {100
Keles clay 43 | 71 [100 100 | 67 84 { 100 1100
Aluminum oxide 68 |77 | — 75 85 | 100 [100

Ceramic 48 | 96 100 1100 | 62 | 100 | 100 {100

confirmed by Yu. M. Tyurin and L. G. Feoktistov [268], who noted an increase
in the strength of the bond of oxygen adsorbed on platinum after activation
of the latter at this temperature. V. P. Lebedev et al. attribute the maxi-
mum on the activity curves of platinum black and platinum on silica gel,
starting from the calcination temperature, to the supersaturation of the
surface with adsorbed oxygen [269-272]. M. Kraft and G. Spindler suggest
that in the course of treatment of Pt/Al O3 in a stream of air at 500°C.

the finest particles of platinum either %orm a complex with oxygen, or o;ygen
enters the lattice of the fine crystals [302]. The penetration of oxy gen
atoms enters the lattice of the fine crystals [302]. The peﬂetration Ff‘;
oxygen atoms into defects of the platinum lattice was noted by S. Z. ﬁgiﬁskiy
and V. 8. Rozing [277]. An extensive interaction of metals (particulérlf on
carriers) with adsorbed oxygen causes some of the atoms to pass to a 'state
that enables them (in contrast to massive platinum and palladium) to dissolve
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Fig. 19, Oxidation rate constant
of Ho on platinum vs. tempecature

of its activation with oxygea (i)
and the amount of absorbecd oxygen
vs. temperature (2) [274].

49 K x 10° . m;nole{ggz in acids [412]: It is known that the

binding energy between adsorbed oxygen and
the metal determines its activity in oxida-
tion reactions. Apparently, for platinum
catalysts at 500°C. and palladium ones at
400°C., the conditions are favorable for

the adsorption of oxygen of optimum binding
energy which results in the maximum activity
during oxidation of carbon monoxide.

In connection with the study of the
effect of the conditions of preparation on
the activity of low—-percentage catalysts, it
is of interest to compare the activity of
contacts preparéd by different methods.
Table 11 lists data on the oxidation of car-
bon monoxide over platinum and palladium
catalysts prepared by impregnating the car-
rier by our proposed method (method 1) and
brazing of an organic mixture* by Kotelkov's

method (method 2). The rate constant was calculated from a first-order
equation. The specific rate constant was obtained by referring the rate
constant to the amount of palladium in the catalyst.

Oxidetion of 1% CO in a Stream of Air at V = %6 x 10

e Table 11
+4

3 el on Supported

Palladium Catalysts (0.%% Pd) Prepared by our Proposed Method (Method 1),
From an Organic Mixture (Method 2)
and Activated in a Stream of Air at 460"0.

% ogxicdation Woight of
‘Weaght o
Carrier B ] Catalyst, X 200°C Rioc;ga sp
' 3 |200%250°| 300° | B
=

A=1 Aluminum 1 1960 {100 | 100 1,129 87,1 6,56
Oxide 2 (45|72 100 1,801 9,56 1,47
Houdry Contact 154|680 100 1,072 11,7 2,19
2 1507 90 1,433 11,1 1,56
Bead Alumino- 1|eo|9|100| 1,324 | 147 | 2,23
silicate=2 2 186 {68 100 1,503 6,1 0,81

The experiments showed that the specific activity of catalysts obtained
by impregnation according to our proposed method was 2=4 times higher than
in the case of brazing in a reducing atmosphere from a complex organic mixture.

" % The composition of the mixture included lavender oil, boric acid, etkanol, and Oi-pinene. Brazing
was carried out in hydrogen for 2 hours at 250°C.
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Table 12

Effect of the Method of Preparation of Palladium Catelyst on ShN-2 Bead
Aluminum Oxide (0.5 wt. % Pd) on the Activity in the Qxidation Reaction
of 1% CO in & Stream of Air at V = 36 x 10% hr=1

Degree of Oxidation of CO, %

Conditions of Preparation
of Catalyst 150° | 200° [ 250° | 800° | 400°

Impregnation of, aluminum oxide with

a solution of [Hz(Pd(NHa)) c
dryigg},u_ activation at & 91:.]21’1 Hy 12 43 71 91 98
for
Impregnation of aluminum oxjde with
a solution of [ (Pd(NHz),iCL,, dry-
: o 9 d
dpey sekimrign,for 2 b ek WO | gp | r | gg | g5 | o
Impregnation of aluminum oxide with
sodium carbonate, then N dC1y,
followed by washing, drygi, and .
activation for 2 hrs in a stream of | 27 65 76 91 99
air at 400°C,
Impregnation of aluminum oxide with
liv'aﬁdCI s then sodium carbonate
()

i g 20 w0 | e | e | 100

- Tor 2 hours | . .
Impregnation of aluminum oxide with
sodium carbonate, then NaoPaCly, 32 68 79 04 100
followed by washmg, drying, an : '
activation at 300°C, for 1 Ar in H
Impregxation of aluminum oxide with
a Pd 1§ solution, then sodium for-
mate, Followed by washing, drying, 30 €0 80 94 100
and activation at 400°C. for 2 hrs
Impregnation of aluminum oxide
according to our proposed method

followed by dr and activation s —_ -
followed by drying, end activ |30—45/57—80{78—80/94—97] 99—100

The activity of a palladium catalyst prepared by impregnation according
to our method was found to be higher than that of contacts obtained by the
known methods (Table 12). Palladium contacts prepared by reduction of
palladium with sodium formate or precipitation with sodium carbonate have a
similar activity, but their preparation is more complex. Activation of
palladium in hydrogen decreases the percent oxidation of carbon monoxide.
The preparation of palladium catalysts by impregnation according to our
method followed by drying and heating has a number of advantages over the
others: a single impregnation step and the elimination of the steps of
reduction of the catalyst with hydrogen and washing off of extraneous iomns.

Mechanical Strength of Catalyst and Depth of Impregnation of Granules

The mechanical wear and the exothermic oxidation reactions occurring
on the surface loosen and break down the upper layers and structure of, the
catalysts, lower the content of active components, and lead to a decre&s 1
the catalytic activity and service life of the contact. :
catalysts are subjected to particularly strict service co
of the action of vibration during motion of the automobil

e/ in
Exhaust purification
nditions as a result
e and when they are
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in the form of a mobile layer after a partial breakdown and entrainment
of the catalyst. For this reason, the mechanical strength of supported
catalysts and the depth of penetration of the metal into the granules are
of great importance in the production of low-percentage catalysts.

A major influence on the mechanical strength of low-percentage catalysts
is exerted by the structure and size of the pores of the carrier. G. K. Bores-
kov, V. D. Dzis'ko, et al. have shown that in the case of aluminum oxide,
the mechanical strength is determined by the conditions of its preparation
and decreases sharply when the logarithm of the pore radius increases above
2.8 and when macropores predominate substantially over micropores [413].

The relative mechanical strength of palladium catalysts on ShN-2 alumi-
num oxide is affected by the mode of deposition of palladium on the carrier.
Table 13 presents data on the relative mechanical strength of dried palladium
catalysts (moisture content less than 0.5%) on Al,0, as a function of the
method of their preparation.* A high mechanical strength (90-93%) was dis-
played by contacts prepared by impregnation by the method we have proposed,

especially when vacuum—dried and when the palladium was precipitated with
sodium carbonate.

The mechanical strength of palladium catalyst on synthetic bead alumino-
silicate ShAS-2 is affected by the conditions of drying and activation of the
catalyst. The drying of the supported palladium catalyst must be carried out
under equilibrium conditions at low temperatures (90-110°C.). Raising the
temperature causes a marked difference between the partial vapor pressures
of alcohol and water within the narrow pores of the bead aluminosilicate and
in the air surrounding it, and causes the formation of microcracks in the
contact pores which subsequently lead to a breakdown of the catalyst. Calcin-
ation and activation of the catalyst (after drying under equilibrium conditions)
at high temperatures in a stream of air have no adverse effect on the mechanical
properties of the catalyst.

The uniformity of distribution of the active metal on the carrier and
the depth of impregnation are determined by the conditions of preparation of
the contacts.

Usually, in catalysts obtained by impregnating a fabricated carrier, the
metal distributes itself unevenly. According to the data of Rubinshteyn
et al., this unevenness increases with the carrier grain size. The diffusion
of the impregnating solution into the pores determines the degree of distri-
bution of the metal over the carrier surface. If the diffusion rate is slow,
the metal deposits at the entrance of the pores, particularly in the presence
of reductants. A uniform distribution of the metal over the depth of the

i .ical strength of tre samples was determined by attrition in a 250 ml bottle
/3 f:l{hgnrilgg:l‘::rmi‘ghgroéggoo ose/min for 5 hours. The amount of catalyst fractions remaining on a
screen with d = 3 mm was taken as the measure of strength.
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grain takes place if the carrier is kept in the solution or in the moist
state for a long time following impregnation with solutions of the corres-
ponding metal salts. When pellets of activated charcoal are impregnated
with chloroplatinic acid then dried (120-125°C.) and reduced (330°C.), the
bulk of the metal precipitates on the surface [279].

An x-ray absorption study of the distribution of platinum with depth
in the grain has shown that as the depth of penetration into the grain
increases, the metal contact in these catalysts decreases. A similar and

Table 13

Relative Mechanical Strength of Palladium Cata-
lysts on Aluminum Oxide

Relative
Method of Preparation Mechanical
Strength

Impregnation of carrier by our
proposed method, vacuum drying 94
Impregnation of carrier with sodium
carbonate followed by NagPdCl,,

wash: dryin, activation 1
3 stregh o atg’at osc, Taven 9

Impregnation of carrier by our pro-
posed method drying, and activation
in a stream of air at 400°C, 80

Impregnation of carrier with Nadecuq,
treatment with sodium carbonate,,
.washing, drying, and activation in a 79
stream of air at 400°C.

Impregnation of carrier with .
[H;(Pa(NO3),]C1,, drying, and acti- 76
vation at 400°C. in a stream of air.

still more pronounced uneven distribution of platinum and palladium within
the grains has been observed in catalysts on aluminum oxide. The authors
hold that the nonuniformity of the distribution of platinum in the carrier
grains is due to a decrease in the concentration of the initial solution

in the depth of the grain as a result of its adsorption by the surface layers
of the carrier.

Thus, in order to deposit the bulk of the metal in the surface layers
of the carrier, it is necessary to use concentrated solutions of salts of
the corresponding metals. Platinum distributes itself more evenly within
the grain when dilute solutions are employed [280].

As the pH of the impregnating solution decreases upon introductio’ of
organic or mineral acids (nitric, acetic) [281], the depth of penetration of
platinum into the grain increases. By occupying a part of the accessible
surface, the acids hinder the sorption of PtC16= anions and promote their
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diffusion into the pellet. An impregnation depth of approximately 2 mm is
obtained in solutions of 27 nitric and acetic acids at an HyPtCl, concentra-
tion of 2 g/l at 40-50°C. in 1-2 hours.

Obviously, the greater the depth of penetration of active metals into
the carrier and the stronger the adhesion, the longer the time required for
the contact to be used up, and thus its service life increases. However, a
complete impregnation of the granules Is also undesirable because of a de-
crease in the metal concentration in the outer layers, and also because the
size of most stationary catalysts is limited by the size of the openings in
the catalyst shelves. Exhaust purification catalysts are placed in the form
of a thin layer between screens with a hole diameter of 2.5 mm. For an aver-
age size of carrier beads of 4~5 mm, the optimum impregnation depth is 1 mm.

The characteristics of our proposed method make it possible to control
the depth of penetration of palladium into catalyst beads (from 0.1 to 2.5-
3.0 mm) and to obtain low-percentage catalysts with a uniform distribution
of the metal over the depth of the grain.

Regeneration of Precious Metals

Of no less importance than the process of preparation of low percentage
catalysts is the regeneration of precious metals and palladium from catalysts.
The question of recovering precious metals from spent contacts arises in con-
nection with the complete deactivation of palladium and platinum reforming,
platforming, isomerization, hydrogenation, and oxidation catalysts. The dif-
ficulty of carrying out this process sometimes lies in the fact that the
deposited metal may react chemically with the carrier.

On the other hand, the peculiar state of adsorbed atoms on carriers in
the range of high dilutions, consisting in a surface distribution that is
intermediate between a metallic and an atomic distribution, facilitates their
dissolution in acids without a simultaneous action of oxidants (HCl + Cl,,

HCl + HN03). Several authors have explained the ease of dissolution of plati-
num in low-percentage catalysts dfter treatment with air or oxygen by the
conversion of a part of the platinum to a complex with the carrier where Pt
exists in an oxidized state [302, 322].

The methods of extraction of platinum and palladium from ores, alloys
and also spent catalysts may be divided into three groups: 1) extraction of
precious metals by dry and wet chlorination; 2) dissolution of platinum and
palladium in the presence of anodic polarization current; 3) extraction by
chemical reaction with acids and alkalis with and without oxidants (chlorine,
hydrogen peroxide, nitric acid). The extraction of prgcious metals by dried
chlorination followed by dissolution in mixtures of acids is used mainly to
extract platinum and palladium from ores and waste materials of low metal
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contant [283, 284]. The overall degree of extraction of platinum metals by
this method is 89%; it is as high as 927 for platinum, but only 25% of
palladium is recovered. When palladium-containing materials are treated
with 2% HCl with an admixture of sodium chloride while a stream of dry chlor-
ine is passed, the degree of recovery of palladium increases to 30-50% [301].

This method is used to extract platinum from concentrate with a high
platinum content (25%), but dilute hydrochloric acid (1:1) is used, the
stream of chlorine is at normal pressure, and the temperature is 90-95°C.
Ore concentrates containing up to 5% of precious metal as chlorides are
subjected to the action of a mixture of hydrochloric and nitric acids
(refining), causing the formation of complex compounds of platinum and palladium,

The method of anodic dissolution of platinum, palladium and other metals
of this group, for example rhodium, is applicable in the case of massive metal
anodes or alloys [286, 287]. The anodic dissolution of palladium under the
influence of a direct current is associated with considerable polarization
and depends on the composition and pH of the solution and the temperature.

A 100% dissolution of palladium is achieved in an aqueous solution of hydro-
chloric acid (1:1, 1:3) at a current density of 10 A/dmZ.

In the recovery of precious metals from catalysts, the latter are

treated with an acid or a mixture of acids. Thus, N. V. Garmonov, A. L. Kle-
banskiy, and K. K. Chevychalova [288] recommend that palladium be separated

from spent palladium catalyst on silica gel (used to hydrogenate vinylacety-
lene to divinyl) by dissolving in aqua regia then evaporating the solution,

or in hydrochloric acid in the presence of chlorine. After the palladium had
passed into the hydrochloric acid solution, the authors carried out the pre-
cipitation of palladium on silica gel by bubbling hydrogen through this solution.

There is a method of recovering platinum from a spent reforming catalyst
(0.4-1.2 wt. % Pt, after the removal of organic impurities by calcination)
involving treatment with sulfuric acid, which also dissolves aluminum oxide,
followed by precipitation with polyacrylamide [290]. Other authors [291]
recommend that the recovery of platinum from spent catalysts on aluminum oxide
be carried out by dissolution in alkali under pressure.

A simpler method has been proposed by V. A. Klevke, D. S. Kantor and
R. P. Seregina [289]. According to their data, the regeneration of palladium
from spent palladium catalyst on aluminum oxide is carried out by treatment
with dilute hydrochloric and nitric acids (10-36%) at the boiling point with-
out the addition of chlorine.

D. V. Sokol'skiy et al. recovered palladium from a catalyst on alumihum

oxide and aluminosilicate by heating in dilute nitric acid (1:1) to 40-50°C.
(Table 14). ‘
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The regeneration of palladium from catalysts which have operated for
a long time in gas purifiers of internal combustion engines takes place
more slowly: a preliminary calcination of the contact is required in order

to drive off the soot, and in some cases a mixture of nitric and hydrochloric
acids must be used.

The precipitation of precious metals from solutions obtained in the
regeneration of the compounds is based on methods of their chemical and
electrochemical reduction, precipitation in the form of sparingly soluble
organic compounds whose decomposition forms the metal black or oxide, and
by means of selective adsorption on ion exchange resins.

Metals from solutions of salts of hydrochloric or nitric acid can be
separated by evaporating down to a small volume, then adding a small amount
of hydrochloric acid and sodium chloride in ordet to obtain complex sodium
salts stable to hydrolysis [292]. Metallic palladium can be readily obtained
from solutions of its compounds by reduction with formic acid, calomel, hydra-
zine, ethanol [293], and other compounds, for example, by passing reducing
gases such as ethylene, carbon monoxide, and hydrogen through the solution.
Similar methods are used for chemical separation of metallic platinum from
solutions of its complex chlorides. A greater practical importance is
assumed in this connection by a method proposed in a West German patent
[294], whereby palladium-containing acid solutions are passed from the top
downward through a column filled with packing coated with a layer of platinum
or palladium. A stream of hydrogen entering the bottom of the column is
simultaneously passed through it.

Table 14

Recovery of Palladium in Dilute Nitric Acid (1:1)
Prom 50 g of Bead Catalysts Pd{Sh@S—Z (0.75 wt. %
Pd) and Pd/A1,03 (0.5 wt. % Pd) with Stirring.

hJ Degree of

Duration Amount of t Recove
ature, <C. * ™ Pelladim | of Pally-
' ‘Recovered, g| dium, %
Palladiuﬁ-aluminosiiicate ’

1 ° 0,2666 79,8

gg 1 0,3250 87,0

20 3 0,856 93,6

20 5 0,3598 95,5

40—50 3 0,3598 95,5

palladium-sluminum oxide
8 0,2176 86,9
40%950 8 0,2436 98,6
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In the electrochemical reduction of palladium from its chloride and
nitrate solutions, the deposition rate is proportional to the total concen-
tration of the solution, is independent of the pH of the medium, but is
limited by the rate of diffusion of the ions to the electrode surface [287].
This factor determines the magnitude of the limiting current of deposition
of palladium [296]. The deposition of palladium from an alkaline solution
is associated with passivation of the palladium electrode [297].

Of interest is a study [298] of the separation of precious metals from
solutions of their salts by means of ion exchange resins. Data are available
on the quantitative absorption of platinum,.palladium, rhodium, and iridium
in the form of chloride complexes (anions). To separate the platinum group
metals (after their absorption on a cation exchange resin from a salt solution
containing no halogens), platinum should be washed with water, palladium with
0.05-5.0 M hydrochloric acid, rhodium with 2 M hydrochloric acid, and iridium
with 4 M hydrochloric acid. Studies have been made on the chromatographic
separation of platinum group metals from copper, iron, and nickel on the
KU-I cation exchange resin.

Role of the Carrier

While the method of preparation of low-percentage catalysts determines
their dispersity and amount of specific surface, the chemical nature of the
carrier and structure of its pores have a decisive influence on the effi-

ciency, stability, quantity and structure of the active centers of contacts
{303, 304, 305].

The porosity of contacts is of major importance in their practical
applications. The maximum utilization of the volume of the grain in the
case of reactions taking place at low pressures is achieved by using hetero-
geneous structures with large pores (bidisperse carriers), and at high pres-
sures, homogeneous fine~pored structures [190, 305].

For low-percentage oxidation catalysts frequently operating under dif-
fusion conditions, the best-suited may be structures with wide pores on the
surface of which the active substance deposits. With such a structure of
the carrier pores, the active phase is utilized to the maximum extent.

The study [54] compares low-percentage platinum, palladium, and platinum-
palladium catalysts on a number of carriers in the oxidation reaction of
carbon monoxide. As is evident from the results, the nature of the carrier
substantially affects the degree of oxidation of CO, particularly at low temper-
atures (200-250°C.).

The influence of the carrier is clearly manifested when one analyzes
the specific oxidation rate constants of CO, obtained by referring the rate
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constant (calculated from the first-order equation K =23 .‘% or degree
-a
of conversion) to 1 g of metal. Tables 15 and 16 list the values of the
specific rate constants for oxidation of carbon monoxide on palladium and
platinum catalysts obtained by our proposed method. The specific activity
in the series of palladium and platinum catalysts on different carriers
decreases by one order of magnitude from aluminum oxide to ceramics and the
insulating material (Fig. 20, 21, 22). Attention is drawn to the relatively
high activity of contacts on carriers whose composition contains Y—A1203
(aluminosilicate, Houdry contact, molecular sieve). A similar pattern but
not as clearly manifested is observed in the case of platinum contacts

Table 15

Specific Activity of Palladium Catalysts on Carriers (0.5 wt. %) in the
Oxidation Reaction of 1% CO in u Stresm of Air at V 2 x 103 hr~!

Specific Activity

| % conver- Weight | Amount] of 200°C, on 1 g
Carrier sion of CO of |of Pd, K200°C}, of Pd
Cﬂ;’:;! %0)'(3 sect
200° | 250° | & ’gogog;eﬂ Kep

eorpal x10°

Aluminum oxide, A=l 90 | 100 | 1,18} 5,90 ) 37,1} 15,2 8,56
ShAS-2 bead

aluninosilicate 60 100 | 1,82 | 6,60 | 14,7 9,1 2,23

Houdry contact 54 80 | 1,07 | 5,85 | 11,7.| 10,0 2,19

Molecular sieve 61 | 100 | 1,68 | 8,4 } 15,1 7.2 1,79

ShSK silica gel 41 66 | 1,02 }6,1 8,6 8,0 1,67

Foam glass 26 50 {1,0315,16| 4,8 5,0 0,94

Keles clay 42 95 | 2,14 [10,7 8,7 3,9 0,81
Insulating

material 29 93 | 2,30 |11,5 5,4 2,5 0,46

Ceramic 19 66 | 2,30 11,5 3,3 1,6 0,29

Table 16

Specific Activity of Platinum Catalysts, on Carriers (0.5 wt. %)
and Activated at 500°C. in a Stream of Air, in the Oxidgbion,
Reaction of 1% CO in a Stream of Air at V + 36 x 102 hr™

% Conver-| weight Rmount of . 200°C,
Carrier siog of of latinum, K'°_°1°C-s Ksplo’
t 200°C. lc"""é’“' x 10-3| >¢ *
A-1 sluminim wo | 1,226 | 61 | 742 | 12,3
Houdry contact 97 1,405 7,0 56,48 8,06
Hoteoular o8 | 1,788 | 89 | 6308 | 7.0
Silica gel o0 1,027 5,1 87,1 6,2
Baku ShAS 87 1,534 'i,gg i%,g g,g
65 | 0,98 . . .
P 70 | 2007 | 10085 | 1938 | 1.8

..57..



obtained by impregnation followed by brazing with an organic paste, when
less favorable conditions exist for the precipitation of fine platinum
crystals on the surface and for their interaction with the support (Table 17).

, ) z
,1 Ksp, 200°c, Epq X 1°

g

FF;OJ b 5‘02
—~— Houdry catalyst

Molecular sieve

Insulating
material .
- Ceramic

|

Fig. 20. Specific activity of supported palladium catalysts
in the oxidation reaction of carbon moncxide (0.5 wt. % of metal).

