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Department of Chemistry Western Kentucky University

The activity of Catalyst 3-7A toward the oxidation of
formaldehyde, hydrogen cyanide, methane, propane, and iso-

butane was examined at temperatures between 25°C and 400°C.

The catalyst consists of palladium(II) and copper(II) salts

impregnated on an alumina support. The oxidation measurements
were made primarily with gas chromatographs, although form-
aldenyde and hydrogen cyanide were also examined using the
colorimetric fushsin method and Liebig titrations, respectively.
Catalyst 3-7A demonstrated appreciable activity toward the
oxidation of all gases studied except formaldehyde where there
was no evidence of oxidation. The latter result is quite
unexpected since aldehydes are more easily oxidized than alkanes.
It 1s suggested that the inactivity of Catalyst 3-7A toward
formaldehyde 1s attributed to the lack of moisture which 1is
reguired by the catalyst during oxidation.

All oxidation reactions are believed to occur via a
Qacker-type process under pseudo~rirst order conditions with
the palladium(II) concentration maintained constant via the

presence of copper(II) which oxidizes metallic palladium,




the product in the oxlidation reaction. The oxidation products

in all the gases examined are belleved to be carbon dioxide

and water except for hydrogen cyanlide where an additional

product containing nitrogen should be formed but could not

be detected with the gas chromatograph. Rate constants (reported

in parenthesis) at 400°C for the following gases are hydrogen

cyanide (>26.2 sec'l), methane (6.5-6.6 sec-l), propane (>12.8

sec_l), and isobutane (>15.7 sec-l). These results show that
hydrogen cyanide 1is the most active gas to be oxidized by the
catalyst excluding carbon monoxlide which is the test gas used
in our system and has been previously determined to demonstrate
the greatest activity with the catalyst. The three alkane
gases show an order of oxidation reactivity which lends some
support for ruling out an anionic mechanism since tertiary
C-H bonds were found to be more reactive than secondary C-H
bonds which in turn were shown to be more reactive than
primary C-H bonds. A comparison of Catalyst 3-7A with other
catalysts reported in the literature which show similar
oxidation behavior with gases could not be made due to lack

of data regarding their experimental conditions.




INTRODUCTION

One of the major problems which has resulted from the
Industrial Revolution is pollution of the atmosphere. Con-
siderable attention has been directed toward air pollution
because of the toxlc or otherwise harmful pollutants which
are eventually inhaled by the general population. The major
atmospheric pcllutants are reported to be carbon monoxide,

sulfur oxides, nitrogen oxides, hydrocarbons, and particulate

matter.(l) In 1968, it was estimated that the transportation

industry was responsible for 42% of the total air pollutants
in the American atmosphere with the internal combustion engine
emitting 64% of the 91 million tons of carbon monoxide and 52%
of the 29.1 million tons of hydrocarbons in the 1968 American
atmosphere.(l)
In the past few decades, considerable attentlon has been
glven to the catalytic oxidation of these pollutants. Gaso-
line powered vehicles are now manufactured with catalytic
converters to reduce the emission of pollutants to the atmosphere.
Although a variety of catalytic systems have bean proposed
to reduce pollutant emissions from cars and industrial processes,
most of them have disadvantages such as high cost, short catalyst
lifetimes, and poor efficliency at low temperatures.

A variety of transition metal catalysts have been developed

for the oxidation of carbon monoxide and hydrocarbons in




(2-19) For example, palladium, copper,

automoblle exhausts.
nickel, manganese, chromium, platinum, rhodium, ruthenlum,
tin, and antimony are incorporated into catalysts either as
the free metal, a metallic oxide, an ionic salt, or in combi-
nations with other metals in their various forms. For 1lnstance,
catalytic compounds can be impregnated on high surface area
supports such as alumina or silica, or they can be mixed with
binding materials and compressed to form pellets, needles, or
various other shapes. A metal surface can be coated with a
monolayer of the active catalyst to maximize surface area while
conserving precious metals.

Of specific interest to our work are palladium and copper
containing catalysts. Catalytic systems containing palladium

and copper have been utilized not only for the oxidation of

carbon monoxide and hydrocarbons,(2’3) but also as dehalo-

genation catalysts for aromatic amino compOunds,(ll) dehydro-
(12,13)

genation catalysts for cyclohexane and cyclohexanol,

(14-18)

hydrogenation catalysts for alkynes and diolefins, as

well as in the synthesis of vinyl acetate.(lg'zl)
The mechanism of palladium-copper catalyzed oxidations
cannot be elucidated in this project since this was not one of
our objectives and, hence, the appropriate kinetic studies were
not performed. However, there are several mechanistlc proposals
discussed in the literature which may be applicable to our
work. In homogeneous solution, the mechanism of the Wacker
process is attractive since it involves palladium(II) chloride
and copper(II) chloride oxidation of organilc substances.(22)

In heterogeneous gas phase reactions, the Eley-Rideal and
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Langmuir-Hinshelwood mechanisms have been proposed to describe
the oxlidation of carbon monoxide on a platinum or palladium
surface.(23)
In solution, the oxidation of carbon monoxide to carbon
dioxide (and olefins to carbonyl compounds) by palladium(II)

(24,25)

chloride was first reported in 1894 by Phillips. Since

the oxidation »f palladium metal tn palladium(II) by molecular
oxygen 1s very slow, copper(II) chloride is added to the solution
to oxidize the palladium metal and thereby increase the

(26,27)

efficiency of the system. The product of the palladium

metal oxidation, copper(I) chloride,is oxidized by oxygen under
relatively mild conditions and serves to regenerate the copper(II)

chloride.(za’zg) The net result is the oxidation of carbon

monoxide to carbon dioxide by oxygen.
The use of this catalytic cycle in solution 1s not only
applicable in the oxidation of carbon monoxide to carbon
ioxide but also in the commercial production of acetaldehyde

(22)

from ethylene (Wacker process), the formation of acetals

and ketones from alcohols,(30) and the formation of acetals
and ketals from olefins.(3l)

The oxidation of carbon monoxide on piatinum and palladium
(23)

surfaces has been extensively investigated. Langmuir

pioneered the kinetics of hetergeneous catalysis with the
platinum oxidation of carbon monoxide. Since then, there have
been two different mechanisms proposed--both involving chemi-

sorption of one or more of the gaseous reactants on the metal

surface.(23) On a palladium surface, oxygen is more strongly

adsorbed than carbon monoxide as shown by their heats of




adsorption (55 kcal/mol for oxygen as opposed to 30 kecal/mol

for carbon monoxide). The Eley-Rideal mechanism proposes the
reaction occurs between an adsorbed oxygen atom and a gas

phase carbon monoxide molecule, while the Langmuir-Hinshelwood
mechanism postulates the reaction occurs between carbon monoxide
and oxygen which are both chemisorbed on the palladium surface.
Studies have shown that the latter mechanism occurs more slowly
than the former mechanism,but the actual path of carbon dioxide

formation is governed by other parameters such as temperature

and the partial pressures of carbon monoxide and oxygen.(23)

Catalyst 3-7A used in this study contains palladium(II)
and copper(II) salts(32’33) which are also utilized in the
Wacker process, but our system 1is not in homogeneous solution.
Instead, Catalyst 3-7A has these metal salts on an alumina
support where oxldation occurs in the gas phase. Hence, the
Eley-Rideal or Langmuir-Hinshelwood mechanism may be more
applicable. Finally, Catalyst 3-7A has been reported to oxi-
dize carbon monoxide to carbon dioxide and sulfur dioxide to
sulfur trioxide.(32_35) In view of these facts and the need
for the removal of pollutant gases from the atmosphere, this
study was made to determine if Catalyst 3-7A is capable of
oxidizing other pollutant gases found in automobile exhausts

or industrial stack gases.




EXPERIMENTAL

Two hundred grams of Catalyst 3-7A were obtained from
D. R. Rowe of the Industrial and Engineering Technology
Department of Western Kentucky University. Catalyst 3-T7A
contains palladium(II) and copper(II) salts on an activated
alumina support and requires oxygen and water to perform

continuous oxidation of the gaseous reactants, carbon monoxide

and sulfur dioxide.(32,33)

A gas train (Figure 1) was constructed in urder to evalu-
ate the activity of Catalyst 3-7A on the oxidation of five
gases at temperatures between ambient and 400°C. The gases
tested were formaldehyde, hydrogen cyanide, methane, propane,
and 1isobutane. Carbon monoxide was also re-examined and

provided a calibration check on our catalyst assembly.