The same effect of y-Al 0_ as carrier was observed in the oxidation
reaction of CO on copper-chromium contacts (Table 18).

The increase in the specific activity of copper-chromium catalysts on
¥-Al,0, is explained in [396] by the stabilization of the copper ion in the
defect "structure of aluminum oxide, as expressed in a weak EPR signal
(unsymmetric singlet, g-factor close to 2.05-2.09). The strength of the
EPR signal shows a considerable increase of the electron density in the system,
favoring a donor-acceptor mechanism of the reaction.

The high activity of copper and chromium catalysts deposited on y-Al_.0
and MgO carriers in dehydrogenation reactions of cyclohexane and cyclahexanol
was reported by B. V. Yerofeyev et al. [393]. The authors attribute this to
the fact that the structure of these carriers contains octahedral cationic
sites at which the deposited metals are stabilized.
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A =
k y
sp 200*C, “Ft
2}
2 .
Houdry contact
8 Moleculsr sieve
Si0,
6
Aluminosilicate
4 Foam glass
2
|
aq
Pig. 21, .-p»:cif‘ic.xctivit;; of supported F-atinum cetalysts in the
oxidation reaction of carbon monoxide (0.5 wt. % of metal).
Table 17
Specific ictivity of Supported Platinum Catalysts (0.5 wt. % Ft), Pre-

pared by Brazing from an Organic Paste, in the Oxidation Reaction of

1% Carbon Monoxide in & Stream of Air at V = % x 102 hr-l abd 200°C,
Specific Activity
Amoun ar | J
% [Meight| ,r Kk200°Cqat 200°C. on 1 g
. Conve of |p1atid sec™t of Pt
Carrier sion (Cate= |num,
of CO| lysty|g x 3 % Conver- 3
g 10 sion on |[K__ x 10
1 g of Pt| SP
A=l aluminum oxide 90 | 1,3 7,011 37,1 | 12,8 5,29
Houdry contact 8‘ 1.40 7.0 29,5 12.0 4.21
Porcelain 9 | 2,77 | 13,8 | 51,8 6,95 3,76
ShAS=2
ot S 79 |14 | 7.0|256| 11,3 | 3,65
Keles clay €0 | 2,2 |11,0( 25,9 1:20 2,36
Gorundtm 77 | 3,38 | 16,9 | 23,5 4,55 1,39
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| Ksps 200°C. g;é x 10% Maxted [426] pointed out that the
reaction rate for the hydrogenation of
S cyclohexene on platinum and palladium
1Ry ' depends on the nature of the carrier.
hzf:{ﬁt Calculation of the specific activity
[ poccstinin (amount of hydrogen absorbed at the fourth

= 7 6,0, - Si0, minute on 1 g of active metal) for 17 pal-

¢ ladium catalyst, based on the data of the

study, indicates that this activity decreases

in the following order: CrZO% (25-27 x 103),
0

3y 1 3
AL,0, (20 x 10%), Ti0, (18 x 103), Tho,

(12 x 103), Mg0 (9 x 103), zr0, (4 x 103),
and V,0 (3 x 103).

LiLE

The special properties of y-Al,0, as a

Fig., 22, Specific activity of carrier in the oxidation reaction of carbon
supported platinum catalysts ) .

(0.5 wt. % of metal), obtained monoxide become clear when one examines the
by brazing from 2n organic paste, adsorptive properties and reactivity of the

in the oxidation reaction of

— deposited metals for different degrees of

surface coverage. The character of the IR

spectra of carbon monoxide adsorbed on rhodium,
ruthenium, platinum, and palladium depends not only on the nature of the metal,
but also on the carrier [421]. A study of the adsorption of carbon monoxide

Table 18

Effect of the Carrier on the Oxidation of 1% CO in a Stream of Air on
Copper-Chromium Catalysts [395].

0
[}
Z Degree of =
— Oxidation . B EPR Siz
§ of CO, % To =3 E 1gnal
o (=2
G e R
-~ o - Oy
£ £ e °
& = olo o | &0
o o olo|lo|o ? Form g
31 o SIR=-E =R E=]
N » - w 3 -
Corundum Black —|( 35| 58 ) 80| 10 68 | Narrow
signal 1,97
Clay Dark green (22| 26 | 30 | 45| 6| 33 | Broad
symmetric
singlet 2,0
Alumino-  |Black 12| 41 [ 64 | 80 [ 10 | 84 | Upsym-
silicate metric
singlet 2,09
1-ALO3 Light 41| 93 | 99 |100 | 52 | 443
green
1-AlLO; 42| 88 (100 {100 | 42 | 362 > s
after 42
nours of
use
Cu/1-Al,C; |Light 10/ 62 | 99 {100 | 23 | 290 » 2,05
green :
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on platinum and palladium catalysts on charcoal reveals the predominance of
the linear structure of carbon monoxide [382].

Adsorption ml CO ml CO
State g Pt g Pd
Me==C=0 115 211
Me\
/C-—-=0 57,5 105,5
Me

Whereas in the adsorption of carbon monoxide on platinum on silica gel
and on a platinum film a linear structure also predominates (there is a
strong band in the spectrum at 4.8 u). and approximately 15% of CO is
adsorbed in the form of a bridge structure (absorption band at 5.3 u), in
the case of Pt/A1203 as many as 50% of the CO molecules are bound to the

surface in the form of bridge structures (cf. Fig. 23) [344, 345, 383, 384]

Pt
Pt/c =0.

As is evident from Fig. 23, the absorption band corresponding to the
linear structure of CO shifts to 4.9 u. It is highly probable that the
bridge structure of carbon monoxide is more reactive in the reaction of its
oxidation.

R

£ VLN T

2 Slhcon dioxide Fig. 23. Spectra of carbon monoxide
a ™ Aluminum oxide chemisorbed on platmum on silica

g gel and aluminum oxide [ 345],

% ?au .s:a 5‘,6

E H

Kral [382] studied the chemisorption of carbon monoxide on low-percentage
platinum and palladium catalysts on Y—A120 . Three varieties of aluminum
oxide were selected: bayerite, boehmite, and boehmite gel. It was found that
the impregnation method affects the distribution of the metal in low-percentage
catalysts and its spec1f1c surface. Impregnation of aluminum hydroxide followed
by calcination at 500°C. and reduction in hydrogen at 200°C. allows a larger
surface and a better distribution of the precious metal than when the impregna-
tion with chloroplatinic acid solution is carried out after calcination of
aluminum oxide.

The author showed that the chemisorption of carbon monoxide increases with
decreasing amount of metal deposited on the carrier (Fig. 24). Maximum adsorp-—
tion is observed when bayerite is used as the carrier. Calculation of the
ratio of the number of CO molecules to the number of metal atoms, which we
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carried out by using Kral's data, showed that this ratio increases in the
range of low degrees of coverage; for the 1% platinum catalyst it approaches
1.7, and for the 1% palladium catalyst it also exceeds unity (1.14). If

the calculation allows for the fact that part of the carbon monoxide mole-
cules are adsorbed on platinum and palladium on y-Al,0, in the form of
bridge structures, the ratio obtained will increase évén more.

ml CO
[ Spt

Fig. 24. Adsorption of carbon monoxide
on platinum catalysts on varieties of

aluminum oxide as the platmum concentra=
tion changes [38]. 1 - Bayerite;
2 - Boehmite ‘gel; 3 - Boehmite.

40 30 0 70 wt. % Pt.

The data obtained by Kral attest to the excess adsorption of carbon
monoxide on platinum and palladium on Y—A1203 in the range of low coverages.

ciny ° 1
o \ e-2
5} o Fig. 25. Number of hydrcgen atoms per
o N\ stom of metal as a function of the metal
' \' N content on the carrier [ 7;!
I 1 - Pd/AL,055 2 - Pt/A105,

. o--*._‘_.

> 2 4 5 & *
Me (wb.%at. wt.) x 10°

The high adsorptive capacity of platinum and palladium catalysts on
Y-Al 0 for hydrogen was observed earlier by D. V. Sokol'skiy and Ye. I. Gil'-
debrana [306, 307, 309]. It was shown that in the range of small coverages,
the number of hydrogen atoms per metal atom is 10 for platinum and 5 for
palladium (Fig. 25). Similar results were obtained in the 1930's by A. N.
Frumkin for platinum on charcoal [336, 419].

D. V. Sokol'skiy explains the observed effect by the peculiar state
of the carrier surface at a considerable distance from the center of atom—
ization of the hydrogen molecule, the transfer of hydrogen atoms to the
adsorption center, and diffusion of molecular hydrogen on the surface from

the adsorption centers to the centers where dissociation of the hydrogen
molecules takes place [232].

A larger-than-stoichiometric increase in the adsorptive capacity of’
platinum on A1203 for hydrogen was also observed by Adler, Spenadel and’

* Editor's note: Illegible broken type.
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Boudart [352, 422]. The ratio of hydrogen atoms to platinum atoms for
0.1-0.3% platinum was 1.44, and for 0.8%, 1.65. The authors explain this
fact by an increase in the dispersity of the metal crystals on the carrier.
According to their calculations and x-ray data, the size of elementary
platinum crystals in the range of high hydrogen adsorption approaches the
size of individual atoms (10-12 K) possessing an extended surface which,
however, turned out to be greater than that which can be occupied by the
amount of platinum taken. Hence it is concluded that a certain amount of
hydrogen is adsorbed between the platinum particles. The latest studies
confirm D. K. Bond's theoretical calculation [427] of the increase in the
fraction of single surface atoms of metals (on the edges and peaks of cry-
stals) with increasing dispersity of crystals of group 8 metals, which form
a euboctahedron. Bond showed that the special catalytic and adsorptive
properties of very fine crystals are related to the properties of atoms
having low coordination numbers. .

Table 19

Oxidation of 1% CO in a Stream of Air on 3,53 g of Platinum and
Palladium Catalysts on Aluminum Oxide
(SmN-2, Particle Size 0.1-0.2 mm) 5. -1
With Different Contents of Metals at V = 36 x 107 hr

-1
Pd Con-lg conversion IiSP’—-—sec .
tent, co R sec™l g Pd log K »10°
% Me g x » 108 P
10-3 .
150° | 200° | 150° | 200° | 150° | 200° | 160° | 200° —
0,1pd| 8,58| 12 | 70 | 1,85 | 19,38 0,525| 5,49 [2,7160(3,7386
0.2 7,06 | 23 | 88 | 3,77 | 34,16| 0,533 4,83 [2,7267|3,6839
0.25 | 9,07 | 25 | 89 | 4,16 | 37,1 0,458 4,089/2,6609(3,6117
0,35 | 12,7 | 27 | 90 |[4,55 87,110,358 2,92 [2,55393,4654
0,5 | 17,6 | 30 | e2 |5,15 | 40,69) 0,292} 2,31 |2,4654/3,3636
0,1pt{ 3,53 17,5 33 |2,77 | 6,44] 0,786| 1,827/2,8954(3,2617
0,2 7,06 | 23 | 70 |3,77 | 19,3 | 0,533( 2,75 [2,7267/3,4393
0,25 [ 9,07| 24 | 71 {3,95]|19,9 | 0,435] 2,198/2,6395(3,342
0,35 | 12,7 | 26 | 75 |4,34 | 22,34] 0,342} 1,76 2,5340(3,2452
05 | 17,6 | 26 | 80 |} 4,34 25,98 0,247] 1,4782,3927/3,1682

An increase in the adsorptive capacity of low-percentage platinum and
palladium catalysts on Y-Al 03 for gases (hydrogen, carbon monoxide) whose
adsorption proceeds via an eléctron-donor mechanism increases the specific
catalytic activity in reactions whose rate-determining step is the activation
of hydrogen and carbon monoxide. The beneficial effect of Y-A120 as a
carrier in dilute layers was manifested in a series of reactions:” exchange
of hydrogen on deuterium [414], oxidation of sulfur dioxide [338, 340] and
ammonia [418], dehydrogenation of cyclohexane [337] and hydrog?nation of
ethylene and its homologs [339, 415). Analysis of the reactivity of metal
catalysts by means of the theory of active ensembles established that the
active center in these processes, which occur on low-percentage platinum and
palladium contacts on aluminum oxide, aluminosilicate, and charcoal, is a
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monatomic ensemble which 'is formed on particularly active areas of the
carrier" and forms a "mixed ensemble' from atoms of platinum and of the
active center of the carrier [339]. Ak

*\

\
=Lt
1 Ksp’g 1Me\
\\
50 \
\
-
\ 2
\ -3
[} -9
1
\
4
- 4,0 \
\
\
\
\
\
\
\
\\
L 30 \
[
\
o
A \
7/ \\
/ \ (N
{0\ ™
/ \, e
I ‘\
20 1 \\'
1 N,
L] \.\
\\\\\
~s
t 10
.\
‘ﬂ\
0'—\8
of 92 03 a4 a3
Me content, wt. %.
Fig. 26, Specific activity of palla-

dium (1, 2) and platinum (3, 4)
catalysts onYy-aluminum oxide in the
oxidation reaction of carbon monoxide
in a sr,reaxg of iir at a space velocity
of %6 x 102 hr~! at 150°C. (solid line)
and 200°C. (dashed line).

zh. V. Strel'nikova and V. P. Lebedev
[341, 342] proposed a mechanism for the
catalytic action of such active centers in
hydrogenation reactions, allowing for the
possibility of dissociative adsorption of
the reacting atoms and molecules on a
divalent monatomic active center followed
by diffusion to the active centers of the
carrier.

Our calculation of the specific
activity of platinum and palladium on
Y—aluminum oxide in the osication reaction
of carbon monoxide, carried out (see Table
19 and Fig. 26) in the range of 0.1-0.5%
content of the metals, showed that as the
metal content on the carrier decreases,
the specific activity increases.

The rectilinear form of the dependence
of log K, on the degree of coverage of the
carrier sErface by platinum or palladium
(the metal content in wt. % was taken as Q)
demonstrates (Fig. 27) that the oxidation
reaction of carbon monoxide proceeds at a
metal content below 0.57 on single atoms of
platinum and palladium sparsely distributed
over the carrier.

Something different is observed in the
case of palladium catalysts on synthetic
aluminosilicate with a high metal content
(ShAS-2, particle size 4 mm). As the total
activity increases with the palladium con-
tent rising from 0.1 to 1.0%, a minimum at
0.3%7 Pd and a maximum at 0.75% Pd appear in
the variation of the specific activity. We
were unable to calculate the number of atoms
n in the composition of the active)center
up to 0.3%Z Pd because of the limited dumber
of points; at a Pd content above 0.3%, this
number is equal to two, as indicated by the
rectilinear form of the dependence of
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log K__/% Pd (Fig. 28) on the palladium content of the catalysts. A similar
effec%pwas noted by N. I. Kobozev et al. (417, 339] in a study of platinum
catalysts on oxides of magnesium and chromium and on silica gel in hydrogen-
ation reactions of cyclohexene and ethylene and decomposition of hydrogen
peroxide. It was shown that at a high platinum content (second maximum), new
active centers are formed (n = 2) whose structure differs from the composition
of the structure correspodning to low coverages (n = 1).

Log K 150°C,

o -7
24 - . .2

. Py
23
DOt "o
a
29 .
i
A 201
e’ c2 X ov o5 g 02 ' %] (2] 493
Me content, wt. % Me content, wt. %

Fig, 27. Log of the specific rate constant of the oxidation reaction
of carbon monoxide vs. metal content in Pd (1) end Pt (2) catalysts
on Y -aluminum oxide: a - at 150°C,, b - at 200°C.

A comparison of the adsorptive properties with respect to carbon monox-
ide [382] and catalytic properties of low percentage platinum and palladium
catalysts on Y—A120 in the oxidation reaction of 1% carbon monoxide in a
stream of air reveaied a certain parallelism. The latter is expressed in a
substantial increase of the specific adsorption of carbon monoxide and cata-
lytic activity in the range of low content of the active metals (0.1-0.2 wt. %).
The observed relationship between the adsorptive and catalytic properties is
due to the mechanism of the oxidation reaction of carbon monoxide; when this
reaction is carried out in excess oxygen, its rate is limited by the activa-
tion of carbon monoxide. The activation of carbon monoxide improves on
metals deposited on aluminum oxide, which is capable of adsorbing carbon mon-
oxide on the surface [343)] and exerting an influence on the predominant adsorp-
tion of carbon monoxide in the form of a bridge structure on low-percentage

metal catalysts.

The remarkable adsorptive properties of low-percentage platinum and

palladium catalysts on Y-Al,04 and the mechanism of action of monatomic active
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centers in the oxidation reaction of CO can be explained, as in hydrogenation

processes, only by assuming the participation of the carrier in the catalytic
event.

Apparently, the adsorption and activation of carbon monoxide, as in the
case of hydrogen [341, 342], occurs in two steps. In the first step, carbon
monoxide is chemisorbed on the monatomic divalent metal centers of low-

percentage catalysts, with the formation of a bridge structure and a linear
structure

1. Pt-+CO->Pt=C=0 Pd4CO—+Pd=C=0

Pt , Pd\

-

This process of donor-acceptor interaction takes place at a high rate
because of the tendency of the elements with an unfilled d subshell to bring

the number of outer electrons up to 18 by acquiring two electrons of carbon
monoxide [425].

The second stage involves diffusion of carbon monoxide from the meta&
centers to the active centers of the carrier, and as a result, the mornat

platinum and palladium centers become free and able to activate oxygen and
fresh amounts of carbon monoxide.
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P N =Al\
/C—O-l 2(0——A1—)~->2Pt-l-0 —Al /C—O

/0
II1. Pt+02—>Pt\c|' .

=Al\
IV. Pt l +2o AI/C=O—>COZ+2O=AI—-—+Pt.

The active centers of the carrier in the case of y-Al 0 s whose face-
centered crystal lattice constitutes a defect spinel with a aeficiency of
cations [325, 326] at octa~ and tetrahedral interstitial sites, are aluminum
atoms (Fig. 29) [393]. The latter occupy a part, of the octahedral inter-
stitial sites of Y-A1203 and have a tendency to ¥i11 the incomplete 3p sub-
shell with electron pairs [327]. The ability of the aluminum atom to enter
into a donor-acceptor interaction with adsorbed atoms and molecules in the

role of an electron acceptor is indicated by IR spectroscopic data [327,
428, 429].

This property was confirmed by an EPR study of the adsorption of quinones
on Y-Al,0, [412]. It was shown that when the calcination temperature is
raised from 100 to 400°C., the relative number of adsorbed radicals becomes
5 times greater as a result of an increase in the number of electron—acceptor
centers. An increase in the concentration of electron—acceptor. centers in
Y-Al i g as the calcination temperature is raised to 900°C. is also indicated
in [428].

Fig. 29. Octahedral and tetrahedral sites
of atoms in sp:mel structures., Arrows
indicate the orientation of d orbitals:
1 - oxygen atom; 2 ~ tetrahedral sites;

3 - octahedral sites of atoms [331}

On the surface of aluminosilicates, in addition to electron acceptor
centers, there are proton-donor centers whose proportion and number are
determined by the content of aluminum and silicon oxides and their calcina-
tion temperature [327, 428, 430].

The deficiency of electrons in the structure of Y—AlZO3 accounts for
its slight semiconducting properties (p-type), manifested at a relatively
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low temperature and upon deposition of 1-10% platinum [324].

The imperfection of the structure of Y—Alzo and the presence of
electron-acceptor centers account for its capaci%y to adsorb CO and hydrogen.
The amount of the latter is slight ¢v0.15-1 ml/m2) and increases during heat
treatment, especially above 400°C. [329-331] and in the presence of transi-
tion metal impurities [333, 387]. Metal atoms on the surface of Y—A1203
substantially accelerate the adsorption process [415].

It is possible that the adsorption of carbon monoxide takes place
directly on the surface of y-Al1,_0,, with migration of adsorbed molecules

to centers with a high binding energy [328]. Such centers may be electron-—
acceptor areas of y-Al_0, and also atoms or ions of adsorbed metals Pt, Pd

[315, 3171, Cr [334], or Cu [393].

Owing to the adsorption, for example of hydrogen, on A1203 (in some

cases added to the catalyst in the form of a mechanical mixture [416, 420])
and diffusion to the platinum centers, there is an increase in the rate of
reduction of compounds whose hydrogenation has the activation of hydrogen
as its rate-limiting step.

Thus, in the case of low-percentage metal catalysts, the peculiar
structure of y-Al,0, is conducive to involvement in the catalysis of an
extensive area of the carrier (up to 10 active centers of the carrier)
accessible to the surface diffusion of the reactants.

The ability of y-Al,0, to form reserves of molecular and chemisorbed
forms of electron—-donor ﬁoiecules and atoms (carbon monoxide, hydrogen) on
their surface and also to exert a decisive influence on the form and energy

of the bonding of adsqrbed atoms (bridge and linear structures of carbon
monoxide) and on the structure of the active center causes an increase by

one order of magnitude or more in. the specific activity of platinum, palladium
and other metal catalysts on Y-A1203 in oxidation, reduction, and dehydro-
genation reactions.

A necessary condition for the manifestation of the specific properties
of Y-A120 is its extensive interaction with isolated atoms of deposited
metals. %his interaction consists in the penetration of the metal atoms
into the crystal lattice of the carrier, in which there is a deficiency of
cations at octa- and tetrahedral interstial sites. Calculations of the stabil-
ization energy of atoms carried out by B. V. Yerofeyev et al., based on the
ligand field theory for chromium and molybdenum catalysts on Y-Al,0,, showed
that the principal sites of metal stabilization are octshedral vacancies
frequently occupied by aluminum atoms. "Octahedral vacancies may contain
atoms or ions of chromium, molybdenum, or other metals" [393]. When a tran-
sition metal ion or atom enters the carrier lattice in an octa- or tetrahedrai
ligand field, the d electron orbitals are split into two groups: three t2g
orbitals and two te orbitals [392, 393]. 2
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The electronic nature of the interaction of the deposited metals with
the carrier is indicated by experimental data obtained by studying the
deposited catalysts by methods of exoelectron emission, resonance, and
magnetic susceptibility [319, 320, 321, 334, 339]. N. I. Kobozev et al.
[320] noted that the atomization of deposited metals in the range of small
coverages causes the phenomenon of superparamagnetism. The relative magne-
tization increases with decreasing degree of coverage and is determined by
the nature of the metal and carrier (Fig. 30). An increase in magnetic
susceptibility at relatively low concentrations of oxides of nickel,
chromium, manganese, iron, and copper on the carriers was observed by
Selwood [319]. He explained this effect by a change in the valence state
of the adsorbed ioms.
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Fig. 30, Magnetic susceptibility of supported
platinum catalysts on silica gel (a) and palladium
catalysts (b) after the data of Strel'nikova,
Lebedev, Pospelova, and Tshebyatovskiy (for pal-
ladium) 220 .
1 - Palladium on charcoalj 2 - palladium on aluminum
oxide; 3 ~ palladium on silica gel
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N. I. Kobozev et al. also explained this phenomenon by electronic
transitions between the adsorbed metal atoms and the carrier. '"This
phenomenon is due to electronic processes in the energy bands of the carrier,
since the effect of superparamagnetism is influenced not only by the degree
of dilution, but also by the nature of the substance deposited and of the
carrier. The paramagnetic suscgptibility of platinum adsgrbed on silicg gel
varies widely with the brand of silica gel from 140 x 107° to 566 x 10~
units" [320]. In palladium, the susceptibility is higher thaE6in plaFinum
and depends on the nature of the carrier: Pd/wo, - 12.5 x_%o ; Pd/8102 -
510 x 10-6; Pd/AlZO - 580 x 10~6; Pd/charcoal -~7200 x 1076 (Fig. 30).
Kobozev explains thé high paramagnetic susceptibilit{oof palladium by postu-
lating an easy transition of an electron from the 4d-Y subshell to the 58

subshell (0.8 eV).

i f the deposited metals by the
The pulling off of the outer electrons o
carrier is also indicated by data obtained by Nikolau and Thom [321]. By
studying the resonance of metallic platinum and palladium on charcoal
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(1-5 wt. %), they showed that the metal is stabilized between the aromatic
rings of the graphite lattice with the formation of pseudo-sandwich struc-
tures in which a highly delocalized electron is supplied by the platinum.