A. Materials
1. Gases
Compressed gas cylinders containing the gases used
in this study were obtained primarily from Airco Industrial
Gases. The contents of these tanks were as follows:

a) breathing air (21% oxygen in nitrogen)

b) 105 ppm carbon monoxide + 10% oxygen in nitrogen
c) 0.989% methane in helium

d) 0.970% propane in helium

e) 1.01% isobutane in helium

A gas tank containing 1.06% hydrogen cyanide in helium

was obtained from Matheson Gas Preoducts.

5




FIGURE 1. Schematic Diagram of Gas Train Assembly
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2. Chemicals

All reagents were used without further purification
unless otherwise noted. Reagent grade potassium iodide,
paraformaldehyde (95%), and standard Ottawa sand were ob-
tained from MCB Manufacturing Chemistsz, Inc. The silver
nitrate and sodium cyanide were Baker reagent grade. The neutral
alumina, 1.000 N + 0.002 HCl standard, and the formaldehyde
solution (37% w/w) were Fisher certified reagents. Eastman

reagent grade bromothymol blue was used as the indicator.

B. Apparatus
l. Flowmeters
The flowmeters used in this work were obtained from

Fisher & Porter Company. The Century Series 100 flowmeter

was equipped with a flowtube (catalogue # U448-225) and a

1/8 inch stainless steel float. The Mark III series 10Al1460-LK
flowmeter was loaded with flowtube FP-1/8-13.3-G-6 and 1/8
inch floats composed of elther stainless steel or black glass,
depending on the desired flow rate. The flowmeters were cali-
brated elther with a wet test meter or a soap bubble technique.
2. Furnace

A Lindberg Hevi-Duty sixteen inch horizcntal tube
furnace equipped with a Flatinel #2 thermocouple was used in
this study. A pyrometer controlled the temperature up to
1370°C in the furnace.

3. Gas Chromatographs

Two gas chromatographs were used in this study,and both
were equipped to handle light gas analysis. This type of

analysis involved a system of two columns mounted in series
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with valve controls. The first column material consists of
a nonpolar porous polymer in which oxygen, nitrogen, methane,

and carbon monoxide gases are not strongly adsorbed. Con-

sequently, these light gases have short retention times and

cannot be resolved by the porous polymer column. Other gases
such as carbon dioxide, water, and propane are adsorbed more
strongly and hence have longer retention times. The second
column material is a molecular sieve which is capable of
resolving oxygen, nitrogen, methane, and carbon monoxide but
is deactivated (clogged) by water and carbon dioxide.
Consequently, these latter gases must bypass the molecular
sleve during the operation of the gas chromatograph. Also,
important in light gas analysis are two six-port wvalves which
are used with the gas chromatograph. The first valve controls
the amount of gas sample injected into the gas chromatograph
by utilizing an in-line sample loop calibrated for 1.00 cc.
Turning the valve to the standby position permits the sample
loop to be purged with sample gas;but when the valve 1s placed
in the sample position, the sample loop is then in series with
the helium carrier gas of the chromatograph allowing the gas
sample to be injected iInto the instrument. The second valve
controls the column sequence within the gas chromatograph.
Since water and carbon dioxide deactivate the molecular sieve,
it is desirable to send these gas fractions through the porous
polymer column only eluting them directly into the detector.
This valve allows the molecular sieve to be placed either in

series with the first column or to be bypassed completely.
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The first gas chromatograph used in this study was a

modified Carle Model 8500 Basic Gas Chromatograph equipped

with thermiscor detectors, an eighteen foot Porapak Q (50-80

mesh) column, an eight foot MS 5A (40-60 mesh) molecular sieve,
and two manual valve controls. For the gas analysis, the helium
carrier gas was maintained at 20 cc/min at 30 psi tank pres-
sure with a column temperature of 64°C. The output from the
chromatograph was connected to a Houston Instruments OmniScribe
strip chart recorder.