Upon splitting of the 4 d levels of palladium and transition of an
electron to the 5S subshell, the structure of its outermost electron shell
becomes similar to that of platinum. As a result of interaction with the
carrier, the palladium atom loses many properties characteristic of the
massive metal. The "platinumlike' nature of palladium in the range of low
concentrations is manifested in its adsorptive, electrochemical and cata-
lytic properties [306-316]. These properties are expressed in a lack of
ability to dissolve hydrogen upon adsorption (the o~B transition portion of
the charging curves disappears), and in the form of the kinetic curves of
hydrogenation of acetylenic compounds (similar to the curves for the platinum
contact).

Starting at some minimum palladium concentrations, individual atoms
may cluster during surface migration and pass to the crystalline state
[318], this being dependent on both the quantity of the metal and the nature
and structure of the carrier. The crystallization of palladium, for example,
on powdered barium and calcium sulfates takes place at 0.1-0.2%, on silica
gel at 0.4-0.5% palladium, and on charcoal, at a 0.6-0.7% metal content [315,
316]. A precise method of determining the degree of crystallization and pro-
perties of palladium on a carrier may be catalytic hydrogenation [317].

The "platinumlike" nature of the low-percentage catalyst is also dis-
played in the reaction of catalytic oxidation of carbon monoxide. It has
been noted that the activity of palladium on the Y-Al,0, carrier in the
range of content of active components below 0.5 wt. %, when the carrier takes
an active part in the reaction, is equal to or higher than the activity of
the platinum catalyst (cf. Fig. 26). At a metal concentration of 0.5 wt. %
and above, when diatomic and more complex ensembles are responsible for the
catalysis, for a similar percent oxidation of carbon monoxide, the specific
activity of platinum on most carriers (cf. Table 15, 16) becomes higher than
that of palladium catalyst. At the same time, the influence of the chemical
nature and structure of the carrier on the specific activity of the catalysts
is manifested to a lesser degree.

The method of preparation of low-percentage catalysts has a decisive
influence on the process of formation of the active centers of metal catalysts
(cf. Tables 16 and 17). When the catalysts are prepared by our method, there
takes place a rapid reduction of palladium or platinum from the complexes at
a low temperature and the formation of fine imperfect crystals of irregular
shape with a high content of the atomic phase. Conditions are thus credted
for an atomic distribution of the -metal (at a palladium concentration of less
than 0.5 wt. %) over the surface and for chemical interaction with carriers
containing active aluminum oxide.
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When catalysts are obtained by impregnation with a viscous organic
mixture followed by reduction of the metals by calcination at a high temper-
ature, coarse metal crystals are formed whose interaction with the carrier

is difficult. In this method of preparation, the influence of the nature
of the carrier is less pronounced.

The high catalytic activity of the palladium catalyst in the oxidation
reaction of carbon monoxide, comparable to that of platinum, made it possible
to recommend it for the removal of carbon monoxide and other toxic components
from motor transport exhausts and other oxygen-containing gas mixtures and
as a substitute for the more expensive and scarce platinum catalyst.

Thus, owing to its crystallographic structure, the carrier in low-per-
centage catalysts can fulfill a number of functions important in catalysis:

1. Change the nature of deposited metals by stabilizing them chemically
at the vacant sites of a defect structure, for example, in Y-A1203.

2. Facilitate the course of the rate~determining steps by participating
in the adsorption and activation of the reacting molecules and thus accelerate
certain reactions, for example, the donor-acceptor interaction in the case of
Y-Al,0,. The most active carriers for oxidation, hydrogenation and dehydro-
genation catalysts are aluminum oxide and other compounds of spinel structure
in which electronic transitions between ions in tetra- and octahedral inter-
stitlal sites take place without any appreciable consumption of energy [450].

3, In the case of reactions involving the formation of intermediates,
the role of the carrier is manifested in still another way. Because of the
possibility of surface migration of the initial, final and intermediate
reaction products on the carrier, a directing function of the carrier is
observed, so that in some cases the processes occur at high rates and in a
strictly selective manner [299, 346-348, 388].

Stability, Structure and Phase Composition
of Catalysts in Prolonged Use

One of the chief requirements for catalysts to be used in the purifica-
tion of exhausts of internal combustion engines is a high chemical and thermal
stability. In bench and road tests under service conditions, the catalyst is
subjected to the action of the reaction mixture and overheatings whose char-
acter depends on the type of engine and its load, the technical condition of
the automobile, its mode of operation, and the design of the gas purifier.

The content in the exhaust gas of carbon monoxide, hydrocarbons, and aldehydes,
whose oxidation is associated with the liberation of large amounts of heat,
may vary over wide limits. At high traveling speeds of automobiles (60-100 km/
hr) with carburetor engines, during idling and braking, the carbon monoxide
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content of the exhaust gas increases sharply and may reach 10-12%. This
causes the catalyst to heat up considerably, to 800-900°C. In the course
of operation in the stream of diesel engine exhausts, the catalyst operates
in excess 02 (20-21%).

To determine their stability, low-percentage catalysts were subjected
to a prolonged heat treatment in a stream of air, were artificially over-
heated, and the possibility of increasing their activity after decreasing it
was studied [61].

Table 20

Stability of Low-Percentage (0.5 wt. % Metal) Catalysts on Keles Clay.

Calcination of .
Catalyst hegree of Oxidation ofCO» %
Caetalyst

Thmes lyemperc. | 2000 | 250° | 300°
Platinum 2,0 500 84 100 100
26,0 500 75 100 100
Platinum=-Palladium 2,0 460 80 1C0 100
26,5 400 50 90 100
Palladi 2,0 4200 95 100 160
e o 27,5 400 65 92 100

The heat treatment of low-percentage catalysts with air (for up to
27 hours at 400-500°C.) has little effect on their activities in the oxida-
tion reaction of CO (Table 20). At 300°C. and above, carbon monoxide is
completely oxidized. At lower temperatures, a certain decrease of the degree
of oxidation is observed which is maximum (30% at 200°C.) in the case of
palladium.

The activity of platinum catalyst (0.5 wt. %Z Pt) on bead aluminosilicate
in the course of oxidation of carbon monoxide in a mixture with air at 500°C.
also showed practically no decrease (after being tested for 32 hours). At
250-500°C., carbon monoxide was completely oxidized, and at 200°C. the degree
of oxidation ranged from 90 to 1007%. Raising the service temperature of ‘the
catalyst to 600°C. did not decrease the degree of oxidation of carbon monoxide
either.

The platinum~-palladium catalyst on bead aluminosilicate was tested
during a gradual increase of the oxidation temperature to 700°C. The results
(Fig. 31) showed that its activity (which at 200-250°C. is less than that of
the platinum catalyst) is preserved for a long time (170 hours) at 400-§50°C.
Oxidation of 1% carbon monoxide mixed with air at 650°C. slightly raises the
degree of oxidation of carbon monoxide at 200-250°C., which again decreases
starting at 700°C.
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Fig. 31. Effect of temperature and time of treatment of platinum-

palladium catalyst on aluminosilicate with a mixture of 1% carbon

monoxide and air on the activity in the oxidation reaction of 1%
CO at lower temperatures.
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Like platinum contact, palladium catalyst on bead aluminosilicate
after a 40-hour oxidation of carbon monoxide (1%) and a gradual temperature
elevation to 600°C. oxidizes carbon monoxide completely at 250°C. and above.
At 200°C., the activity of palladium catalyst is 30% lower than that of
platinum catalyst, but does not decrease, and even increases (up to 82%)
during prolonged use, particularly for 6 hours at 600°C. Thus, the heat
treatment of low-percentage platinum, palladium and platinum—palladium
catalysts in a stream of air and during the oxidation of carbon monoxide at
temperatures up to 600-650°C. practically does not decrease their activity.
This indicates a high thermal stability of the catalyst at these temperatures.

The results obtained are a consequence of a property characteristic of
low-percentage catalysts: as the temperature is raised to 600-650°C., no
coarsening of the crystals is observed, and only their defects are eliminated.
This property has been noted by many researchers [385, 422]. Thus, in [385]
it was shown that in the course of regeneration of a platinum catalyst on
charcoal in a stream of air at temperatures up to 639°C., the recrystalliza-
tion of platinum proceeded to a barely perceptible extent:

Time, hr " e 0 120 240 480 639 —
Crystal size, A 46 59 62 57 61 54,6

This phenomenon is attributed by the authors of the paper to a complete
insulation of the fine platinum crystals from one another by particles of the
carrier.

By hindering the process of sintering of fine metal crystals in low-per-
centage catalysts, the carrier substantially raises their recrystallization
temperature as compared with platinum metal. For platinum sponge, the mobility
of the atoms already becomes appreciable at 350°C. [356], and at 370-380°C.
an exothermic effect is observed which is explained by the recrystallization
of fine crystals [357, 358].
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It should be noted that platinum undergoes recrystallization more
readily in atmospheric air than in nitrogen [355].

I1f the temperature is raised above 650°C. and the training time is
extended, the platinum crystals on aluminum oxide [194, 352, 353] coarsen
appreciably as a result of an increase in surface diffusion. This process
is also considerably affected by the initial dispersity of the metal in the
fresh sample. Other things being equal, subcrystalline samples or contacts
with a low content of metals are deactivated less than obviously crystalline
ones with a high content of platinum, for example [423, 424, 425] on charcoal
or silica gel. V. P. Lebedev et al. [425] note that the most dilute plati-
num catalyst on silica gel (o = 0.001) did not change its activity at all
with time during heating. Ref. [269] also indicates that adsorption (0.0054-
0.035 wt. %) platinum catalysts did not display any tendency toward a temper-
ature-induced decline of activity; on the contrary, at 700°C., the activity
of the most dilute catalyst was three times the original value. These facts
were expounded and accounted for by G. I. Yemel'yanova and S. Khasan [386].
They noted that the sintering of adsorption catalysts (dilute metal layers)
at high temperatures (700-800°C.) may involve the dissociation of the sub-
crystalline phase formed earlier and of the coarsened ensembles as a result
of a sharp increase in the mobility of the atoms on the carrier and their
dispersal over the still-unoccupied surface. Rapid cooling of such a sintered
contact leads to freezing of the atoms or their groups on the carrier, with an
increase of the metal surface and specific activity. The authors postulate
that the discovered phenomenon is characteristic of low-percentage catalysts
used at high temperatures. A partial restoration of the initial dispersity of
the platinum catalyst on aluminum oxide after its reactivation at high temper-
ature is also reported in [422].

The results obtained are apparently related to the special properties of
finely dispersed particles in general and during their stabilization by the
carrier in particular. This is supported by the results obtained by N. I. Ko-
bozev, K. Ivanov and P. Bessalov [389, 390] in a study of the oxidation of
carbon monoxide on iron and copper aerosols. The authors showed that in con-
trast to powders, aerosol particles did not coarsen as the temperature was
raised, but became finer. Copper oxide aerosol, whose crystals were one order
of magnitude smaller than those of copper oxide powder, had a higher activity
and adsorptive capacity for oxygen. The specific activity of copper oxide
aerosol was 1000 times greater tham that of the powder. The process of oxida-
tion of carbon monoxide in the presence of aerosols began 200°C. lower than
on the oxide powders.

It is quite probable that the anomaly in the effect of sintering on'
finely divided metal particles also exists in the case of 1ow—percen§age! carbon
monoxide oxidation catalysts, which operate in a stream of exhaust gas, when
the temperature undergoes an abrupt change (200-~800°C.) as the operating con-
ditions of the engine vary, resulting in a hardening of the samples. {
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It appeared of practical interest to elucidate the influence of pos-
sible stronger overheatings (up to 900°C.) on the activity, structure and
phase composition of a low-percentage palladium catalyst used for removing
carbon monoxide and other components from exhaust gases, and on the condi-
tions of its regeneration. A special series of experiments was set up:
after a half-hour oxidation of 1% carbon monoxide in a mixture with air at
150, 200, 300, 400, 500, 600, 700, 800 and 900°C., the activity of the .
catalyst was determined in the same reaction at 200-400°C. (Fig. 32). The
experiments showed that at the oxidation temperature of carbon monoxide
(300-400°C.), overheatings of the catalyst up to 900°C. practically do not
decrease the extent of elimination of CO: the latter is 90-100% oxidized.
The activity of the catalyst at a lower temperature (200-250°C.) decreases
by 20-23% after being used at 700-900°C.

i % oxidation of €O e
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Fig. . Effect of overheatings (half-hour each) to 900°C. and of gas
treatment on the activity of palladium catalyst on aluminosilicate in
the oxidation reaction of 1% CO in air at 200-400°C, [61]. 1 - 150,
200, 300, 400°C. in a stream of 1% CO, 0.5 hr; 2 - 500, 600°C. in a
stream of 1% CO, 0.5 hr; 3 - 700°C. in a stream of 1% CO, 0,5 hrj &4 -
750°C, in a stream of 1% CO, 40 min; 5 - 800°C. in a stream of 1% CO,

0.5 hr; 6 - % CO + 10B 0, + N5, 400°C., 1.5 hrs 7 - Hy at 250°C;

8 - air, 400°C,; 9 - 900°C., 1% CO, 20 minj 10 - % CO + 10% Oy + Ny,

400°C., 1.5 hr; 11 = % CO + 506 0, + N,, 600°C., 1 hr; 22 - % O, +

Ny, 400°C.3 13 - % CO + 106 Oy + iy, 00°C.5 14 = % CO + 106 O, + Ny,

600°C.; 15 - &% CO + 106 Op + Ny, 400°C.; 16 - Hp, 300°C.; 17 - Hp,
350°C.; 18 = H,0,.

The decrease in the activity of the palladium catalyst after overheatings
in a stream of air at 700-800°C. may be explained by a number of factors, the
chief ones being a decrease in the total and specific surface of the catalyst
and the oxidation of palladium to the oxide. It is known that the temperature
of the start of an intensive migration of fine metal crystals over the surface
with formation of coarser crystals on such carriers as asbestos, zinc oxide
and others amounts to approximately 0.4-0.5 of the melting point of the metal
[354, 391]. In the case of palladium, it is close to 770°C. On the other
hand, at 800-900°C., a change is possible in the porous structure of alumino-

silicate, whose maximum calcination temperature during preparation is 800°C.

i dium is treated
It is known from the literature [349] that when palla
with oxygen for an extended period (20 hours), metallic films of palladium
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can be oxidized at a temperature as low as 250°C. At the same time, about
30 monolayers of oxygen are absorbed. The possibility of the appearance

of a phase oxide is also indicated by the closeness of the values of the
heats of chemisorption of oxygen on palladium black (~24.0 kcal/mole of
oxide in the 500-700°C. range for a degree of surface coverage of 1 x 10~4
to 0.7) and formation of surface (-24.6 kcal/mole of oxide) and volume

(-21 kcal/mole) palladium oxides [350]. To elucidate the causes of the
partial deactivation of palladium catalyst, its phase composition, change

of structure, and surface area were studied in the course of the above-indi-
cated treatment and regeneration of the contact.

Phase x-ray structural analysis was carried out on six samples of
palladium catalyst on aluminosilicate (0.75% Pd): 1) after use at 700°C.
in a stream of 1% CO in air; 2) after treatment at 900°C. with a mixture
of 5-6% CO + 3% 0, + N,; 3) after treatment with H,0,3 4) original sample
activated in a st¥eam 6f air for 0.5 hr at 400°C.; 5% after testing for
stability to overheatings (600-900°C.); 6) after use for 2 hours on stand
of MZMA-407 engine.

Results of the phase x-ray structural analysis are given in Table 21.
The x-ray data showed that palladium was present in the crystalline state
in all the samples.

It is evident from the tabulated data that after their use at 700°C.
in a stream of 1% carbon monoxide, the palladium catalyst samples on bead
aluminosilicate contained chiefly palladium oxide. The results of x-ray
diffraction patterns for samples Nos. 2 and 4, not illustrated here, also
show the presence of a large amount of palladium oxide along with palladium.

Data for sample No. 5, tested for a long period of time in a laboratory
unit during oxidation of carbon monoxide in a stream of air are particularly
illustrative. In this case, no lines characteristic of palladium metal were
observed, and a new phase, palladium oxide, was formed. Similar data were
obtained by analyzing a sample of catalyst No. 6, used on the gasoline engine
stand.

Suggestions concerning the possibility of formation of platinum and
palladium oxides in oxidative catalysis (decomposition of hydrogen peroxide,
oxidation of sulfur dioxide, and other processes) can be found in the liter-
ature [359-362]. However, no concrete data are given for supported catalysts.
The data obtained indicate that palladium oxide, like palladium, is able to
activate carbon monoxide and oxygen on its surface, i.e., function (as do
oxides of nonprecious metals) as a carbon monoxide oxidation catalystl. . [This
is confirmed in [162] by the example of activated adsorption of céfbéh mEgoxide
on palladium oxide, which ends in the desorption of carbon dioxide.
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Table 21

Phase Composition of Catalysts

Intensity I

d/n— Interplanar Spacing
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3,140
2,697
2,443
2,177
1,841
1,691
1,542
1,325
1,137
1,085
1,006
0,966
0,905

Sample ¢, U — 35 xV, I=20
D'=57,3 m d=0

2,673
2,157
1,683
1,538
1,322
1,080
0,998
0,905
0,834

2.64:(10)
2,153 (2)

1,674 (3)
1,536 (2)
1,322 (2)
1,135 (1)
1,0806 (1)
1,007 (2)
0,962 (1)
0,905 (1)

2,667 (33)
1,153 (20)
1,674 (28)
1,536 (18)

1,081 (9)
0,998 (6)
0,5053 (6)
0,840 (6)

1322 @) |

2,65 2,644 710) —_—
2,17 2,153 (2) _—
1,67 1,674 (3) —
1,54 1,536 (2) —
1,31 1,322 (2) _
1,08 1,080 (1) -
Sample 3. Cu, K«, 30/15, N1 filter,
2,665 2,644 (10) —
2,642 | 2,644 (10) .
2,256 — —
2,157 2,153 (2) e
1,954 — —
1,688 1,674 (8) —
1,538 1,536 (2) —_
1,522 1,536 (2) —
1,378 —_ —_
1,320 —_ —_
1,174 — —_
1,127 — —

3,156 (3)
2,480 (2)
1,844 (3)
1,624 (4)
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Sample 1. Fe, Ka, 30/15, 15 hours

Palladium axide
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Palladium
Palladium oxide
Palladium
Palladium oxide
4
»
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Sample 5. Cu, Kz, 30/15, Ni- filter 7,5 hours
(recorded on glass mount)

Glass |
Palladium oxide
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In the case of low-percentage platinum catalysts, x—-ray phase analysis
failed to detect any platinum oxide. Apparently, even if a partial oxida-
tion of platinum does occur during the action of oxygen on the supported
platinum catalyst [322], it does so without forming phase oxides. This
differentiates the low percentage catalyst from platinum black, the activa-
tion of the surface of which at 400-600°C. is attributed to the formation
of phase oxides [268]. Oxide films were formed during heating of a platinum
plate to 800°C. and above in the presence of oxygen [365] and also during the
oxidation of ammonia in the presence of water vapor at 750°C. [366] and sul-
fur dioxide [361, 367]. The appearance of Pt,0, as a result of treatment
with an explosive gas mixture at 600°C. did not cause any marked changes in
the catalyst's activity [365]. Under the influence of oxygen, the compact
film undergoes an exothermic phase transformation at 500-600°C. [268]. These
data attest to the possibility of a phase formation of platinum oxides when
a compact metal is used.

Admixtures of platinum in supported palladium impart to the latter a
stability to oxidation. Palladium oxide was not detected in a sample of
mixed platinum—-palladium catalyst (0.5%2 I Me) used for 4-6 hours in a stream
of exhaust gas from '"Moskvich-407"-

In order to obtain a partial reduction of palladium oxide, the catalyst
was treated with a mixture of 37 carbon monoxide and 107 oxygen in nitrogen
at 400°C. for 1.5 hours. Favorable conditions were thus created for the
regeneration of palladium. As is evident from Fig. 32, it was possible to
raise the degree of oxidation of carbon monoxide at 200°C. to 30%, and at
250°C. to 85-90%.

The positive influence of the reacting mixture was observed in the
regeneration of a catalyst which was used at 900°C. (Fig. 32, see sections 10
and 18).

The x-ray pattern of a catalyst treated with hydrogen peroxide (sample 3)
also shows the reduction of a part of the palladium oxide to the metal.
Unfortunately, treatment with hydrogen of a catalyst which has partially lost
its activity failed to yield positive results (Fig. 32, see section 7, 16 and
17). This is apparently due to a strong adsorption of hydrogen on the catalyst
surface, preventing the chemisorption of carbon monoxide. A brief (25 min)
oxidation of carbon monoxide in high concentrations (5-67%) at a relatively
low oxygen content (3%) in a nitrogen mixture which approximated the composi-
tion of the exhaust gas of gasoline engines did not deactivate the catalyst
even at 900°C. (Fig. 33).

i

X-ray patterns of a catalyst used in mixtures with a relativelyfhigh
content of carbon monoxide indicate the reduction of a part of palladium oxide
to the metal during regeneration.
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Thus, despite a partial decrease in the activity of the palladium cata-
lyst on aluminosilicate at low temperatures (200-250°C.) after the catalyst
has been used at 700-900°C., and because of its oxidation with the formation
of palladium oxide, which continues to catalyze the process, the degree of
oxidation of carbon monoxide may increase when the catalyst is treated with
hydrogen peroxide or a mixture of 3-67 carbon monoxide, 5-10% oxygen and
nitrogen, i.e., a mixture whose composition is close to that of the exhaust
gas under certain operating conditions of the engine.

The above data permit one to postulate that the state of palladium in
the catalyst and its activity under the conditions of operation prevailing
in a gas purifier in a stream of exhaust gas with a high concentration of
carbon monoxide and hydrogen will depend on the composition of the gas mix-
ture. At a relatively high oxygen concentration (up to 20%) and high temper-
atures, palladium oxide will be active, at a high content of carbon monoxide
and hydrogen and a lower oxygen concentration (5-10%), palladium metal will
be active, and thus during overheatings the contact will be sufficiently
stable, since it will be steadily regenerated. In the processes of road
testing of palladium catalysts, these assumptions were subsequently confirmed

experimentally.

In addition to studying the chemical state of palladium during prolonged
service with a steadily rising temperature, we investigated the change of the
total surface and structure of the catalyst. It is known that as the catalyst
is used, its structure undergoes changes caused by the action of high temper-
atures, water vapor, coke (cracking contacts) [369], soot (catalysts for
neutralizing exhaust gases) and other factors. <Y=Aluminum oxide is character-
ized by gradual sintering of the surface as the calcination temperature is
raised, such that at 900-1000°C. there is a sharp decrease in surface and a
substantial alteration of the porous structure, which converts to corundum
[370]. The greatest structural changes occur in fine-pored samples with an
extended surface. The fine-pored structure of silica gel is also unstable
[317]. The introduction of aluminum oxide into the silica gel lattice markedly
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alters the surface properties of the aluminosilicates formed as compared

with the original oxides [372]. Steam treatment of cracking catalysts at
750°C. decreases their total surface as a result of a reduction in the

number of pores due to the destruction of the walls by the fusion and coarsen-
ing of the pores [373]. In the absence of water vapor at high temperature,
the surface of the aluminosilicate catalyst is decreased by uniform sintering
of all the pores, and the distribution maximum of the pore volume shifts
slightly toward larger radii. Some authors have noted a rapid sintering of
the bead aluminosilicate catalyst starting at 900°C. [374, 375].

In order to elucidate the influence of heat treatment of the palladium
catalyst on aluminosilicate on the surface area and structure of its pores,
isotherms of adsorption and desorption of benzene at 20°C. were plotted by
the Rubinshteyn~Afanas'yev method [376-378]. The surface area was calculated
from the adsorption branch of the curves using the BET equation, and the
distribution of the pore volumes over the radii was calculated from the inverse
branch of the isotherm without considering the thickness of the adsorption
film of the adsorbate.

Data from the study of the porous structure of the catalysts are presented
in Figs. 34 and 35 and in Table 22.

Table 22 lists data on the surface area of the initial catalysts, deter-
mined from the BET equation with four points for low-temperature adsorption of
air [379] and with two points for low-temperature adsorption of argon, and also
by chromatography {380]. Comparison of the surface areas shows that they are
similar and agree with the reported data on the surface area of bead alumino-
silicate, 330-360 m2/g [380, 373]). Hence, the surface area of the carrier for
a small degree of coverage by the metal underwent practically no changes.

An examination of the general form of the benzene adéorption isotherms sug-
gests that both the initial palladium catalyst on bead aluminosilicate and the
initial carrier [373] have a transition—porous structure (Figs. 34, 35). The
width of the hysteresis loop for catalysts used at 700 and 900°C. is considerably
narrower than for the catalyst in the presence of which the oxidation of carbon
monoxide was carried out at 400°C. This fact attests to a certain dilation of
the catalyst pores after the reaction was carried out at 700 and 900°C.

The total volume of the pores (see Table 22) in these catalysts ranges from
0.61 to 0.52 ml of benzene/l g of catalyst, but on the other hand there is a
sharp decrease in the volume of the finest pores (less than 203), i.e., from
0.25 to 0.09 at 700°C. and to 0.02 at 900°C.

Comparison of the curves of pore distribution over radii (Fig. 35) for
catalysts tested under different conditions shows that the structure /of /the
catalysts changes substantially at high temperatures. Whereas in the sample .
after tests at 400°C. the bulk of the pore volume is accounted for by pores
with r = 20-30 K, the number of pores in the catalyst in the presence of which
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Surface and Distribution of Pore Volumes Over Radii for Palladium
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the oxidation took place at 700°C. was greatly reduced (by a factor of 60).
Moreover, there appear a considerable number of pores with radii of 30-50 A
or more. After the oxidationoof carbon monoxide at 900°C., the volume of
pores with radii up to 20-30 A also decreases as compared to the initial
sample, and the number of larger pores increases (Table 22).

This is also indicated by comparative data on the distribution of the
pore volumes over radii (obtained with a pore-measuring device) for the
initial palladium catalyst and a catalyst used in a stream of exhaust gas
in a gas purifier mounted on a ZIL-130 automobile which traveled about
21,000 km (Table 22 and Fig. 36).
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Fig. 35. Curves of Zistribition of pore volumes over radii for
samples of palladium catalyst on synthetic aluminosilicate after
tests at: 1 - 400°C,; 2 = 700°C.; 3 - 900“C,
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?hus, raising the oxidation temperature of carbon monoxide to 700-900°C.,
both in laboratory experiments and in a stream of exhaust gas, causes a

rearrangement of the structure of the palladium catalyst on aluminosilicate
and a slight change of the total pore volume.

Calculation of the area of the catalyst samples studied showed that as
the oxidation temperature of carbon monoxide is raised to 700-900°C. and
in operational tests of the palladium catalyst on aluminosilicate, a decrease
in its area of approximately 30% takes place.
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Fig, %. Differential (1, 2) and integral (3, 4) curves

of distribution of pore volumes over equivalent yadii of

palladium catalyst on synthetic aluminosilicate (0.75 wt,

% Pd), obtained by mercury porometry. 1, 3 - sample after

activation in a stream of air at 400°C.3 2, 4 - after

tests in a stream of exhaust gas of ZIL-l}b engine in the
course of 21,000 km.

Summing up the results of studies of the atability, phase compositionm,
and structure of low-percentage platinum, palladium, and platinum-palladium
catalysts for oxidizing carbon monoxide, we can state the following. At
temperatures up to 700°C., the contacts operate stably for a long period of
time, this being due to their high stability to recrystallization. Starting
at 700~900°C., heating in air causes a reduction of the total area of the
catalyst as a result of sintering of fine pores, a partial oxidation of pal-
ladium to the oxide, and a 20-40% decrease in the degree of oxidation of
carbon monoxide at a reaction temperature of 200-250°C. The activity of the
contact at a higher temperature is close to 100%. It is possible that during
the sintering of the pores, the palladium concentration on the carrier
decreases slightly, and because of this phenomenon, the activity of the
catalyst cannot be fully restored to its original value at a low temperature.
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It is also possible, as suggested by some authors [381], that a slight
deactivation of the catalyst is caused by a coarsening of the palladium
oxide crystals which is accelerated in the presence of oxygen.
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Chapter 4

COMPLETE CATALYTIC OXIDATION OF HYDROCARBONS

The catalytic oxidation of hydrocarbons is carried out for the purpose
of obtaining intermediate organic compounds that are of considerable impor-
tance in industrial organic synthesis. The oxidation of hydrocarbons to
carbon dioxide and water is a side reaction, and had received little atten-
tion in the literature until the 1950's. Studies in the field of complete
catalytic oxidation of hydrocarbons are now being expanded in view of the
utilization of this reaction in fuel cells operating on natural gas and in
the removal of hydrocarbons from the exhaust gases of internal combustion
engines and chemical plants. The catalytic method of complete oxidation of
hydrocarbons is also used in the generation of heat used for heating cer-
tain installations and for motor transport in the Far North. The use of
catalysts for the combustion of organic discharges permits a substantial
lowering of the oxidation temperature and of the cost of building and heat-
ing the installations that burn noxious substances at various chemical
plants.

Results of known research in the field of complete catalytic oxidation
of hydrocarbons are presented in Table 23.

Analysis of the studies shows that the substances subjected to oxidation
were chiefly saturated and unsaturated open-chain hydrocarbons (acetylene,
ethylene, methare, and their derivatives), cyclic (cyclohexane) and aromatic
(benzene) compounds, and also compounds containing atoms of nitrogen, oxygen,
and halogens in their composition. The hydrocarbon concentrations were de-
termined by the specific conditions of the various processes, for example, in
the case of acetylene, up to 0.005%; hydrocarbons of cracking gases, up to
0.07-0.08%; and automobile exhaust gases, from 0.15 to 1.0%. The activity
and type of the catalysts employed depend primarily on the temperature and
nature of the organic compounds.

The problem of influence of the structure of organic compounds on the
temperature of their catalytic oxidation to CO; and H,0 has been treated in
a number of interesting studies [96, 98, 111, 112, 143]. Accomazzo and Nobe
[111] showed that the oxidation rate of hydrocarbons.in a stream of air to
CO92 and Hy0 over CuO/A1203 catalyst at a space velocity of 525 1/hr slows
down with decreasing number of carbon atoms in the molecule (ethane, propane)
and accelerates with increasing degree of unsaturation of the molecule (ethane,
ethylene, propane, propylene, propadiene) and decreasing number of carbon
atoms in equally unsaturated compounds (acetylene, propyne).

The oxidation of such hydrocarbons as acetylene, propyne, .propadiene,

d ethane is 807 complete at
ropylene, ethylene, propane, cyclopropane, an mp o
zhepfollo;ing tempe;atures: 200, 230, 240, 228, 310, 380, 400 and 420°C.

- 85 -



Complete Catalytic Oxidation of Hydrocarbons.

Table 23,
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Continuation of Table 23

1 | 2 3 s |5 |6 |7 |8 |9 [10]|un 12 13
f 2-CH
V305 I Beme;;:utane . _ _ _ _ _ _ — | 100 _ .
n-Pentane —_ — —_ —_ — — | 100 | 1CO — >
n-Hexane ® —_ — —_ — | 100 — —_ —_ — »
1-Pentyne » —_— — —_ — | 100 —_ — —_ — »
Cog04 2-CHz-butane » —_ 192 160 _ _ _ _ _ _ ,
MnO, M : — — — {100 | — — — - - »
G, . , — == | = === - :
NiO & . . —_ — ~ | 100 — —_— —_ —_ —_ »
Fo:04 » > —_ —_ _ - — | 100 — —_ —_ »
ceby : S B el e e 2 = = I -
105 . N - | = = | =100 | — | —~ | — — .
£10s N - | == =100 | — | — | — — »
8% : » —_ - - —_ — | 100 — — —_ »
%“8 . . — — — —_— —_— — — | 100 —_ 0 »
avs
Fe,09— 0.45% of pro- 36000 —_ - 12 —_ 65 80 —_ —_ — 58]
Fe,03—CuQ pgnzb “‘b*?ge -
Clay mixture in air
CuQ—Cr,0, ’ - — 12 35 52 75 —_ — [58]
Clay 2 x 104 of —_ - = = =] = = : ,
. ”Mg;lve scstylens in 60000 100 gga::;::ted
san oxygen-argon
pee fration of . vapor [92]
compressed air
Coimerical | 0.002-0.2% of [5000—20000 [80—96/97—99] 100 | 100 (100 [ — | — | — — [99]
MnO, acetylene in
3 oxygen
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Continuation of Table 23

1 2 3 4 5 6 7 8 9 10 11 12 13
* 0.5 cyclohex| 6000—8000 | 80 65 90 —_ — _ — - _
ane, 1% carb
monoxide in
air
Pt+Pd. Up to % meth - =t —=1—=-1-1-=-971-1- )
Al Oy ane in air Start of oxidat
IMe=1 % tion at 200°C.
used for analyr
tlcal purposes [103]
Pt/ alumino- | 1% propane-bu-| 36000 - 5|8 | — | 8 | 96 | 100] — [57]
silicate tane fraotion
21’ 8;ook:mg gas
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. 549 ethane,
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in air
. Platinum on | Waste gas of | Up to 2000| — | — [ At zroo-sso"c. odor disappears - [105]
ALy0% (AP-56)| synthetic " 1/kg hr
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Platinum on €0, Hy and or-L —— —_ —_ —_— —_— —_ —_ _ — CO,.Hzland or-
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ﬁ{ﬁ;ﬁm . ganic compound . ties completely
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alyst destroy-
ed in the pre-
sence of large
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Continuat_ion of Table 23

1 2 3 4 |6 (6 (7 |8 (9o [10]|1 12 13
Activated 0.02-0.2% 400 - - - 60-80% purification achieved | Catalyst serveq
«alumina hydrocarbons at 500-600°C, for several
,?Bg A150%) (61.7% cHy, > ‘years under

14,7% ethane, industrial
2%.5% heavy conditions [394]
hydrocarbons
in the krypton-
xenon fracti
Cu0/Al;0, ~Hexene 4.10° - - — — | 100 - - - | Catalyst testll
(1:1) 1170 ppm 10.10° — —_ —_ -_ 90 — — — for oxidation
1610 | — | — | — | — | 80 | — | — | — | ofco and hy-
16.10% — 85 — — — . — — drocarbons 1in.
exhaust gases
for 100 hrs.
[89]




The reaction rate increases with rising temperature and concentration
of the hydrocarbons and decreasing space velocity. A similar relationship

between the structure and rate is observed in noncatalytic oxidation of hy-
drocarbons [203].

In experiments involving the complete oxidation of hydrocarbons on hop-
calite, Johnson and Christian [96] showed that a total increase of the mole-
cular weight of hydrocarbons facilitates the reaction. Methane is the most
difficult to oxidize: at 450-500°C., the oxidation is only 35-50% complete.
Bransom and Haulon [143] observed a similar relationship in a study of the
influence of the structure of paraffin hydrocarbons on the kinetics and
mechanism of their complete oxidation on copper oxide (Fig. 37). From the
results obtained by the authors it is evident that as the chain length in-
creases, the oxidation of the hydrocarbons becomes easier. Among hydrocar-
bons included in the composition of automobile exhausts, the most difficult
to oxidize are unsubstituted saturated hydrocarbons, particularly those of
isomeric structure (pentane, hexane, 2-methylbutane) and also benzene [112].

In a study of the oxidation of hydrocarbons on oxide catalysts, Stein
et al. [112] showed that the reactivity of hydrocarbons with the same number
of carbon atoms increases in the following sequence: aromatic hydrocarbons,
isoparaffins, straight-chain paraffins, olefins, and acetylenic compounds.

Similar data were obtained by V. N. Vendt and T. A. Lebedeva [95], who
used chromium oxide deposited on pumice for the analysis of a series of
organic compounds. A complete oxidation of methane on this catalyst is
achieved at 650-700°C., ethane and ethylene at 550°C., propane and benzene
at 500°C., butane and toluene at 450°C., and pentane, hexane, octane, and
amylene at 400°C.

d
eeg ()
,so‘s—\o
0303, » LY
30 D, S x-2
. b N\, e~
\:‘ l'~.-0\,\-" \ ! Fig, 3?. Oxidation of paraffin hydrocarbons on cupric
20 .\-\° oxidet 1 - methene; 2 - ethane; 3 - propane; 4 - pen-
' , _\- _tane; 5 - Cg.y - paraffins (hexane, 2,2-dimethyl-butane,
Y ' heptane, 2,3-dimethylpentane)[143].
40 W
[ N
e 4 s T e

Economy and Mellon [133] indicate the high act%{ity of barium chromate
on carriers at space velocities of 2.2-7.2 x 103 hr-l., A complete oxidatioe
of n-butane, isobutane and isobutene on this contact takes place at 350-450°C.
Isobutene oxidizes at the fastest rate, followed byoisobutane and n-butane.
Barium chromate is stable to overheating at 690-800 C. and operates for a )
long time without a decrease in activity (600°C. - 168 hours, 700°C. - 48 hours,

800°C. - 24 hours).
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The oxidation temperatures of oxygen-containing compounds (alcohols,
ketones, aldehydes) are similar. Thus, T. G. Alanova and L. Ya. Margolis
showed [171] that for the same contact time of 0.34-0.37 sec, the oxidation
temperature of several compounds differs by 50°C.: acetone, phenol, metha-
nol (473°C.), butyraldehyde (443°C.), diacetone alcohol (523°C.).

In addition to their structure, the chemical composition of catalysts
has a considerable effect on the temperature of complete oxidation of hydro-
carbons. Most illustrative in this respect are the results obtained by Stein
et al. on metal oxides [112]. By oxidizing seven hydrocarbons on twelve
oxides of polyvalent metals, they obtained a general relationship whereby
the temperature of complete oxidation increased in a given sequence of oxides
for the majority of the hydrocarbons studied. Figure 38 shows data on the
temperature of complete oxidation of 2-CH3-butane and n-pentane on catalysts
consisting of oxides of different metals. In the oxidation of cyclohexane,
the reaction proceeded in the following sequence of metal oxides: vanadium
(550°C.), tungsten (540°C.), thorium (350°C.), copper (350°C.), cerium (330°C.),
aluminum (300°C.), iron (300°C.), chromium (270°C.), manganese (230°C.), cobalt
(150°C.) and in the case of l-pentyne: vanadium (350°C.), thorium (250°C.),
copper (270°C.), cerium (260°C.), chromium (250°C.), tungsten, aluminum (220°C.),
manganese (220°C.), cobalt (210°C.), titanium (210°C.), nickel (200°C.), iron
(180°c.).

All the hydrocarbons display a common trend, i. e., higher oxidation
temperatures as less refractory oxides (those of manganese, iron, cobalt,
nickel) are replaced by more refractory ones (those of vanadium, thorium,
tungsten), which are characterized by a low partial pressure of oxygne above-
the oxides.

t° of decomposition

L J
800} of 2~CH3-butane ”!. '.27' oy
L) .
S¢
. or
*oy
/.. Fig. 38, Oxidation of 2-methylbutane and
o0 oo 0o 7 n-pentane on oxide catalysts [ 112] .
S/ Th
[ 2
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L ]
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l.'["
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®
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t° of decomposition of n-pentane.
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Very similar results on the influence of chemical composition of the
oxides were obtained in studies of complete oxidation of ethylene [154, 155].
Dmukhovskiy noted that the oxides Co0304 and Co203 display the maximum activ-
ity, and the reaction rate at 262°C. decreases when oxides of the following
metals are used: cobalt, chromium, silver, manganese, copper, nickel, cad-

mium, iron, molybdenum, vanadium, titanium. When the oxides are deposited
on a carrier, their activity increases.

M, Ya. Rubanik et al. [155] found that the oxidation reaction of ethy-
lene in a flow-through circulating unit slows down in the following order
of metal oxides: manganese, copper, cobalt, iron, uranium, cadmium, vana-
dium, nickel, zirconium, lead, tungsten. A slight difference in the se-
quence of the oxides according to decreasing activity in the works of dif-

ferent authors is apparently due to differences in the conditions of pre-
paration of the catalysts and their use. .

% conversion to CO,e
w”?

Loy

\ Fig. %, Percent conversion of propylene to COy
” s at 360°C. as a function of the atomic number of
. the rare earth element [471].
. \
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Kh. M. Minachev et al. [471] showed that on rare earth oxides including
oxides of cerium, praseodymium, neodymium and terbium, propylene is complete-
ly oxidized. The catalytic activity of rare earth oxides in this reaction
is determined by the binding energy between oxygen and the surface of the ox-
ides acting as catalysts. Experiments show that as the atomic number of the
elements whose oxides were studied as catalysts changes, the yield ?f carbon
dioxide, i. e., the extent of oxidation of propylene to carbon diox}de an?
water (at t = 360°C.) changes periodically, passing thro?gh two max1ma_(F1g.
39) characteristic of cerium and terbium oxides. The oxides o? geodymlum,
samarium, dysprosium, gadolinium and turbium have a §table act1v1?y in Fhe
oxidation reaction of propylene, i. e., the carbon dioxide yield in their
presence is virtually constant. Oxides of lanthanum, cerium and praseody-
mium display a constant activity in the course 9f the first 30-40‘min3 and
then, depending on the temperature of thg ex?erlment, their activity increas-
es sharply. In all cases, a complete oxidation of propylene takes place.
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The activity of rare earth oxides is displayed in the temperature range
in which the oxygen adsorbed on the surface of these oxides is the most mobile.
Active rare earth oxides are associated with the mobility of the oxygen of
such oxides as cobaltous-cobaltic oxide, manganese oxide, and nickel oxide,
used as oxidation catalysts [408].

The combined effect of the mobility of oxygen and catalytic activity
of rare earth elements in oxidation reactions suggests that rare earth oxides
can be good oxidation catalysts for other hydrocarbons as well.

S. Z. Roginskiy, L. Ya. Margolis [97, 150, 170], and other authors have
advanced certain principles of selection of oxide catalysts for the reaction
of complete oxidation of hydrocarbons. They showed that in the oxidation of
isooctane, cyclohexane, and other compounds, the oxides of transition ele=-
ments and faintly colored oxides of such transition elements as niobium, mo-
lybdenum, etc., have a weak activity. The activity of individual oxides of
transition elements decreases rapidly in the course of service, whereas bi-
nary oxides containing at least one transition element and forming colored
compounds are marked by a high activity.

The authors note further that the most active and stable systems (par-
ticularly when deposited on a carrier) are spinels, whose properties were
studied in detail. The more pronounced oxidizing properties of chromium
spinels (as compared to others) are mentioned (Table 24).

On copper chromium and magnesium-chromium catalysts, isooctane burns
up most readily, followed by cyclohexane and methylcyclohexane [146].

The high activity of copper chromite in the oxidation of cyclohexane
is indicated by Hoot and Kobe [156]. 1In order of rising temperature of com-
plete oxidation, the oxides which they studied are arranged as follows:
copper chromite (170°C.), cobalt oxide (207°C.), ferric oxide (288°C.), sil-
ver oxide (292°C.), uranyl vanadate (294°C.).

In the case of Co-Mn spinels, a decisive influence on the catalytic pro-
perties in the oxidation reaction of progylene [150] is their structure. The
activity of a spinel of the structure Co +(Mn3+Mn3+)042+ is higher than that
of Co3+(Mh2+Co3+)042- because in the former there is an increase in the number
of Mn cations, which can act as electron donors for the chemisorption of 0y
atoms better than Co cations can.

The high activity of spinel type catalysts has stimulated the study of
their properties in the reaction of complete oxidation of hydrocarbons, [58,
171, 172, 173) and the application of, for example, copper chromite to qué-
tical uses.

- 96 -



Table 24.

Oxidation of Isooctane (1.2-2.%%) in Air on Low-Per-
centage Catalysts on Asbestos at 7 x 102 hr-1*

% of cata- Temperature of Sg-
conversion o
Catalyst gﬁig isooctane to CO,
and Hp0
Pt g.(l) 213
Copper-chromium ' 300—325
Irgg-e;c}_lromgum 3,0 800—850
Magnesium-chromium 3,0 350
Magnesium=silver 3,0 450—500
.Iron-aluminum 3,0 Above 500
Copper-aluminum 3,0 Above 500

*Table compiled on the basis of data from [97].