The second gas chromatograph was a Carle Analytical Gas
Chromatograph Series S Model AGC-111. In addition to the
thermistor detectors and valve controls, this instrument was
equipped with an eight foot 80% Porapak N + 20% Porapak Q
(50-80 mesh) column and a six foot molecular sieve MS 54
(42-60 mesh) column. The helium carrier gas flow was 30
ce/min (44 psi) with a column temperature of 100°C. Although
the instrumentation allowed an automatlic valve switching program
to be used, only the manual controls were used. A Hew =it=-
Packard Model 3390A Reporting Integrator allowed strip chart
recording and digital integration of each gas chromatogram.

4. Gas Train Assembly

Figure 1 is a schematic diagram of the gas train
assembly used in our work. The assembly consisted of compressed
gas cylinders, one containing the various gases to be tested
and the other alr with each cylinder connected to a flowmeter.
Also present in the assembly 1s a water bubbler, a furnace

housing the catalyst, and the detection system. Unless
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otherwise noted, all connections were made with 1/16 inch I.D.
Tygon tubing. An 11 mm I.D. Vycor tube containing four grams
of Catalyst 3-7A held in place with glass wool was placed
horizontally in the furnace. Three-way Teflon stopcocks were

positioned at both ends of the Vycor tube to allow a parallel

gas flow to circumvent the catalyst bed 1n the furnace. This

served not only as the bypass line but also allowed the gas
stream to be calibrated with the detector system before the
gas was passed over the catalyst. The gas traln terminated

at the detection system which was primarily a gas chromatograph.

Methods of Analysis

1. Carbon Monoxilde

Four grams of Catalyst 3-7A were tested initially with
a stream of carbon monoxide (105 ppm) gas flowing at 4-6 cc/sec
and maintained at ambient temperature (25°C). Since the
compressed gas cylinder contained 10% oxygen as well as
carbon monoxide, it was fed directly to the water bubbler
instead of beling diluted with a humidified air stream as shown
in Figure 1. The gas s“ream was then routed to the catalyst
bed and the detection system. An ECOLYZER brand electrochemical
carbon monoxide meter was used to monitor the concentration
of carbon monoxlide in the effluent gas stream. The instrument
had previously been calibrated with a known amount of carbon
monoxide gas to allow direct readings in ppm. Samples were
collected by filling an evacuated gas sample bag with effluent
gas from the gas train. The gas sample bag when attached to

the carbon monoxide meter allows measurements of the carbon
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monoxide concentrations. The gas chromatographic technique
was not only successful in monitoring the oxidation of our
reactant gas, carbon monoxide, but also in the identification

of the oxidation product (carbon dioxlde). Manual control of

the column sequence was utilized with the Carle Model 8500

gas chromatograph. The normal standby positions of the
chromatograph are purge and series for the sample valve and
column valve, respectively. When the sample is to be collected
and injected into the chromatograph, the sample valve is
switched from purge to sample for thirty seconds, at which

time the recorder is started. Since Porapak columns do not
resolve the light gases (oxygen, nitrogen, carbon monoxide,

and methane) they emerge as one composite peak and enter the
molecular sieve. Before carbon dioxide and water emerge from
the Porapak column (3.5 min), the column valve is switched from
serles to bypass. This traps and holds the gases on the
molecular sieve while the contents of the Porapak column are
eluted to the detector (carbon dioxide, 3.9 min). After cuibon
dioxide 1s eluted, the column valve is switched back to the
series position to elute oxygen, nitrogen, and carbon monoxide
(6.0 min) from the molecular sieve. The column valve 1s then
switched back to bypass for thirty minutes to empty the water
from the Porapak column.

This type of manual switching allows monitoring of both
carbon monoxide and carbon dioxide on the chromatograph. Only
qualitative identifications could be made because the detector
response to 105 ppm of carbon monoxide or carbon dloxide is at

the lowest level of detection on this particular instrument.
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Samples were collected after the gas stream was passed

four grams of Catalyst 3-7A at amblent temperature and

whlle the gas stream circumvented the catalyst bed
(bypass samples). The effluent gas from the catalyst run was
also bubbled through an aqueous solution of barium hydroxide
to qualitatively test for the presence of carbon dioxide.

In addition to testing the catalyst for oxidation of
carbon monoxide, the effects of the alumina support on the
oxidation process were also evaluated by substituting four
grams of neutral alumina for Catalyst 3-TA. The four grams
of neutral alumina were then replaced with four grams of
standard Ottawa sand at 400°C to test for oxidation by thermal
effects. These measurements with the alumina support and sand
were made for each of the gases tested.