L}

Of major interest are studies on the "modification" of spinels by admix-
tures of acids and certain salts of alkali and alkaline earth metals. L. Ya.
Margolis et al. [128-140] showed the modifying effect of borie and hydrofluoric
acids, barium sulfate and nitrate, and sodium silicate on copper and magnesium
chromites. They noted that upon introduction of 2-5% of these compounds, the
activity of spinels in the reaction of complete oxidation of ethylene and iso-
octane increases sharply. The "modification" of contacts affects the quality
of the surface, occasionally altering the individual steps of the process.

Compounds with unsaturated (acetylenic, ethylenic) bonds oxidize readily
on spinels (cobaltides) and mixed oxides (hopcalites) at relatively high space
velocities, 21-60 x 10 hr-l [92-94, 96, 99, 111]. Promoting of manganese-
containing oxide catalysts with silver oxide and their deposition on a carrier
(manganese ore, clay [116]) increase the stability of these contacts to the
action of water vapor and to sintering, and their strength. Pyrolusite man-~
ganese ore activated with 1% silver oxide [92-94, 99] is used in the produc-
tion of inert gases for the removal of acetylene from the oxygen-argon mix-
ture.

In the preparation of mangagese-containing oxide catalysts, a consider-
able importance is assumed by the method of precipitation, which affects the
modification of manganese dioxide and its dispersity. Thus, in [149], O~
and g-modifications of manganese dioxide, prepared by different methods,
differed substantially in their activities in the oxidation reaction of car-
bon monoxide, probably because of different degrees of their dispersity. As
was noted by the authors (who studied the formation of an amalgam and the
reaction with copper oxide with the formation of an éctive contact), this was
manifested by a difference in their chemical properties.

In [148], the activity of the jnitial g~ and g modifications of MnOj was

..97_



found to be similar. A difference in their behavior was displayed after pro-
moting MnO; with silver oxide. Using x-ray structural analysis, the authors
were able to establish that silver oxide was formed in large quantity on the
surface of B-MnO,, whereas on o-MnO; silver is converted mainly to silver
manganite. The activity of the promoted catalyst in the latter case decreases
and approaches that of the original manganese dioxide.

Among other spinel catalysts, a complete oxidation of organic compounds
takes place at high rates in the presence of cobalt cobaltide. It is noted
that its activity is similar to that of platinum and palladium catalysts,

Andersen et al. {142], who studied the oxidation of methane (at space
velocities of 480 hr™') in air on 26 catalysts showed that the oxidation rate
constants decrease in the following series of contacts: Pd/y-Al;0; Co304 -
spinel, Co30; - mullite/y-Al:Os, Pt/y-Al;0;, Pd/y-Aly0s, CrzOsfy- Al;0s, Mn2Os/y-AlyOs
(Flg. 40). The temperature of complete oxidation of methane on Pd/A1,03 is
300°C., on Pt/Al503 400°C., and on 00203/7-A1203 500°C. Very similar re-
sults were obtained by oxidizing methane in oxygen on the same contacts
(without a carrier) in [472].

The catalysts Co304 and Pd/A1203 are more suited for hydrocarbons which
oxidize more easily: 2-pentene and benzene oxidize completely on these cat-
alysts at 200°C. On platinum catalyst on aluminum oxide, the temperature of
complete oxidation of these hydrocarboms is 50-100°C. higher.

In a study of the oxidation of methane (0.7-4%) in oxygen in a flow-
through circulating unit (circulation rate 550 l/hr) over oxides of transi-
tion metals of the fourth period, G. K. Boreskov et al. [147] showed that
cobaltous-cobaltic oxide displays the maximum activity. The reaction rate
constant for the oxidation of methane (1%) at 300°C. (for some metals the
value of K was obtained by extrapolating to 300°C. and 1% methane) decreases
in the series: Coz04, NiO, MnO, CuO, Cry03, Fey04, TiOp (Fig. 41). An
analogous activity series of metal oxldes was obtained by Boreskov et al.,
[151] in a study of the oxidation reaction of Hy and isotopic and homomole-
cular exchange of 0,.

By comparing the activity of a series of oxides in oxidation reactions
with the binding energy between oxygen and the surface of the oxides, deter-
mined by dissociating a part of the oxides, it was found that there is an
inverse proportionality between the catalytic activity and the energy binding
oxygen to the oxide surface [186]., The relationship found by Boreskov et al.
provides a rational explanation for the data reported in the literature on
the activity of transition metal oxides in oxidation reactions and offers,
new means of scientific selection of oxidation catalysts.

A relationship of this kind had been indicated earlier by Rienacker

in a study of the activity of a series of oxides in the oxidation reaction
of carbon monoxide [174]. He showed that the catalytic activity of metal
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oxides in this reaction goes through a maximum when the oxides are arranged
according to the binding energy. Oxides with a very high and very low oxygen-
oxide binding energy are not suited for this reaction. In order for the oxi-
dation reaction of carbon monoxide to proceed at the maximum rate, a certain

optimum binding energy between oxygen and the surface of the oxides is re-
quired.

Conversion
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Fig. 40, Catalytic oxidation of methane at a space velo-
city of 380 hr-l [142].

Data from a number of studies indicate
favorable prospects for the use of cobalt oxide

log W catalysts for the removal of hydrocarbons from
i oxygen-containing gas mixtures. The cobalt
w s catalyst Co304/A1203 oxidizes 93% of the hydro-

i carbons in exhaust gases [152]. The authors of
| the latter study noted that after 950 hours of
service, the oxidation of the hydrocarbons was

/ down to 87%. When cobalt catalysts are promoted
50 P4 with silver, they can be used for the removal of
! ! K4 saturated and unsaturated C,-C, hydrocarbons from
20— . + ——  gas mixtures at space velocities of 20 x 103 hr-l
4 7 a? cr-zo 78,0, ”g

w0 2 2mg %bjh. 0  low temperatures (100°C.), and high pressures
¢t (d = - .

Fig. 41. Oxidation of 1% methane (P = 50-300 atm) [107, 108]
in oxygen et 300°C, over oxides of

‘transition metals of périod When cobalt catalysts are tested on carriers
o b [A47) (silica gel, aluminum oxide, alumino-silicate)
at a high temperature, the effect of interaction of cobalt oxide with aluminum
oxide with the formation of the spinel CoA120& is observed; the activity of
this spinel being much less than that of cobalt cobaltide [142]. The incon-
sistency of data on the stability of the cobalt o§ide catalyst on carriers
may be due to the presence of different modifications of cobalt oxides.
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The lack of reliable literature data on the stability of most oxide
catalysts hinders their practical application in reactions of complete ox-
idation of hydrocarbons. More definite data are available on the use of
Mn-pyrolusite ores promoted with oxides of silver and copper [92-94, 175]
in processes of oxidation of acetylenic compounds, and on the use of copper-
chromium catalyst for the purification of gaseous discharges of certain in-
dustrial organic processes [171, 172, 173].

Platinum and palladium catalysts, whose activity is largely determined
by the method of preparation, conditions of activation, and chemical nature
and structure of the carriers, are suitable for the complete oxidation of.
cyclic compounds, which are the most difficult to oxidize.

%

L2

120 0 200 200 20 | 320 T

Pig. 42. Oxidation of 0.3 cyclohexsne (1) and a mixture of 0.3 cyclo-
hexane and 1% €O (2) in air over palladium catalyst on aluminosilicate

at « space velocity of 6 x 103 hr-l,

Fig. 42% shows data on the oxidation of cyclohexane (0.5 vol. %) and its
mixture with 1% CO in air at a space velocity of 6 x 103 hr~l. It is evident
from the figure that a 907% oxidation of cyclohexane to COy and H,0 is achieved
at 280-300°C. both in the case of 0.5% cyclohexane and its mixture with 1% CO.
Increasing the space velocity during the oxidation of cyclohexane to 12 x 103
hr-l slightly decreases the activity of palladium catalyst: an 85% oxidation
of the hydrocarbon is achieved at 330°C.

The oxidation of saturated hydrocarbons (for example, 1% of a propane-
butane mixture in air) takes place at a high rate on platinum catalyst (0.5
wt. % Pt) [57]. The activity of platinum-palladium and other catalysts under
comparable conditions proved lower than on platinum, as in the case of the
oxidation of formaldehyde (Fig. 43). C

Platinum~palladium catalyst on aluminum oxide (IMe = 1%) is used %arl
analyzing mixtures containing methane [103]. At a space velocity of 36 x
103 hr-l at 500°C., a 96-100% oxidation of the mixture to COy and Hy0 is
achieved on this contact. On palladium catalyst, a complete oxidation of

*Data of GIAP (State Institute of the Nitrogen Industry) obtained by oxidizing cyclchexane on
palladium catalyst prepared at the Institute of Chemical Seiences of the Kazakh Academy of Sciences.
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metha?e in a mixture with air is achieved at lower space velocities (450 hr-1)
??Zl?lgher temperatures: 20% at 500°C., 80% at 750°C., and 100% at 800°C.
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Fig. 43, Catalytic oxidation of 1% formaldehyde jn a mix-
ture with air at s space velocity of 36 x 102 hr~l,

Platinum catalyst of domestic manufacture [105] is successfully used at
space velocities up to 3 x 103 hr-!l for the oxidation of waste gas from plants
.producing synthetic fatty acids. At 300-350°C., the odor of toxic compounds
is completely eliminated. Platinum catalysts on ceramic rods called "oxicats"
[104], on aluminum oxide [105] and as an alloy with nickel [100] are used
abroad for these purposes (judging from reports in the literature). These
catalysts in the form of beads, screens, and metal plates purify waste gases
from petroleum-cracking plants, [104], synthetic fatty acid production [105],
coffee roasting, polymer factories [136], kitchen fumes, etc. The cost of
catalytic devices operating at 250°C. is 1.5 greater than that of installing
thermal combustion of the discharges. However, the operating cost of cata-
lytic devices is 2.5 times lower because of a sharp reduction in the amount
of fuel consumed by heating the components undergoing oxidation [102]. The
service life of such units amounts to 2.5-6 thousand hours [104].

A number of schemes for the catalytic oxidation of organic impurities
in the waste gases of chemical plants have been proposed in the literature.
The use of catalysts in the form of screens and streamlined lattices de-
creases the resistance to the gas flow and permits an increase of the space
velocities. According to the data of [137], in 1964, there were around 800
operating units for the catalytic purification of waste gases in Europe, and
around 900 units in the entire world, operating on all-metal catalysts. How=-
ever, the literature does not specify the service life of all metal catalysts,
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noting only that the alloy deteriorates rapidly when large amounts of acids
and solid inorganic substances are present in the gas [101].

In recent years, a considerable amount of patent material has been pub-
lished dealing with methods of purification of exhaust gases and preparation
of catalysts for these purposes. Major attention has been given to the study
of catalysts for the oxidation of hydrocarbons and CO in the exhaust gases of
motor transport: chromites, molybdates, supported manganates [176], manganese-
chromium catalyst [177], and contacts consisting of a mixture of chromite of
nickel or cobalt deposited on Al,0, coated with manganese oxide [178], or a
mixture of oxides of cobalt and cerium [181], or oxides of cobalt, nickel
(1-75 wt. %) and thorium (5-25%) [180].

Of interest are patents [106, 182] on the complete oxidation of methane.
A series of platinum group catalysts and silver on aluminum oxide are pro-
posed for this purpose. The reaction rate decreases in the following series
of catalysts: rhodium, palladium, iridium, ruthenium, platinum, silver [182].
At 400-500°C., a complete oxidation of methane (1.5%) is obseived'in a mix-
ture of 3% 0y and 95.5% Np at a space velocity of 0.1-200 hr™~. To purify
the exhaust gases, platinum and palladium catalysts are combined wtih oxides
of other metals [179, 183, 184]. Platinum or palladium are taken in amounts
of 0.01 to 1% of the weight of the carrier; the oxide of the metal (for ex~-
ample, copper or vanadium), in amounts of 0.1 to 10.0%, the carrier consti-
tuting the balance. Admixtures of phosphorus salts or acids [184] and also
compounds of sodium, lead, chromium and lanthanides in the form of salt
solutions increase the stability of the contacts to poisons and the activity
at relatively low temperatures.

An original solution to the optimum arrangement of catalysts is pro-
posed in one of the British patents [185], To lower the temperature of com-
plete oxidation of hydrocarbons and CO in the exhaust gas, the authors sepa-
rate the catalyst into two beds. At the entrance is placed a bed with the
smaller volume (2-10% of the total volume) containing 0.5% platinum or pal-
ladium on aluminum oxide. The second bed sometimes contains no platinum
(or contains 0.01% of it) and consists of the carrier and copper oxide on
Y-Alp03. The oxidation begins at a relatively low temperature in the first,
thin bed. The distribution of the platinum over the beds lowers the temper-
ature of the start of oxidation of the hydrocarbons and CO by 100°C.

- 102 -



Chapter 5

CATALYTIC REMOVAL OF NITROGEN OXIDES FROM EXHAUST GASES

The chief source of formation of nitrogen oxides in air are plants pro-
ducing nitric acid and nitrogen fertilizers and the exhaust gases of motor
transport. The content of nitrogen oxides in nitrous gases depends on the
technological conditions and amounts to an average of 0.1-0.5 vol. % at most
plants after absorption purification. The content of nitrogen oxides in
"residual" gases must not exceed 0.1 vol. % if the air is to be diluted down
to the sanitary levels (in the streets down to 0.1 mg/m3, and in industrial
buildings down to 5.0 mg/m3). It is known from the literature [2] that the
concentration of nitrogen oxides in areas adjacent to chemical plants and
also on heavily traveled city streets is many times greater than the per-
mitted level. The formation of smog, attributed by scientists to the reac-
tions of nitrogen oxides with hydrocarbons under the influence of ultra-
violet light, is a menace to the inhabitants of Los Angeles, San Francisco
and other cities with a heavy automobile traffic. Thus, the removal of
nitrogen oxides from atmospheric air and waste gases is a pressing problem
whose solution will improve the sanitary working conditions and reduce un-
productive losses of nitric acid.

Among the methods which may decrease the concentration of nitrogen
oxides in gas mixtures, two should be mentioned: absorption and catalytic
purification.

The process of absorption purification involves the absorption of ni-
trogen oxides by a volume of sorbent and in some cases a chemical reaction
with solid or liquid absorbers. Various materials [448, 449, 455, 456] have
been used as adsorbents at low temperatures, the most interesting of which
may be aluminosilicates, zeolites, silica gels [455, 265, 282], and also
iron and mangsnese ores [431, 432]. The use of solid absorbers may con-
siderably decrease the volume of the units as compared with the volume of
liquid purification devices, and reduce the investment in the removal of
nitrogen oxides from exhaust gases. However, absorption by liquid and
solid sorbents has many disadvantages which prevent its broad practical
application. The absorption and chemical binding of nitrogen oxides with
sorbents constitute a low-temperature process; raising the temperature sub-
stantially decreases their efficiency. The absorbing capacity of the sor-
bents is limited by the pore volume, and decreases in the presence of mois-
ture and after high-temperature regeneration in the majority of the cases

studied.

The thermal decomposition of nitrogen oxides, in particular NO to O
and Ny, takes place at a high temperature (600-1900°C.) and is accelerated
in the presence of catalysts. Fraser and Daniels, who studied the decom-
position process 2NO > Np + 0p in an inert atmosphere (10% NO) at

- 103 -



700-1400°C. showed that the reaction rate depends on the nature of the oxide
[439]. On aluminum oxide, the decomposition rate was two orders of magnitude
higher than on other oxides, for example ZrO,. The authors account for this
fact by a variable adsorptive capacity of the oxides for NO: Aljp03, 1.3 §
1010%;" 12,05, 0.77 x 108; 2r0,, 2.5 x 10%; ca0, 0.96 x 10”; zn0, 1.1 x 10

3

On transition metal cxides, the catalytic decomposition of NO and NO,
takes place at lower temperatures.

Sourirayan and Blumenthal [473] note that in the presence of copper oxide
on silica gel (3:7) at a space velocity of 1320 hr-1l, the decomposition of NO
in nitrogen is already 69% at 510°C. The catalyst displayed on high stability
(300 hours in overheatings to 1000°C.) and was used to remove nitrogen oxides
from the exhaust gases of a two-cylinder engine operating on ethyl gasoline.
In the latter case it is pointed out that copper oxide was reduced to the
metal, and the process apparently proceeded via reduction of nitrogen oxide
by the hydrogen and carbon monoxide present in the exhaust gas. Nitrogen di-
oxide in the presence of copper oxide and cerium oxide on Aly03 (1:1) is 99%
decomposed to NO, Ny, and Oy, and already 55% decomposed to Ny + 0, at 520°C.
[445]. The process of decomposition of NO, is affected by the nature of the
catalyst: at temperatures below 520°C., copper oxide is more active, and
above this temperature, cerium oxide contact is (cf. Fig. 44). The addition
of 0, to the reacting inert mixture slightly decreases the percent decom-
position of nitrogen oxides; for example, their decomposition in air at 520°C.
occurs to the extent of 477 as compared to nitrogen (55%). Wikstrom and
Nobe showed that the process takes place in two steps:

NO,—NO+1/,0,
NO;— N2+ 1/,0,

g

‘Beoo

N //— B

o g
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Pig. 44, Catalytic decomposition of NOy £o nitrogen in an inert atposphere
over copper oxide (a) and cerium oxide (b) on sluminum oxide L44S],

A study of the second step, the decomposition of NO to Ny in a vacuum, was
made by G. K. Boreskov et al. [457]. They showed that the catalytic decomposi-
tion of NO occurs at relatively low temperatures, 200-500°C., and the reaction
rate decreases in the following series of contacts: Co304, CuO, NiO, Fe203,
Cr,05, ZnO. The temperature at which a similar specific activity of the
oxides at PNO = 200 mm Hg is observed increases in this series.

*Expressed in number of molecules per cm2.
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Oxi °
xide Wsp zolemﬁg Temperature, °C.
s
Co304 3.1 x 1078 275
Fen03 2.3 x 10-8 355
Cry03 3.0 x 10-8 450

The reaction rate increases in proportion to the square of the NO concen-
tration, and as a result, the authors postulated that as the concentration of

nitrogen oxide in oxygen-containing exhaust gases decreases, the reaction rate
should be moderate.

A second-order reaction with respect to nitric oxide was also observed in
[447], where the decomposition of nitric oxide (0.40-0.43 vol. %) was carried
out in nitrogen in the presence of platinum-nickel catalyst at 500-625°C. The
decomposition reaction of nitric oxide occurs at the ratepV==;ﬂ;QEE§i., i, e.,

1+ 8VPo,
is inhibited by adsorbed oxygen formed in the course of the reaction.

In order to facilitate the desorption of oxygen from the surface of the
catalysts and give the reaction a different course, reducing gases are employed.
In some cases, at a high content of the reducing gas and an oxygen concentra-
tion up-to 3-4%, this makes it possible to carry out the process of reduction
of nitrogen oxides to nitrogen, water and ammonia at high space velocities.
Thus, it is noted in [459] that the rate of reduction of nitric oxide by hydro-
gen is 850 times faster than in an inert atmosphere.

The reducing agents used for the removal of nitrogen oxides from inert
and oxygen-containing gaseous media are hydrogen [443, 444, 452, 458, 459,
475], methane [443, 451], carbon monoxide [438, 441, 446, 460, 475], hydro-
carbons [436], ammonia [435, 437, 474], natural gas [433], and cyanamide
[478]. Basic data on these studies, performed for the most part during the
last decade, are listed in Table 25. It is evident that in the majority of
the studies, the concentration of nitrogen oxides was close to their content
in the effluent gases of nitric acid plants or exhaust gases of internal
combustion engines. We shall consider studies in which the reduction of ni-
trogen oxides was carried out in inert media. Schwab and Drikos [477] in-
vestigated the reduction of NyO by carbon monoxide on a catalyst at different
concentrations of the components. They showed that the reaction rate in-
creases sharply starting at 250-300°C., is proportional to the nitric oxide
concentration in the mixture when ther is an excess of carbon monoxide, and
proportional to the carbon monoxide concentration in excess nitrous oxide.
In an excess of the reducing gas, metallic copper acts as the catalyst, and
in the presence of excess nitrogen oxides, copper oxide is formed, and the
rate of the reaction is limited by the process of its reduction (E = 23

kcal/mole).
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A systematic study of the reduction of nitrogen oxide by hydrogen and
carbon monoxide was made by Sourirayan and Blumenthal over a prereduced
copper catalyst on silicon oxide [475]. The authors found that the degree
of interaction is determined by the composition of the gaseous mixture and
reaches 90-1007%, starting at a ratio of nitrogen oxides to hydrogen of 1:1
and to carbon monoxide of 1:3 at 250°C. (see Fig. 45, which we plotted by
using the data of [475]). An increase of the space velocity to 12 x 103
hr-l in the presence of a 5-10-fold excess of carbon monoxide, hydrogen or
their mixtures practically did not decrease the degree of removal of nitro-
gen oxides, The presence of hydrocarbons in the mixture had a positive
effect. The introduction of oxygen into the mixture with a large excess
of reducing agent did not affect the reaction. Analysis of the reduction
products showed that depending on the conditions, nitrogen oxides are re-
duced by hydrogen to nitrogen and ammonia.

This was also observed by Aven and Peters [444], who studied the re-
duction of nitric oxide [pressure 0.005-0.05 atm at 375-425°C. over a copper-
zinc-chromium oxide catalyst (29% Zn, 10% Cu, 31% Cr)].

The process of reduction of nitric oxide

Qub 4 . to ammonia is limited by the step of hydrogen
5 el — activation. The rate of reduction to nitrogen
o ¥ //, increases in proportion to the concentration
= o o of the initial components (NO and Hp). 1In the
S e case of silver catalyst, the rate of reduction
g » of nitrogen oxides by hydrogen (taking place

8 at 60-180°C. with formation of water) is also
- 2 3 v 1 & 7 &« 7 ¢  proportional to the hydrogen pressure [452].

0 or B Rggigoﬁna H0 It is postulated that the first stage is the
. 2 . . ‘ . decomposition of nitrogen oxides to the ele=-
FPig, 45, Reduction of nitrogen oxides  pepts, whereupon hydrogen reacts with the

by hydrogen and carbon monoxide over
copper oxide on illﬁca gel at 250°C, adsorbed oxygen.

Excess hydrogen in the reacting mixture (NO:Hp = 1:250) promotes the re-
duction of nitrogen oxides to ammonia. In the reduction of NO by hydrogen over
platinum and rhodium catalysts on aluminum oxide [476, 458], by using spectro-
scopic and gas chromatographic analyses of the reacting mixture at different
temperatures, Kokes observed that the reaction takes place via the formation
of N2O, whose content in the mixture increases sharply at 260°C. (Fig. 46).

One of the products of the reduction of nitrogen oxides in hydrogen is
water, which does not have a negative influence in the case of platinum and
silver catalysts. Something different is observed in the reduction of ni-
trous oxide in the presence of aluminum oxide. In this case, the water |
formed in the reaction decreases both the amount and rate of adsorptien of
both components on the surface [459]. The reaction rate in this case is
expressed by the equation klpx&i’o"’%’, where n, = 0.33-0.66.

"~ 14k Puo
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Nitrous oxide is an intermediate in the reduction of nitric oxide to

nitrogen by carbon monoxide.

This process was studied by Shelef and Otto

[460] over transition metal oxides and platinum on aluminosilicate in a

slight excess of carbon monoxide (1.2 moles of CO and 2 moles of NO).

The

maximum of formation of nitrous oxide is observed in a certain temperature

interval characteristic of each catalyst:

Fep03 (200°C.), CuCr0, (180°C.),

Cu0 (220°C.), Cry03 (240°C.), Ni0 (300°C.), Pt (300°C.), Co30y (350°c.),

and aluminosilicate (460°C.).

,
§
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Fig. 46, Effect of temperature on

the compasition of the products in

the reduction of NO by hydrogen
4581

No nitrous oxide is formed over MnO and V20s5.

From Fig. 47 (borrowed from [480]), which
shows the results for ferric oxide on alumino-
silicate (10% Fe03), it is evident that in the
case of ferric oxide catalyst, the maximum quan-
tity of nitrous oxide is formed at 200°C., and
at higher temperatures it is reduced by carbon
monoxide to nitrogen, The content of carbon
monoxide decreases as the reaction temperature
is raised, and that of carbon dioxide increases,
since the latter results from the reaction of
both nitrogen oxides with carbon monoxide. A
shift of the maxima of nitrous oxide formation

toward higher temperatures over a series of contacts indicates a decrease
of their activity in this reaction.

The data obtained in the present study on the mechanism of reduction of
nitric oxide by carbon monoxide were confirmed by Baker and Doer [446], who

studied this process on a copper-chromium catalyst without a carrier.

The

stepwise course of the reaction and the lag at the stage of formation of ni-
trous oxide are attributed by the authors to a strong adsorption of the re-
action product, carbon dioxide, at low temperatures (below 160°C.). At
higher temperatures, the reduction of nitric oxide to nitrogen occurs smoothly

since carbon dioxide is not adsorbed on the catalyst.

At 200-270°C., the de-

gree of removal of nitrogen oxides from inert gas mixtures by means of carbon
monoxide amounts to 70-90% at space velocities of the gas streams up to 36 x

103 hr-l (Fig. 48).

% , Initial NO

76 concentration I,
o St
D e’ “oInitisl CO.-:

@ u, -cgggéqtrat’ngn-—'-—-——-"

-g '.". \ 2%

Fig. 47. Change in the composition
of gas mixture during reaction of
NO with carbon monoxide over Fep0
aluminosilicate (10% Fex03) at dif-
ferent temperatures [460]s 1 - CO2;
2 = O3 3 =05 4 = N¥p3°5 = CO

These results indicate a real possibility of removing

nitrogen oxides from inert gases by means of re-
ducing agents. The rate of reduction of nitrogen
oxides under these conditions is limited by the
activation of the initial components, whose con-
centration ratio and temperature determine the
nature of the end products (N,0, Nj, H,0, NH,,
COy) and their influence on the kinetic charac-
teristics of the process. Another important
factor is the nature of the catalyst that spe-
cifically adsorbs the starting, intermediate,
and end products, and determines the reduction
temperature.
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A considerable excess of the reducing agent is used to reduce nitrogen
oxides in oxygen-containing gas mixtures. Thus, in the study of Roth and
Doer [441], 0.4% NO was quantitiatively reduced at a content of 6 vol. %
carbon monoxide. The introduction of oxygen into the composition of the
gas mixture changes the degree of removal of nitric oxide as well as carbon
monoxide from this mixture. If in the adsence of oxygen (cf. Fig. 49, a
and b) nitric oxide is completely reduced by carbon monoxide, and the latter
is removed to an insignificant extent, the situation changes when oxygen is
introduced. The percent oxidation of carbon monoxide is directly proportion-
al to the amount of oxygen introduced; at a close to atoichiometric oxygen
concentration, it reaches 100%Z. The degree of removal of nitric oxide from
the mixture remains high (100%) at a carbon monoxide content exceeding the
stoichiometric amounts relative to oxygen, then decreases as a result of
deficiency of the reducing agent. Apparently, at a carbon monoxide concer-

tration exceeding that which is necessary for com-

ol ~ = plete reaction with oxygen and NO, the surface is
g o \\3$: coated with carbon monoxide. The reaction proceeds
gg” : ¢+ as a result of the interaction of adsorbed carbon
%gé."a \. \, monoxide with oxygen and NO molecules striking the
&5 \\. surface and thus becoming instantly activated.
® 7 X When the oxygen concentration exceeds the stoichi-
v s s ometric quantities, oxygen is preferentially ad-

: 3 py~1 .

Space V91°°1W' 1°5h"' * sorbed on the surface, thus decreasing the possi-
Pig. 48. Reduction of NO by b111t‘:y.of adsorpt.:lon of NO. When t}.lere is an in-
carbon monoxide in an inert sufficient quantity of carbon monoxide and acti-
atmosphere on copper-chro- . . -
nium contact as the tempera- vatetil NO molecules, the reactl:on 9f catalytic re
ture and spa[ziG vfloczty change  duction of NO by carbon monoxide is depressed.
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Fig. 49, Effect of oxygen concentration on the percentage
of removal of nitric oxide (1) and carbon monoxide (2

gas mixtures at 250°C. and a space velosity of 10 x 107 hr-L:
a - over barium-promoted coeger chrom:.te- b - over cop
chromite on aluminum oxide & Cuo, 6, Cr20 T
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On the basis of the data cited by Doer and Roth [441], one can compare
a series of tested catalysts used for the reduction of nitrogen oxides by
carbon monoxide in the presence or absence of oxygen in gas mixtures. It is
evident from Table 25 that when oxygen is absent from the mixture, the re-
duction of mitric oxide is fairly complete at low temperatures. Even at 245°C.,
in the presence of barium-promoted copper chromite and copper oxide on aluminum
oxide (3.4 wt. %), the percent age of reduction is 100. When oxygen is intro-
duced into the composition of the mixture, barium-promoted copper chromite is
the most active catalyst,

Roth and Doer [441] point out that the degree of removal of nitric oxide
from a gas mixture increases with the carbon monoxide concentration. This is
also noted by Sokol'skiy and Alekseyeva [113, 395], who studied the purifica-
tion of the exhaust gas of a two-stroke engine in the presence of 16.8-17.3%
0y over unactivated manganese ore (see Table 25). As the carbon monoxide
concentration in the initial mixture increases from 2.5 to 5.6%, for a simi-
lar content of nitrogen oxides, the degree of removal of the latter and car-
bon monoxide increases, The results cited in [113, 441] are of practical
interest, since the gas mixtures from which toxic components are removed are
close in composition to the actual compositions of the exhaust gases of in-
ternal combustion engines.

Additional data on the removal of nitrogen oxides from oxygen-containing
gas mixtures can be found in the patent literature. A survey of a few patents
in this area shows that the process as carried out in industry consists of
two stages [143, 451]. In the first stage, excess, higher-than-stoichiometric
amounts of hydrogen, methane or natural gas are introduced into the mixture
to be purified in order to make them react with oxygen and form carbon dioxide
and water. In the second stage, the excess reducing gas reacts with the nitro~
gen oxides. The temperature of the process is determined chiefly by the nature
of the reducing gas. When hydrogen is used, the reaction takes place at 150-
200°C., and in the case of ammonia at 150-250°C., whereas methane requires
a higher temperature (400-430°C.). Because the first stage of the reaction
is exothermic, a heating-up of the catalyst is observed which increases in
proportion to the oxygen content of the mixture. In the case of catalysts,
mainly precious metals of group 8 are used: platinum, palladium, rhodium,
ruthenium 1433, 434, 436, 464], palladium-ruthenium [48, 68, 440] and their
mixtures on carriers (aluminum oxide, ceramics, etc.).

Andersen et al. [434, 435, 437, 464] showed that the process of reduction
of nitrogen oxide is considerably facilitated when the reducing agents used are
ammonia (stoichiometric amounts relative to nitrogen oxides) or methane in
high concentrations (up to 57%). The removal of nitrogen oxides from oxygen-
containing gas mixtures can tgen be accomplished in a single stige at high
space velocities (60-200 x 10 hr~l) at temperatures of 125-550°C, A selective
reduction (of nitrogen oxides only) by ammonia according to the equations

2NH;+3NO — 5/, No+3H,0
4NH;+3NO2;— 3!/2 N2+ 6H0
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N Cétalyti.c Removal of Nitrogen Oxides from Exhaust Gases,

Table

254

. Degree % . e Ref-
_ Composition of Gases, vs Tempera- |of Puri- | Characteristics of erence
Catalyst, Composition Concentration of ni-' | Ve og:.ty, ture, °C, [fication |Catalysts and Process
trogen oxides hr™ -
1 2 3 4 5 6 7
Pt, Pd, Ru, Ir, Ag, Rh Nitrous gases: 0.1 - 265-415 —_ r mixtures with
and Pd N Rh on alumin . 0.5 Vol, % nitrogen dx= (n(rg above °2a Rh/A 1,05 (’”‘!50")'
oxide (0.5 Wb, 4 metal) {ides, pius added methane, and for those with 21%
natural gas, 3-21% O tzo Pd/AL;05 @/450°) [488]
0.1 200.10% 100-600 rg recogmer}de‘it
Nitrous gases: O.l- [20—200. 1 — emoval of nitrogen ox
Pd/Al0; 0.3 nitrogen oxides, optimum 506- ides is carried out afte;
3% Oo + 1,66 methane 250 removing H& €0 and hydro
+ water vapor, nitrozen rbons, Reaction occur{
atisfactorily with 30-
excess methane over
he reaction with nitro- |
en oxides and oxygen [434]
Pt, Pd, Ru, Rh, Ir, Nitrous gases: tentl — - - Nitrogen oxides reduced
Ag and their mxtures ] of one percent of nitro in two stages:
on aluminum oxide . gen oxides and a few
, percent of Op + NH3 1. 3NO-L2NH, Pt
! 150—400°
— 3H,04-2N; [435]

P Hy or CHy is added to
the remaining nitrogen

oxides, and the reaction
is carried out at 150
900° over Pty Pd on

A1205 or aluminosilicate

[435)
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Pt/carrier

Ni, Pt, Pd on aluminum
oxide

Co, Fgy Ni on alupi
oxide (5—6; metalsgmum.
APC=2 + dunite

Pd-Ru on aluminum
oxide

Unactivated manganese
ore

0.% nitrogen oxides,
% 05y Hy0 ~ 0.8%, stoi-
chiometric quantity of
NH for the reaction with
m.?rogen oxides

Nitrogen oxides in
waste gases of chemical
plants. Natural gas or
hydrocarbons with H :53
added, P = 0,035 kgfo

2% 02, 2% NO_+ 2¥0
+ 8% Hy0 + ammonia and
“inert gases

Waste gases from pro-

uction of nitric acld
LT carbon mon=

axide present in gases
emitted from plag§§ of
cuprammonium puriliyca— .
. tion, 2—5% 025 ong

Converted gas (nitro}
gen oxides 0,2-1.0 cm3/
w3, Hp 70-71%, acetylene}
05 0.1-0.%

Exhaust gases of th-
stroke internal combuse.
tion engine, laboratory

data - —
j16.8-17,8% 03, 0,0014~

26—150.108

no 20.10%

24—41.10?
(Linear 1,7
2,7 l/min
hr-1

Gas volume
7?7-131 n>

Catalyst
volume
10.10°

19.10°

150--250

4501100

200—-300

(Ni, CO)

160—250 (Fe)
260470

. Over the

catalyst

705—810

(Past the .
catalyst)

150160

100
200
300
400
600

90—98 %

9299

50—80
85—100

95—98

Continuation of Table 25

Ammcnia reacts only
with nitrogen oxides,
catalyst stable for
three months (laboratory
data). Process accom~
plished in one stage,

Temperature of chemi-
cal reductant controlled
by introducing inert
gases into the reaction
space

~ Catalyst operated
stably for 6.5 months

014,56
5770
52—62
4762
2839

Percent removal of
nitrogen oxides from |
exhaust gas increases

[464]

[436]
[487]

[438)

[68, 440,
264]

with inereasing CO
content of mixture

[118)
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Continuation of Table 25

6

7

Copper chromite
Copper chromite

Copper chromite pro-
moted with barium
CuO—Cr,O;/AL..O,
(3,4% Cu0, 38,4% Cr,0,)

CuO/Al,0;s (34% CuO)

Cu0—Cr,;0,/AL0,
(6,8% CuO, 6,8% Cr;0,)

Pt gn nichrome (809, Ni,
2ty cry 0% N
Pt/A140;, ceramic

0,0013% NO, 0,0088—
0,0032 1~
3% €O, 2,6—5,6% CO
8% CO0--0,4% NO-+N;
6% CO+40,4% NO--

80;1-N,
8% CO+0,4% NO-+N;
6% C0+0,4% NO--N:
6% C0+0,4% NO4-
+4% 0:+N;
6% CO+0,4% NO-+N;
6% CO0+4-0,4% NO-4-

+3% O0:+N,
6% C0+0,4% NO+N;
6% CO-+0,4% NO-+N;
6% CO--0,4% NO-{-Nj
6% CO0-+0,4% NO-+N;
6% C0+0,4% NO4-N.
6% C040,4% NO-
+4N,;+42,0% O
ois—ols% Nitr%en
oxides1—4% 02 Na
0,3—0,5% Nitrogen
oxidesNy+Ha 2—4% 0,

Nitrogen oxides NO . +fiy
=0,005—0,05 atm

0,3—0,8% Nitrogen:]
oxides{ N, +CH+2~—|

4
Cu0—2Zn0—Cr;0,
glt;% Cu, 29% 2Zn, 31%in Ny(NO:H,=1:1) P=
T

10.10%

v o eovve

120.108

80—50.10%

1

2000
nl/min

245
400—580
150200

400430
8756—426

Trrtrrirrvrrrrrng

Maximum allowed over—

heati t 00°
cgggll.ggtssugpega 2 fo

23 hours

Rate increases with
concentrations of re-
acting gases

[441)

[442)

[448)
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CuO/Al;05 (1:1)

CeOa/Alzm (1 H 1)

Plant Cu0-Crz03 .
(17%, Cr:05 82% CuO)

Nl—PtIA1103
Pt, 3%Ni

Pd- on spherloal
ocarrier (0.5 Pd)

©0,1%

NO; in nitrogen,
1260 ppm

NO, 1500 ppm - - h
+1%CO+N,

0.40-0,4% nitrogen
ox1des, in nitrogen,-

0.35 nltf'ogen oxides
8.0—4,0% 0; H0, N2+
4-CH,

0,8% Nitrogen oxides
3—4% O0,+65% H,,
10% CHy, Na

0,3% Nitrogen oxides,
3—4% O, 40% CO,

15% H; 6% CH,

1n37-17 ,8

16.10%

gy
;_‘H' L 2 2K J
L%

33.10%

66.10%

120-10%
67.10°

60.10°

350
520
460
460
650
160
138
130
1956

195
500—626

451

485

405
549

526

8 ppm
(N0 + N
in purifi]
gas

4 5om

850 ppn
128 ppm

16 ppm

Pd

Continuation of Table 25
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- [445)
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- [464]
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Continuation of Table 25
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can be carried out on platinum, palladium, ruthenium, cobalt, and nickel,
although the authors prefer the platinum contact. 1In the presence of this
catalyst, ammonia being added (1 mole of ammonia per mole of nitrogen oxides
and 10 moles of oxygen) to the gas mixture to be purified, nitrogen oxides
are almost completely removed (up to 10 ppm of nitrogen oxide by weight re-
mains) (Fig. 50). The selective reaction of ammonia with nitrogen oxides

is attributed by the authors of [464] to the low rate of reduction of oxygen
under these conditions

2NH;3+4+1'/,07— N2+ 3H0.

g2

gl

2. .

00 \ ~100

‘,r . e ON

& s 2
+

-§ ne * o L

8 . E

X Jo \ G

@ -_._ o g0

-E:c “ ve - * "E

~ A4 o

~ J

S B A ;

+ PR R | = "0 220 Jue TLiaa

e Moles of NH

~ per mcle of NO, Fig. S1. Effect of temperature
and space velocity on the per-

Fig, 50, Effect of am- centage of selective reduction

of nitrogen oxides (0.%) by

monia concentration on 7
n o ammonia over platinum in an ox-

the content of nitrogen
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Of interest are data obtained by these authors on the effect of tempera-
ture and space velocity on the catalytic reduction of nitrogen oxides by am-
monia over 0.5% platinum on a carrier [464]. From Fig. 51 it is evident that
at space velocities of 60-90 x 103 hr-1 at temperatures as low as 150-250°C.
the degree of removal of nitrogen oxide from the gases amounts to 90-98%.

At lower temperatures, the process is inhibited by the adsorption of ammonium
nitrates and other salts being formed on the catalyst,

Judging from the papers [465-469] and the survey [463], the catalytic
purification of waste gases of nitric acid plants is widely employed in
foreign practice. Depending on the natural resources, the reductants used
are methane and natural gas, and in areas where these are lacking, ammonia.

Soviet researchers have used APK-2 platinum catalyst to remove nitrogen
oxides from the waste gases of nitric acid production [438]. The reducing
gas used was carbon monoxide from gases of a cuprammonium purification column.
The platinum catalyst operates with a high efficiency at space velocities of
14-27 x 103 hr-l and a degree of purification of 75-92% (Table 26).
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Table 26,
Decomposition of Nitrogen Oxides of Waste Gases from the Production of
Nitric Acid in an Experimental Unit [438],
Gas Composition: 2.6-9% 0y, 0.2% CO + Nitrogen Oxides

Temperature, °Ce P +
S ercen
rolas Velggggy Over | Past Linear Removal
uge, 10 Catalyst .| Reactor VeXoeity. . of
’ Nitrogen
Oxides
Two-bed catalyst (3,15 1) APK~2 + dunite.”

({4 24,4 415—470 725—810 |} 1,74—1,9 100
112 85,6 260—415 | 505—710 | 1,87—2,36 99
131 41,5 260391 405705 | 1,88—2,71 85

- single-bed catalyst APK-2 (6.9 1),
298,8 14,8 160—260 590—790 | 1,9 —2,8 92,5
123.4 17,9 165—220 580—730 | 2,3 —2,7 86,0
156 22,6 170—2156 616—720 | 2,98—3,31 85,8
189 27,4 185—270 640—705 | 3,6 —8,76 75,4

The use of a two-bed catalyst (the second bed being dunite) makes it
possible to increase the space velocities of the process to 41.5 x 103 hr-l
and the percentage of purification to 85-100% with a certain decrease of the
total volumes of purified gases (lower linear velocity). A two-layer con-
tact is proposed by the authors for gases with a high oxygen content.

Of major interest are data on the reduction of nitrogen oxides in oxygen-
containing mixtures in the presence of supported common metal catalysts [442,
437, 463]. Figure 52, plotted on the basis of Andersen and Keith's patent
description [437) shows the temperature dependence of the percent reduction
of nitrogen oxides by ammonia in the presence of reduced cobalt, nickel and
iron catalysts on aluminum oxide (5-6% metals) at a space velocity of 20 x
103 hr-l. It is evident that at 200-275°C., the nickel and cobalt catalysts
display the maximum activity. In their presence, nitrogen oxides are 90-
100% reduced by ammonia at a high oxygen content (22%). Iron catalyst is
active at a lower temperature: at 165°C., the percent reduction of nitrogen
oxides is close to 807%.

% reduction
oo of nitrogen-

oxides 74\" \o\
.

< "~ : Fig. 52. Reduction of nitrogen oxides (2% NO, 2% N02)
@ '\./ .,./' \ by ammonia in oxygen-containing mj.xtgxre_s, at & space
o velocity of 20 x 103 hr*} over cobalt (1), nickel, (2},
-2 and iron (3) catalysts on aluminum oxide (5-€% Me)
20 .-l [h??]o
200 P 5ao4=7 7
' ) 220 a5 re
Temperature.
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According to the data of Fletcher [442, 443] and British patents, a
nickel-chromium alloy catalyst (80% Ni, 20% Cr) promoted with platinum is
suitable for the removal of nitrogen oxides from gases at an oxygen content
of 1-4.3%, space velocity up to 120 x 103 hr'l, and temperature of 400-580°C.
Reduced platinized and chromized nickel foil and nickel-chromium catalyst
were used to remove nitrogen oxides from gases by reduction with methane
(natural gas) in [80, 81]. The authors showed that at 500-600°C. a complete
reduction of nitrogen oxides on the nickel-chromium catalyst and chromized
nickel foil takes place at a space velocity not above 14-15 x 103 hr-l [81].
A low stability of the nickel-chromium plant catalyst was observed (50 hours
as compared to 160-200 hours for chromized nickel foil). Platinizing of
nickel foil jincreases the activity (complete purification at a space velocity
of 28.6 x 10 hr'l) and stability of the contacts.

To lower the temperature of the process, as recommended in a US patent
(2910343), 27 October 1959), the authors of [80] used a two-~bed catalyst. A
bed of GIAP-3 palladium catalyst (0,16% Pd), whose volume amounted to 1/6
of the total volume of the contact, was placed above the chromized nickel foil
catalyst. Under these conditioms, it was possible to reduce the nitrogen
oxides ip the exhaust gas down to the sanitary permissible concentrations
(30-40 m3/hr) at 550°C. and a CH,:0p ratio below the stoichiometric value
(0.6), i. e., in an oxidizing atmosphere. A complete removal of nitrogen
oxides is achieved at CH4:02 = 1.1,

Over nickel catalyst with admixtures of copper on grog (3% nickel + 2%
copper), nitrogen oxides were completely redgied by hydrogen (2-3-fold excess
at 500-600°C. and a space velocity of 600 hr ~ [461, 462].

Despite the relatively high activity, common metal catalysts are unstable,
particularly in the purification of actual exhaust gases, for example, from
nitrogen fertilizer plants [453], and can operate only in the presence of a
large excess of the reducing gas. For this reason, supported precioussmetal
catalysts with metal contents of 1.8-2% and space velocities of 8 x 10 hr-1
are recommended for practical adoption by plants in the USSR, [453, 454].

The purification takes place in one stage at a high temperature and pressure,
and the reducing gas is able to react with nitrogen oxides and oxygen. A
method of high temperature purification has been developed for mixtures con-
taining up to 3% oxygen. At a higher oxygen content, it is necessary to
apply the two-stage scheme described above.

A pronounced effect in the high-temperature removal of oxides from oxygen-
containing mixtures was observed by using combined [438, B0] and mixed catalysts
[454], which make it possible to reduce the consumption of the precious metal.
The method of preparation of a mixed palladium-ruthenium catalyst and the devel-
opment of a method of removal of nitrogen oxides and acetylene from converted
gas are reported by F. P. Ivanovskiy et al. [68, 440, 264)]. The catalyst pro-
posed by the authors is marked by a high activity in the reduction of nitrogen

- 117 -



oxides in hydrogen-containing gas mixtures (excess hydrogen). The same con-
tact may be successfully used to remove nitrogen oxides from exhaust gases
of gasoline engines containing substantial amounts of carbon monoxide and

hydrogen under most operating conditions.
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Chapter 6

BENCH AND ROAD TESTS OF EXHAUST PURIFICATION CATALYSTS

Laboratory tests of catalysts for oxidizing carbon monoxide and other
components of exhaust gases on artificial mixtures are the first and indis-
pensable steps in the selection of catalysts. A second important step
consists in testing optimum catalysts on the actual gas of internal combustion
engines mounted on benches. Bench tests proposed in the USSR for catalysts
used for purifying the exhaust gases of gasoline engines have been conducted
on a model installation at the Central Scientific Research and Experimental
Design Laboratories of Neutralizers and Automobile and Tractor Power Engineer-
ing. The design of the installation and the procedure for testing and
analyzing the mixtures, discussed in [70], made it possible to determine the
efficiency of catalysts as a function of temperature (100-500°C.), space
velocity of the gas flow (20-120 x 103 hr~1l), and carbon monoxide concentration
(up to 6% CO).

A series of catalysts supplied by various organizations were tested:
platinum (0.2%) and manganese-copper oxide catalysts on aluminum oxide (Karpov
Physicochemical Institute, Moscow), copper—chromium oxide catalyst (Azizbekov
Institute of Petroleum Chemistry, Baku), copper oxide-activated iron ore
(NIOGAZ, Moscow), palladium catalyst (0.5-0.75% palladium), platinum-palladium
catalyst (0.25~0.5 wt. % total metals) on aluminum oxide, and iron-copper
oxide on clay (Institute of Chemical Sciences, Kazakh Academy of Sciences).

Bench tests were carried out on catalysts having a high activity,
stability, and thermal stability under laboratory conditions on artificial
mixtures [54, 56-62, 71]. Figure 53, based on data of LANE [70], illustrates
data comparing the efficiency of the action of these catalysts in the oxidation
of 1% carbon monoxide as the temperature of the exhaust gas of the "Moskvich-
407" engine changed (space velocity 33-38 x 103 hr 1).* The air injection
amounted to 30% of the total gas flow.

As is evident from this figure, the degree of oxidation of carbon monoxide
is substantially determined by the temperature and chemical composition of the
catalysts. At 100-200°C., the degree of oxidation is low, and at 200-220°C.
it ranges from 5 to 35%, depending on the catalyst. The maximum activity at
220°C. was displayed by platinum and palladium catalysts on carriers and acti-
vated siderite. As the temperature rises in the presence of these contacts,
the degree of oxidation increases sharply and reaches 100% for platinum and
palladium at 320-340°C., and in the case of copper oxide-activated iron ore,
at 400°C. The platinum-palladium catalyst is also characterized by a sharp
increase in activity as the temperature changes from 240 to 270°C.; a complete

oxidation of carbon monoxide is observed at 380°C.

* A mixture of 4.5-6% CO and 7% 0, was oxidized on the platinum catalyst.
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Fe:Cu = 4:1 (atomic); L oxides : carrier = 1:25 7 g = calcined samples

7 b - uncalcined sample.

The activity of oxide catalysts increases slowly with rising tempera-
ture and reaches a maximum, 50-55%, for the iron-copper oxide catalyst on
clay at 350-450°C., 40% for the manganese-copper oxide catalyst on aluminum
oxide at 420°C., and 30% for the copper-chromium catalyst at 350°C. A further
temperature elevation decreased the activity of the iron-copper oxide and
copper-chromium catalysts, apparently either because of a change in the phase
composition of the catalysts under the influence of the reacting mixture, or
as a result of poisoning by some impurities, for example, water vapor, which
may have a poisoning effect.
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Pig, Sk, Effect of space velocities on the catalytic oxidation of
carbon monoxide in the exhaust of MZMA-407 engine at 300°C. (a) and
4o0°C. (b)[ 70, 61]. Notation same as in the preceding figure.
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. In view of the fact that the volume of exhaust gases changes with
different operating conditions of the engines, the effect of contact time
on the efficiency of oxidation of carbon monoxide was investigated. A space
velocity of 20-120 x 103 hr~1 was achieved by varying the volume of the
catalyst. The efficiency of the catalysts at 300 and 400°C. at various
space velocities is illustrated in Fig. 54, a and b. The experiments showed
Fhat as the space velocity increases at 300°C., there is a sharp decrease
in the degree gf oxidation of carbon monoxide to 20% at space velocities of
40-80 x 103 hr in the presence of activated siderite and iron-copper oxide
catalysts. There is also observed a decrease in the activity of platinum-
palladium contact to 45% at 60-79 thousand 1/1 of catalyst per hour.

Platinum and palladium catalysts on carriers behave differently. The
degree of oxidation of carbon monoxide over platinum contact as the space
velocity is raised to 120 x 103 hr~l varies between 90 and 100%, over pal-
ladium catalyst with 0.75% palladium it amounts to 85%, and decreases to
70% when the palladium content is lowered to 0.5 wt. %. At 400°C., with a
wide variation of the space velocities of the gas flow, the degree of oxida-
tion of carbon monoxide over platinum, palladium and platinum~palladium
catalysts is 100% and decreases by 10-15% only at 114 x 103 hr~l over palladium
catalyst. Raising the temperature had no positive effect on the activity of
siderite. Oxide catalysts at space velocities of 20-70 x 103 hr~l were rela-
tively insensitive to the contact time, and their activity remained as high
as before.

In order to study the effect of carbon monoxide concentration in the
exhaust gas, a series of experiments were carried out at a space velocity of
40 x 103 hr~1l over palladium catalyst on bead aluminosilicate (0.5 wt. % Pd)
with preheating of the gas before the reactor to 286°C. Figure 55 shows the
change in percent oxidation of carbon monoxide, the temperature in the reactor
and past it, and the oxygen content in the exhaust gas before and past the
reactor as the carbon monoxide content in the exhaust gas increased from 0.2
to 6 vol. %. It is evident that as the carbon monoxide concentration increases,
the oxygen content in the exhaust gas past the catalyst decreases from 6 to 2%.
The extent of oxidation of carbon monoxide depends on its concentration: whereas
at 0.2-2.0 vol. % CO it amounts to 50%, at 2.5-3.0 vol. % it increases to 100%,
at 4% to 90%, and at 5.7% it drops to 65% because of the insufficiency of oxygen
on the surface. Because of the liberation of a large amount of heat by the
oxidation of carbon monoxide and hydrocarbons, the temperature within the cata-
lyst rises, and at a carbon monoxide concentration of about 6% reaches 795°C.
Thus, starting at 200°C. (10-20%) , palladium catalyst achieves a fairly com-
plete oxidation of carbon monoxide over a wide range of space velocities and
00 concentrations in the exhaust gas, and at 340°C. all of the carbon monoxide

is eliminated.

In addition to the above-indicated contacts in the experimental gas puri~
fier, LANE (0.5 1) tested mixed palladium-copper, palladium-iron and palladium-
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Fig. 55. Effect of carbon monoxide concentration in the exhaust
of "Moskvich-407" engine at %6 x 103 hr—l on the efficiency of

palladium catalyst (the gas being preheated to 200°C.) [70, 61].
1 - percent oxidation of carbon monoxidej 2 - oxygen content o

exhaust gas, vol. %; 3 - temperature of catalyst; 4 - temperature
of exhaust gas past the catalyst; 5 - oxygen content past the gas

purifier, vol. %.

cobalt contacts on aluminosilicate (Table 27). During the tests, the rota—
tional speed of the crankshaft (1500-2500 rpm) and the fuel feed were varied,
the temperature was measured before and after the gas purifier, and the gases
were analyzed chromatographically for the content of carbon monoxide, carbon
dioxide, oxygen, and hydrogen before and after purification in the exhaust
gas of the "Moskvich-407" engine. (The gases were preheated to 400°C. during
the purification.) It is obvious from the data obtained that when the carbon
monoxide content of the engine exhaust was 3-5 vol. % and the hydrogen con-
tent up to 1.0-1.8 vol. % (leaned-out mixture) over mixed palladium catalysts
at 1500 rpm, the degree of removal of carbon monoxide S ranges from 0.79 to
0.97. As the speed during operation of the engine on the leaned—out mixture
is increased to 2500 over the palladium-cobalt catalyst, S decreases to 0.69,
over palladiumiron to 0.89, and over palladium-copper to 0.5. The average
degree of purification in operation on the leaned-out mixture is 0.7, and the
purification of the gas over palladium-cobalt catalyst is better. The compo-
sition of the exhaust gas past the gas purifier includes 3-7 vol. % oxygeh
and 9-10% carbon dioxide. Hydrogen, which is present in the exhaust gas[in
the case of the leaned-out mixture, is completely oxidized over the catalyst
and obviously the first to undergo oxidation. From the oxygen content of the
gas past the gas purifier one can infer that the concentrations of the reacting
components on the surface of the catalyst are very similar.
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During the operation of an engine on an enriched mixture, the compo-
sition of the exhaust gas includes a large amount of carbon monoxide (7-14
vol. %) and hydrogen (2.8-4.9 vol. %), and the degree of removal of carbon
monoxide decreases sharply, apparently because of a deficiency of oxygen on
the surface of the contacts: the composition of the gas past the gas puri-
fier contains 2.6-4.0 vol. % 0,. 1In this case, it is evident that carbon
monoxide, hydrogen and hydrocarbons (whose analysis was not performed) are

primarily adsorbed on the surface of the catalyst, hindering the activation
of oxygen.

As is evident from an analysis of the bench tests of a series of cata-
lysts, the best catalysts from the standpoint of removal of carbon monoxide
from gasoline engine exhausts are supported platinum and palladium catalysts,
which have shown a high efficiency over a wide range of space velocities
(up to 114 x 103 hr™1l) and gas temperatures, starting at 250°C. and above.

In the case of palladium catalysts in the presence of a high carbon monoxide
and hydrogen content, the degree of oxidation varies as a result of an insuf-
ficient suction of air (1/3 of the gas flow) through the injector.

LANE conducted comparative bench and experimental road tests of platinum
and palladium catalysts in the exhaust gases of the MZMA-407 engine in KNG-150
and KNG-450A neutralizers on the ZIL-130 truck (Table 28, 29). It is apparent
that in the degree of removal of CO from the exhaust gas of the ZIL-130 engine,
palladium catalyst is identical to platinum. In the case of the MZMA-407
engine in a KNG-150 gas purifier at 1500 rpm, the degree of purification at
all loads is 10-207% lower than on platinum catalyst.

Some catalysts were tested for the purification of diesel engine exhausts:
bench tests were conducted in a gas purifier designed by GIPRouglegormash
(State Experimental Institute of Design and Construction for the Coal-Machinery
and Mining Industries) (KDM-100 four-cylinder engine), and road tests were
carried out in a thermocatalytic gas purifier designed by S. S. Filatov [72]
in collaboration with LANE and the Mining Institute (Sverdlovsk).

Bench tests with the KDM-100 four-cylinder diesel engine were conducted
on palladium and platinum-palladium catalysts on synthetic aluminosilicate
(0.5 wt. % metals on the carrier)* and on an iron-copper oxide contact on
clay (iron-copper = 4:1, I oxides : carrier = 1:2). The catalyst (10 1) was
placed in a shelf-type gas purifier. The exhaust gas before the catalyst
passed through a bed of aluminosilicate which partially removed water, soot and
other impurities. During the tests, the gas temperature in the catalyst bed
was measured, and the gas was analyzed before and past the gas purifier for its
content of carbon monoxide, aldehydes, nitrogen oxides, and carbon dioxide.

» The tests were conducted in the heat engineering laboratory of the GIPRouglegormash Institute.
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Table 27

Oxidation of Carbon Monoxide and Hydrogen in the Exhaust Gas of "Moskvich-407" Engine in the Presence of Mixed
Palladium Catalysts (Total Metals 0,75 wt. %, 0.5 1) in an Experimental Gas Purifier
Designed by LANE

Gas Temper- -]
ature, °C co co, 0, H, 8.5 |Degree of
Catalysts { Speed, | Fuel Feed B |Purifica-
rpm I | o ||| 1 |mo|1 |1 I 5% |tions
=]
Palladium 1500 ' Leaned-out 560 | 620|5,0}0,283|9,2 [113,0 |8,6 |8,6 | 1,8 0,34 ] 0,97
Copper mixture
Enriched 450 | 460 [10,14; 9—12/3—6 | 3,6 | 4,0 | 5,0 (4,8 | 4,0 | 0,14 | 0—0,07
2000 Leaned-out 510 | 460 0,05/ 0,02 | 8,7 (9,6 (6,8 {6,1 (0,0 [{0,0 (0,02 0,49
Enriched 410 | 460 |18,7 |12,7 | 4,1 | 4,8 |3,6 [4,8 |4,6 | 4,6 |0,01| 0,02
2500 Leaned=out 576 | 610 | 2,41 1,1 |10,1 |10,0 | 4,2 | 3,8 {[0,95]|0,0 |0,08| 0,6
Enriched 610 | 560 10,0 | 9,8 [ 6,6 | 5,0 | 4,6 |53 |4,9 |2,6 i 0,12 | 0,0
Palladium 1500 Leaned~out 490 | 520 8,0 0,17 | 9,76 [10,3 | 3,0 | 2,9 |1,2 | 0,0 [0,22| 0,93
Iron Enriched 460 | 540 7,0/6,0 |80 |7,9 |3,6 |3,4 |2,8 0,1 |0,08] 0,1
2000 Leaned-out - 520 | 520 0,17 0,12 | 9,6 [10,9 | 8,6 |{3,6 |0,65]|0,0 |0,0 0,8
Enriched . 480 | 490 11 0,6 | 65,6 [4,9 12,6 18,0 |3,8 |8,4 0,086 0,05
2600 Leaned--out 650 | 610]2,8/0,28(2,2 |9,7 |2,7 |42 |0,9 |0,01]|0,08]| 0,50
Palladium 1500 Enriched 420 | 630 |12,6 11,2 | 4,2 | 4,56 |38,75}4,5 |38,8 |1,8 | 0,068 0,046
Cobalt Leaned-out 500 | 500 | 0,40 0,07 j10,0 | 8,0 [3,9 7,0 [0,35{0,0 |[0,29| 0,79
2000 |Enriched 430 | 560 |12,0 (10,0 | 4,7 |4,5 | 3,2 |6,2 |4,00] 2,7 |0,18]| 0,056
2500 Leaned-out 560 ) 61012,7'0,7419,6 '9,4 13,9 '4,6 }J1,1 10,03]|0,21! 0,69
Note. Numeral I denotes the temperature and content of the components before the gas purifier, and numeral II,

past the gas purifier.



Table 28

Laboratory-Roud Tests of KNG-450A Neutralizer with Alumina-Platinum and
Palludium (0,75 wt. % Pd) Catalysts on ZIL-120 Truck

Conditions of

Mot ion Alumina-Platinum Catalyst Palladium Catalyst
Speed, | Loag, CO Content, % CO Content, %
km/hr £ % Purifi- % Purifi-
Before | After | Y39 | Bopore | After | Cation
Ney- Neu- Neu- Neu-
tralizer ! tralizers tralizer ! tralizer
— 5,0 0,10 98 10 0,26 o7
30 2,6 1,0 0,10 90 1,75 0,10 94
50 2,5 0,40 0,07 83 0,50 0,05 90
70 2,6 0,75 0,16 80 0,45, 0,11 75
Table 29

Tests of KNG-150 Neutralizer with Alumina~Platinum and Palladium Catalysts
(0.75 wt. % Pd) in Exhaust Gases of MZMA-407 Engine

Operating l Alumina-Platinum Catalyst Palladium Cataglyst
Conditions of
Englne CO Content, % CO Content, %
[ % % .
rpm Load, Bﬁte‘gfe ﬁgﬁsr Puré.fica- Bﬁigﬁe ﬁgg:r Pué‘ ifi-
| tralizer ltralizer] btion |tralizer ltralizer | @*°M
25 2,3 0 100 2,7 0,8 78
8 50 2,6 0,1 98 2,4 0,6 79
B8 (75| 20 0 100 2,0 0,4 80
100 5,9 1,0 83 1,0 0,8 70
25 2,7 0.2 93 2,7 3 89
§ 50 | 2.6 0.3 89 3.0 0 100
75 1,1 0,1 20 1,4 0,1 93

Figure 56 shows the change of the carbon monoxide content in the exhaust
gas during its oxidation over platinum~-palladium catalyst as a function of the
engine load. As the latter increases, the amount of carbon monoxide in the
initial exhaust gas increases, and at a load of 70-80% amounts to 0.018 vol. Z%.
The oxidation causes a decrease in the carbon monoxide concentration on the
catalyst at all loads. At a load of 40-50%, the degree of oxidation reaches
90%. At the same time, the carbon monoxide concentration in the exhaust gas
is 0.0018 vol. %, which approaches the sanitary level of carbon monoxide for

the air of industrial buildings (0.0016 vol. %),

Starting with a 40% engine load and above, the temperature in the catalyst
bed rises to 220-470°C., this being apparently responsible for a 50% or higher
completion of the oxidation reaction of carbon monoxide. A 60% removal of
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Fig. 56. Change of carbon monoxide content in the
exhaust gas of KDM-100 engine at various loads in
the presence of supported platinum-pallgdium cata-
lyst: 1 ~ CO content (%) before ges purifier;

2 - past gas purifier

carbon monoxide from the exhaust gas during idling was obtained after warming
up the engine under different conditions. Analysis of the gas showed that
the content of nitrogen oxides past the catalyst does not change (0.00017 vol.
%) ; no aldehydes were observed in the majority of the samples, owing to the

incompleteness of the analytical procedure.
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Pig, 57, Oxidation of carbon monoxide in the exhaust of
KDM-100 diesel engine in the presence of platinum (Oxy-

Frence) platinum-palladium, pallsdium and iron-copper oxide
supported catalysts at different engine loads.
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Tests of palladium catalyst in the same gas purifier showed that as
the exhaust gas passes through the catalyst (initial carbon monoxide content
0.015-0.005 vol. %), the carbon monoxide concentration starting with a load
of 40% and higher at a temperature of 250-400°C. decreases to 0.004-0.0023
vol. Z. At a smaller engine load, because of a lower temperature in the
catalyst (200°C. or lower), the oxidation proceeds less intensely.

In the course of extended tests of the catalysts on diesel engines
stands, despite the use of aluminosilicate filters, the catalysts were coated

with soot. A high activity of the contacts was maintained by periodically
burning up the soot at 600°C. by passing air over them.

Figure 57 shows results of oxidation of carbon monoxide in the exhaust
gas of a KDM-100 diesel engine as a function of the load in the presence of
platinum-palladium, palladium, and iron-copper supported oxide catalysts and

also platinum in a gas purifier made by Oxy-France Co. (the platinum catalyst
was tested by R. M. Popovichenko [69]).

As is evident from the figure, the low-percentage palladium catalyst
with a small admixture of platinum (25 at. %) on synthetic aluminosilicate
is not inferior to the Oxy-France platinum catalyst in the degree of oxida-
tion of carbon monoxide in the exhaust gas, particularly at small engine loads
and during idling. However, the temperature in the platinum catalyst bed for
the same load is 100°C. or higher than that in the platinum—palladium catalyst.

Palladium catalyst operating under less favorable temperature conditions
showed poorer results because of a low carbon monoxide concentration. In
order to increase the activity of palladium catalyst (0.35 wt. %Z Pd) in the
shelf-type gas purifier, the exhaust gas of KDM-50 engine* was first heated
to 500°C. Results of the tests showed (Fig. 58) that even during idling,
the degree of removal of carbon monoxide from the exhaust gas amounts to 87%.
With increasing engine load (50% and higher), the degree of oxidation of
carbon monoxide reaches 90%.

Thus, platinum-palladium and also palladium (0.35-0.5 wt. %) and iron-
copper oxide catalysts can be used to remove carbon monoxide from diesel
engine exhaust gases with preheating of the latter.

The road tests for efficiency of palladium catalyst on aluminum oxide
and other catalysts were carried out in an NTK-6M thermocatalytic gas purifier
of Filatov's design at the Sokolovskiy quarry of the Sokolovskiy-Sarbay ore-
dressing complex (May 1967). The gas purifiers (two) were installed on an
‘MAZ-525 truck. The gas was preheated with a burner during the descent into
the quarry and during loading of the truck at the face (with the engine idling).

* Tests conducted on stand of KDM-50 engine of Volgograd Polytechnic Institute, catalyst volume 20 1.
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Fig. 58. Oxidation of CO in the exhaust gas of KDM-50 engine, Standing Still
the gas being preheated to 500°C. over Pd/aluminosilicate
(20 1 of 0.2% Pd) at different engine loads., 1 - degree of 79 - b8 ] 50
removael of CO from exhaust gas, %; 2, 3 - carbon monoxide
content (in vol. %) before and past gas purifier. Average Degree of
Purification
66 76 | 47

Table 30 lists data on the purification of the exhaust gas of the
MAZ-525 dump truck in an NTK-6M thermocatalytic gas purifier with palladium
catalyst (the figures listed are average arithmetic data of all the determin-
ations under the indicated conditions based on records of the tests).

Palladium catalysts are characterized by an average oxidation of carbon
monoxide of 66-697, aldehydes 54~76%, and soot 36-47%. Thus, the efficiency
of operation of the NTK-6M thermocatalytic gas purifier with the catalysts
tested is above 507 for all the components. Since the catalyst operates in a
thermocatalytic gas purifier in a fluidized bed, of major practical interest
are tests of the catalysts for the duration and stability of operation under
road conditions.

————————

** Catalyst made by the Institute of Chemical Sciences, Kazakh Academy of Sciences.
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Efficiency Road Tests of Palladium Catalysts
for Purification of Gasoline Engine Exhaust Gases

In 1967, the Scientific Research and Experimental Design Laboratory of
Neutralization and Truck and Tractor Power Engineering (KazNIPIAT) in col-
laboration with the Institute of Chemical Sciences, Kazakh Academy of
Sciences, and other organizations carried out the first stage of official
efficiency road tests on palladium and a number of other catalysts.

The catalytic oxidation of the toxic components of exhaust gases was
carried out in gas purifiers whose design and theory of operation were
developed primarily for platinum and palladium catalysts prepared at the
Scientific Research and Experimental Design Laboratory of Neutralization
and Automobile and Tractor Power Engineering [14, 73, 74). The basic charac-
teristics of the designs of the gas purifiers employed involve the use of
bead catalysts in the form of a thin layer compressed between perforated
screens, and an additional injection of air through an injector before the
reactor to ensure an effective removal of carbon monoxide from the gas at a
space velocity of 100 x 103 heol., A diagram of the catalytic gas purifier
is shown in Fig. 59.

Fig. 59. Diagram of cetalytic gas purifier for gasoline engine
exhaust gases.,

The toxicity of exhaust gases in the tested gas purifier design decreased
as a result of two factors: dilution of the exhaust gas by the injected air
(by approximately 1/4) and as a result of catalytic oxidation. The degree of
catalytic purification S was calculated by allowing for the dilution. Results
of chromatographic analysis (the sampling was duplicated) of the exhaust gases
before and past the gas purifier (2-3 machines of each brand) were recorded.*

Tests of the catalytic gas purifiers were carried out on five types of
gas purifiers according to a specially developed procedure under the condi%ions
prevailing in Moscow, the Ust'-Kama gypsum mine, and Alma-Ata in motor vehicles
of the models ZIL-585, ZIL-130, GAZ-51, GAZ-52, '"Moskvich-408", M-21 and
LAZ-585, with three vehicles of each of the models. The Chemistry Institute of

* Chromatographic analysis of exhaust gases was carried out in specialized laboratories of LANE
and KazNIPIAT.
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the Kazakh Academy of Sciences furnished experimental batches of palladium
caFalyst on bead aluminosilicate (0.75 wt. % palladium), on bead aluminum
oxide (0.5, 0.35 wt. % palladium) and mixed catalysts on synthetic alumino-
silicate (palladium-cobalt, palladium-copper, palladium-iron, palladium-
nickel) for the tests, with a total metal content of 0.75 wt. %, which had
shown positive results in bench tests at the LANE laboratory.

Results of tests of gas purifiers with palladium catalysts in Moscow
and at the Ust'-Kama gypsum mine are considered below. Figure 60 presents
data on the degree of removal of carbon monoxide from the exhaust of the
ZIL-130 truck in the presence of various palladium catalysts under different
conditions of motion under load. The traveling speed of the truck (in km/hr)
is plotted along the horizontal axis, and the degree of catalytic removal of

carbon monoxide from the gas (in %), allowing for dilution with air, along
the vertical axis.

It is evident from Fig. 60 that the oxidation of carbon monoxide is
substantial over all the catalysts except palladium-cobalt and palladium-
copper on aluminosilicate. The carbon monoxide content of the exhaust gas
during the purification decreases to 0-0.5 vol. %.

The most efficient catalyst from the standpoint of degree of removal
of carbon monoxide from the exhaust gas is palladium on aluminum oxide
(0.35-0.5% palladium) and on aluminosilicate (0.75 wt. % palladium). 1In
their presence, carbon monoxide is practically completely oxidized under all
conditions, and the degree of purification ranges from 65 to 80%, whereas
over palladium-cobalt and palladium-copper catalysts on aluminosilicate, it
amounts to less than 50%, and thus the carbon monoxide content at 30-60 km/hr
remains high 27).

According to the degree of oxidation of carbon monoxide in the exhaust
gas of 2IL-130 engine operating under load and without it, the catalysts
tested may be arranged as follows: palladium on aluminum oxide (0.5 wt. % Pd),
Pd/ShAS-2 (0.75 wt. % Pd), Pd/Al 03 (0.35 wt. % Pd), Pd-Fe/ShAS-2 (0.75 wt. %
L Me), Pd~Cu/ShAS-2 (0.75 wt. % Z Me), and Pd-Co/ShAS-2 (0.75 wt. %Z L Me).

Figure 61 shows the results of oxidation of carbon nonoxide in the
exhaust gas of various engines (with and without load) in the presence of the
best of the catalysts studied, at different traveling speeds and during idling.

Analysis of the exhaust gas before and past the gas purifiers with the
catalysts Pd/ShAS-2 (0.75 wt. Z Pd) and Pd/A120 (0.5 % Pd), installed on
GAZ-51, ZIL-130, "Volga", and ZIL-585 motor vehicles operating with and with-
out load, showed that the degree pf purification ranges from 85 to 100% during
idling and at a traveling speed of 30-60 km/hr.
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Fig. 63. Average oxygen content in the exhaust gas past
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The greatest effect of purification and maximum reduction of carbon
monoxide content under all conditions of motion is achieved (Fig. 62) in the
purification of the exhaust gas from engines of ZIL-130 and "Volga" apparently
because of the lower CO concentration in the initial exhaust gas than in the
other engines.

A different picture is observed in the testing of palladium catalysts
on "Moskvich" automobiles (city taxicabs). The carbon monoxide concentration
in the exhaust gas of the '"Moskvich-408" engine at 30 km/hr and during idling
decreases insufficiently (1.5-3.5%), and the degree of purification of the
exhaust gas is 70-80% under all operating conditions.
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Thus, the reduction in the toxicity of exhaust gases depends not only
on the chemical composition of the catalysts, but also on the brand of the
engines, and is apparently caused by a different ratio of carbon monoxide
to oxygen on the surface of the catalysts depending on the type of engine
after an additional suction of air.

The relative concentrations of the reacting components on the catalyst
surface may be estimated on the basis of their gas-phase concentration from
data obtained by analyzing the exhaust gas for carbon monoxide and oxygen

past the gas purifier.

Figure 63 a shows the average oxygen content in the exhaust gases of
various engines past the gas purifier under conditions prevailing in Moscow.
It is evident that in the composition of the exhaust gas of the '"Moskvich-
407" engine past the gas purifier, the amount of oxygen ranges from 4 to 8%,
which at high initial concentrations of carbon monoxide (4-8%) and hydrogen
(up to 3-4%) cannot ensure their complete oxidation, particularly at high
space velocities. In the case of other brands of trucks, ZIL-130 (8-12%),
GAZ-51 (15-18%), and ZIL-585 (7-11%), the exhaust gas contains a larger
amount of oxygen, which ensures a more complete removal of carbon monoxide
when the latter is present in the exhaust in more or less appreciable concen-
trations.

Probably the main reason for a decrease in the efficiency of a catalytic
gas purifier at high carbon monoxide concentrations for certain brands of
motor vehicles is an insufficient supply of additional air through the Injector
(the air injection coefficient in all the gas purifiers was the same, about
0.25). At the same time, it is known from the literature that an injector
with an adjustable nozzle geometry constitutes the optimum design of a neu-
tralizer injector [76].

This factor had an adverse effect on the degree of removal of carbon
monoxide from gasoline engine exhaust in tests under the mountainous conditions

of Alma-Ata, where the oxygen content of air is lower. The average oxygen
content in the exhaust gas past the gas purifier for all the brands of motor
vehicles tested was lower than under Moscow conditions, i. e., did not ex=~
ceed 3.6-7.0%, and for a PAZ-652 truck, 3.5-5% (Fig. 63 b). The oxidation
of higher concentrations of carbon monoxide and hydrogen (the content of hy-
drogen is as high as 2-6%) requires more substantial oxygen concentrations

on the surface of the catalysts than the analysis of the exhaust gas for
oxygen past the gas purifier. A consequence of this is a decrease in the de-
gree of removal of carbon monoxide from exhaust gases under the conditions
prevailing in Alma~Ata. It should be noted that a decrease in the activity
of platinum catalyst (at high carbon monoxide concentrations) is also attiib-
uted by a number of foreign researchers to an insufficient amount of air for
the oxidation of carbon monoxide.
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Table 31.

Catalytic Removal of Carbon Monoxide from Exhaust
Gases Under Different Operating Conditions of GAZ=51
Truck in a KN-75 Gas Purifier (Alms-Ata).

Q
‘§ .g‘ Degree of purification of CO, % (maximum values)
g4 N :
*,,’,'Q | 1ating, Trave];mg speed, km/hr
th ol rpm ! No Yoad Under load,
488
Sw~{400 11800 30 | 40 | 60 | 30 | 40 | 60
Pd 100 66 100 67 69 85 57 23
Pd—Co 74 66 100 75 29 84 31 60
Pd—Cu| 97 | 3 | o7 | 44 | 44 | 27 |, 0 | 56
Pd—pt 51 0 59 22 8 31 16 10

Table 31 presents data (obtained by KazNIPIAT) on the removal of carbon
monoxide from the exhaust gases of gasoline engines of GAZ-51 and '"Moskvich-
408" under road coaditions, using different palladium catalysts prepared by
the Institute of Chemical Sciences of the Kazakh Academy of Sciences.

Degree of oxidation of CO, %
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Fig. 64. Change of the activity of palladium catalysts after

partial service on GAZ-51 truck in the oxidation reaction of
1% CO in air at 36 x 103 hr=l in a laboratory unit: 1 - fresh
catdlysty 2-7 - catalysts after service on trucks.
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On palladium and palladium-cobalt catalysts, the degree of removal of
carbon monoxide from the exhaust gas of the GAZ-51 engine amounts to an aver-
age of about 50%; the maximum is 60-100% in idle operation, and drops to 30-
60% as the traveling speed increases to 60 km/hr. On palladium-copper and
platinum-palladium catalysts, the degree of purification is substantially
lower. The same pattern but with a lesser effect is observed in the purifi-
cation of the exhaust gas of the '"Moskvich-408" engine in the KNT-150 gas
purifier. 1In idle running, the degree of oxidation of carbon monoxide is
20-40% on palladium and platinum-palladium catalysts, and during motion under
load, it decreases from palladium-cobalt (60-70%) to palladium (20-507%),
platinum-palladium (5-30%), and palladium-copper (0-20%) contacts. The aver-
ager oxygen content in the exhaust gas past the gas purifier during motion
does not exceed 4-5%, i. e., is 2-2.5 times lower than in the exhaust gas of
the GAZ-51 engine under conditions prevailing in Moscow (see Fig. 63), and
is obviously the main cause of the lessening of the purification effect.

This is confirmed by data on a slight change in the activity of palladium
catalysts after partial use, obtained by testing them in a laboratory unit in
a stream of air (Fig. 64). The activity of the contacts after one month's use
in the GAZ-52 truck decreased by 10-30% at 200-300°C., but remained unchanged
at 400°C. The phase composition of the catalysts also remained unchanged.

Table 22,
Phase Composition of Palladium Catalysts.
» © spaci » | Interpl ing
’E Integpl:naynspacmg L onace 4& I egp ggynspacmg
g Tabular g |- Tabular . | Phase
13 Pound |data for. 5 Found data for :
il Pd 7 Pd
Pa/SpAS (0,75 wt. % Pd) after ‘8 | . 8,86 — -
tests on GAZ-52 (Alma-Ata) ] 8,18 —_ —_
. 5 2,76 — —
10 | 2,237 |[2,246(100) | Palia~ || .7 | 2,20 | 2,246(100) | pa)ia-
8 | 1,050 |1,945(2) | dium 13 2,18 - dium
R A R R =
’ 1, » i oy -
7l LR | TEE | 2 || 8 | Tom 1wy s
, — .
: 8 -1,716 — —
PA/AL05 (0.5 wt, % PA) 4 | 1610 - -
after tests on GAZ-52 8 | 1,492 — -—
" 'Aga)z«zsuoo) : | Il vere -~
. +246(1 Palla~ || - 1,874 | 1,376 (26) | Palia-
8 1,950 | 1,945(42) rynis 1 1,348 — Fputat?
9 | 10875 | 1,316(25) | %" 1 | 1220 - diom
10 1,173 | 1,173(24) » | 2 1,172 | 1,178 (24) | Palla~
7 | 1,128 | 1,123(8) . % i'éﬁg 1,128 (8) | dium
Pa/shaS €0.75 wt. % Pa) 0 | Loss| — Palle-
after tests on ZIl-=130 1 1,032 — -—
(Moscow, 21,000 km on .1 0’995 — —
qdometer) : ‘ 1 0:972 — —
6 | 488 - l - 2 | 0,891 - -
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According to x-ray spectra, palladium is in the
crystalline state in samples of palladium :atalysts
on synthetic aluminosilicate after approximately one
month's use on GAZ-52 trucks (8 samples, Alma-Ata),
on the ZIL-130 truck (one sample, Moscow, 21,000 km
on odometer) and also on aluminum oxide (5 samples,
GAZ-52, 3-4 thousand km on odometer, Alma-Ata). The
interplanar distances on the x-ray patterns of all the
samples tested fully corresponded to the interplanar
distances of the palladium phase. Thus, in the opera-
tion of palladium catalysts in the stream of exhaust
gas from GAZ-52 and ZIL-130 engines, the active phase
is metallic palladium.

Tests of palladium catalysts on synthetic alumino-
silicate carried out in Alma-Ata established that its
activity decreases in the course of service.

Table 32 lists data on the content of carbon mon-
oxide, hydrogen, and oxygen in the exhaust gas (for
vehicles with 5000 km or more) of 50 GAZ-52 trucks
arbitrarily divided into two groups. The first group
of trucks consisted of engines whose exhaust composi-
tion included over 2.5% hydrogen and carbon monoxide
ranging from O to 11.0%. The exhaust gases of the
second group of trucks (12 out of 50) contained less
than 2.5% hydrogen and from O to 5% carbon monoxide.

As is evident from Table 33, in the exhaust gas
of both the first and second group of trucks, the
maximum concentrations of carbon monoxide and hydro-
gen decreases substantially in the course of catalytic
purification when the distance covered is up to 500
km. In a no-load run at 40-60 km/hr, the degree of
removal of carbon monoxide varies from 30 to 80%.
However, as the catalyst continues to be used on the
same vehicles, hydrogen is only half-oxidized, and
carbon monoxide is only 20% oxidized. The amount
of carbon monoxide in the exhaust gas varies from 1
to 9%, and the degree of purification of most vehi-
cles is 10%, and for some, 30-70%.

When the gas purifiers were taken off the trucks,
losses of the catalyst were observed. Figure 65 shows
data on the weight decrease of palladium catalysts on
synthetic aluminosilicate after partial use on GAZ-52
trucks. The length of service of the truck (in thou-
sand km) is plotted along the horizontal axis, and the
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catalyst loss (in wt, %) is laid off along the vertical axis,
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Fig. 65. Decrease in the weight of palladium catalyst on synthetic
aluminosilicate in the course of service m a gas purifier on a GAZ-52
truck mder conditions: prevailing in Alma-Ata,

It is evident thet the catalyst losses are particularly significant during
the first 2000 km of run (up to 6 wt. %) and increase sharply (up to 107%) during
further run, when the catalyst begins to operate with a loose packing in the
gas purifier.

In order to evaluate the process of wear of the catalyst granules in the
course of service in trucks, the particle size distribution of the catalyst
was determined before and after the tests on different vehicles. Results of
sifting of catalyst particles from various gas purifiers into fractions are
shown in Fig. 66, where the mean diameter of the particles is plotted along
the horizontal axis and their weight fraction is plotted along the vertical
axis. For comparison, the figure shows the particle size distribution of the
initial batch of catalyst poured into the gas purifier.

It is evident from the figure that the particle size distribution of the
catalysts changes substantially during service on the trucks. The quantity
of particles measuring 4.75-6 mm and 3.75-2.5 mm decreases substantially (to
5 wt. %) in the course of the tests as a result of abrasion into dust. The
abrasion of coarse granules forms particles 4.25 mm in diameter whose number
increases. However, after the loss of more than 5-6 wt. % of the catalyst,
when the latter operates as a moving bed (catalyst from gas purifier 35, °
Fig. 66), granules larger than 3.5 mm in size break up rapidly; the quantity
of particles 4.2 mm in diameter decreases by more than 10%, and a large
quantity of fine particles is formed (3.25 mm in diameter or smaller).
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catalyst on bead synthetic aluminosilicate in the course of
service on GAZ-52 truck.

Analysis of the data obtained after the use of palladium catalyst on
synthetic aluminosilicate on trucks shows that the catalyst undergoes mechan-
ical abrasion. Granules of all sizes are abraded to approximately the same
extent, but those under-going the greatest abrasion are split or fine gran-
ules up to 3 mm in size, which change into dust, the latter being then
carried off by the stream of exhaust gas through the catalyst screen., When
the weight of the catalyst is reduced by 5-6% on GAZ-52 trucks, the catalyst
begins to operate in a moving bed, and the breakdown process accelerates. As
a result of breakthrough of the gas into the unoccupied space, the degree of
carbon monoxide removal from this gas decreases sharply.

In the development of the technological process of preparation of palla-
dium catalyst on aluminosilicate, particular attention was concentrated on
its mechanical strength. The truck tests also included a catalyst whose
mechanical abrasion resistance, determined in an eccentric vibratory mill,
was 96%. However, the operational strength of the palladium catalyst on
synthetic aluminosilicate proved to be inadequate. Apparently, it is deter-
mined not so much by the abrasion of particles during jolting, as by the
nature of the chemical processes occurring on the surface and by the structure
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of the catalyst pores. The strength of the catalyst decreases because of
exothermic oxidation reactions of hydrogen, carbon monoxide, and hydrocarbons,
and the presence of substantial amounts of water vapor in the exhaust gas (up
to 5.0%), whose sorption and desorption in the presence of abrupt temperature
changes causes cracking and breakdown of a carrier with a connecting porous
structure. Slight losses of the catalyst due to cracking (up to 5-67) create
conditions (moving bed) promoting the breakdown of the catalyst, as a result
of which channels are formed for the exhaust gas to break through to the

side of the main bulk of the catalyst. The fact that the degree of purifica~-
tion is substantially decreased only by the formation of catalyst-free space
in the gas purifier is confirmed by data on an insignificant change in the
activity of the catalysts after their partial use in motor vehicles under lab-
oratory conditions (see Fig. 64).

Because of the low operational strength of palladium catalyst on synthetic
aluminosilicate, its use on trucks is possible only if it is periodically
supplemented, which causes an inconvenience in its use. Palladium catalyst
on aluminum oxide has a high operational strength and was found more suitable
for reliability and durability tests. In tests on various motor wvehicles,
its efficiency does not decrease in the course of 20,000 km.

Table 34 includes the existing literature data on exhaust purification
catalysts which have passed road tests. The bulk of the data were obtained
by testing the Houdry platinum catalyst (rods, beads) manufactured by Oxy-
France and platinum catalyst on aluminum oxide made in the USSR, tested on
gasoline and diesel engines. Platinum catalyst (Oxy-France) was studied in
detail by Fitten [31], and in the USSR by NAMI, LANE, and the Karpov Physico-
chemical Institute [5,44, 64, 67]. For carburetor engines, Fitten notes a
high degree of removal of carbon monoxide (50~100%), hydrogen (50-90%), and
hydrocarbons (50-90%) under various engine operating conditions (Fig. 67),
this removal being determined by the temperature in the catalyst bed: at
500°C. and above, an 80-90% purification is achieved. Fitten points out that
the catalyst did not lose its activity (degree of purification above 50%) and
did not break down in the course of 17.6 thousand km, but was poisoned by
lead compounds present in ethylized fuel.

A platinum oxicat was tested by NAMI and the Institute of Sanitation and
Hygiene on stands of "Moskvich-407" and ZIL-164 engines [5]. The degree of
removal of carbon monoxide from the exhaust gas was 99.0-99.7%. The domestic
platinum catalyst gives a high degree of removal of carbon monoxide (83-100%)
for a long period of time.

In the case of exhaust gases of diesel engines [31], the "oxicat" platinum
catalyst removes 75% carbon monoxide, 60-85% hydrocarbons, and 607% aldehydes.
Similar results were obtained by testing it on the exhaust gas of the YaMZ-236
diesel engine (188 p) at a load of over 50% (60% removal of CO, 100% aldehydes)
[64]. A lower degree of removal of CO (46-74%) is obtained over platinum
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Table 34

Road Tests of Exhaust Purification Catalysts ond Characteristics of Catalytic Gas Purifiers
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Teble 34 (Continued)
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(bead) catalyst on aluminum oxide in KNG-250 and KNG-300 gas purifiers [67]
in the operation of carburetor and diesel motor vehicles at a traveling speed
of 15-20 km/hr. In the exhaust gas of carburetor engines, carbon monoxide
decreased by 46-547%, and nitrogen oxides by 50-56%, and in the case of diesel
engines, carbon monoxide by 58-74% and nitrogen oxides by 30~-56%.

Contamination of catalysts with fuel residues and soot (at moderate tem-
peratures) curtail the service life of the contact: instead of 2500 hours,
it is shortened to 1200-1400 hours (diesel) and 1600 hours (carburetor engine).
For this reason, a composite gas purifier designed by LANE and a thermocatalytic
purifier designed by Filatov, which have been road~tested, are obviously more
suitable for the purification of diesel engine exhausts under all conditions.

In addition to palladium catalysts, of great interest is a catalyst con-
sisting of aluminum, platinum, chromium, and copper, proposed by the Japanese
company Himo Motors Linited for the purification of exhaust gases of gasoline
and diesel engines. According to the description, it removes 80-95% of carbon
monoxide, -60% of the hydrocarbons and 80% of the aldehydes from the exhaust,
and is stable for 40,000 km for gasoline engines and 120,000 km for Diesel
engines. A vanadium catalyst on aluminum oxide and without a carrier, proposed
by Ford Motor Co., was found to be stable to poisoning with lead compounds [65]
for 200 hours of operation. In its presence, the oxidation of hydrocarbons

(60-70%) and particularly olefins and paraffins (50-90% at 250°C.) is satis-
factory, and carbon monoxide is oxidized starting at 500°C. only at low space

velocities.

For carburetor engines, certain US firms [66] propose gas purifiers with
catalysts (whose composition is unknown to us) which provide a high degree of
removal of carbon monoxide (up to 80%) and hydrocarbons (90-95%) from the ex-
haust; they are stable in operation (up to 38,000 km) and are not poisoned by
lead. However, this information cannot be discussed without published re-
ports.

Analysis of the road tests shows that palladium catalyst on bead aluminum
oxide is the most efficient catalyst and most promising economically for the
removal of carbon monoxide from gasoline engine exhausts.

In the purification of diesel engine exhausts, in which the bulk of the
toxic components consists of aldehydes, hydrocarbons and nitrogen oxides,
the most promising is the use of platinum, palladium with preheating of the
gas (combined or thermocatalytic gas purifiers) and particularly oxide cat-
alysts and natural activated manganese, copper and iron ores, which ensure
the oxidation of the toxic components at a low temperature and are charac-

terized by a low cost.

The use of the method of catalytic purification of exhaust gases of
motor vehicles operating on ethyl gasoline will require further studies
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aimed at selecting catalysts which are not poisoned by lead compounds.
Apparently, a composite gas purifier is needed for all the gases, in the
first compartment of which nitrogen oxides will be removed from the ex-
haust gases without injection of extra air and in the second compartment
(in an oxidizing medium), carbon monoxide and other organic compounds

(aldehydes,

hydrocarbons) will be removed.

In each compartment of the

composite gas purifier, the optimum catalyst for the removal of the re-
spective components will probably be installed.

Fitien's experiments (cited in

traveled by the vehicle increases.
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