2. Formaldehyde

Originally it was thought that a sufficient amount of
formaldehyde vapors could be generated for catalytic testing

by bubbling an air stream through a formalin solutic. (37% w/w

formaldehyde in agueous solution).(36’3?) However, 1t was

determined that this method did not generate sufficlent amounts
of formaldehyde in the gas stream. Moreover, the Porapak
column of the chromatograph did not effectively resolve the
formaldehyde peak from the water peak to permit a gquantitatlve
analysis. Due to these difficulties, a new source of formal-
dehyde and a new method of detection were required to evaluate
the activity of Catalyst 3-TA towards the oxldation of formal-

dehyde. The method selected for use involved the generation
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of anhydrous formaldehyde vapor by subliming paraformaldehyde

in a 143°C oil bath.(38'39) The resulting formaldehyde vapors

were then carried through the gas train by a continuous humidi-
fied air purge of 4 cec/sec. Repolymerization of paraformaldehyde
on the walls of the gas train was prevented by bubbling the gas
stream through an ethanol scrubber. A Pyrex connector positioned
between the paraformaldehyde sublimation flask and the ethanol
scrubber was wrapped with electrical heating tape to prevent

any repolymerization of the gas stream prior to being scrubbed
with ethanol.

The gas train assembly used in the formaldehyde system 1s
shown in Figure 2. The paraformaldehyde and ethanol flasks
were both 125 ml Pyrex with standard taper 24/40 ground glass
joints. An empty side arm test tube was placed after the
ethanol scrubber to serve as a trap for collecting any
entrained ethanol. The gas stream was then directed through
a flowmeter and the catalyst bed before being terminated at
the detection system. Formaldehyde was tested at ambient temper-
ature and at 400°C by means of a colorimetric fuchsin aldehyde
method(qo’ul) in addition to belng monitored by gas chroma-
tography.

Fuchsin aldehyde reagent is commonly used in qualitative
tests for the presence of aldehydes. With only slight modil-
fications, this reagent can be used as a quantitative method
for determining formaldehyde concentrations in a gas stream.(uo'“l)
The test solution consisted of a 0.1% basic fuchsin (histologic
grade) solution in deionized water containing 1% sodium

metabisulfite and 0.2 M hydrochloric acid. The solution was




FIGURE 2. Schematic Diagram of Formaldehyde
Gas Train Assembly
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stoppered and protected from light while being decolorized
overnight. The Fuchsin aldehyde reagent was stored in a
refrigerator when not in use.

Calibration samples of 185, 370, 740 and 925 ppm formal-
dehyde were preparad by appropriate dilutions of a 37%
formaldehyde solution. These samples were scanned in the
visible region of the light spectrum on the Cary Model 14
Recording Spectrophotometer for the purpose of preparing a
calibration plot and testing Beer's Law over this formaldehyde
concentration range. The spectra were obtaircd using sample
cells with a 0.1 mm path length.

Formaldehyde samples from each experimental run were
collected for twenty five minutes by passing the gas stream
through a double trap system contalning the Fuchsin test
solution. Each trap consisted of a fritted glass gas dispersion
tube submerged in 50 ml of Fuchsin reagent. The samples were
then diluted to 250 ml with deionized water and stored for
six hours prior to being scanned on the Cary 14 to allow for
full color devuelopment and stabilization.

3. Hydrogen Cyanide

Gas streams of 9039-9880 ppm hydrogen cyanide flowing
at 8.8-9.2 ce/sec thru the gas train assembly (Figure 1) were
evaluated for oxidation activity by Catalyst 3-7A from 25°¢
to 400°C. The effluent gas stream was monitored by gas
chromatography and the hydrogen cyanide concentration was

independently determined by Liebig titrations with silver

nitrate.cu2)
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The gas chromatography (AGC-111) was operated in the
bypass mode only since the Porapak column is the only one
needed. Oxygen and nitrogen arc eluted to the detector as
one composite air peak in the chromatograms while the hydrogen
cyanide 1s well separated from it. Initially, the air line in
Figure 1 was clamped off,and the hydrogen cyanide-helium
mixture was routed through the bypass line to the chromatograph.
This allowed not only the identification of the retention time
for hydrogen cyanide but also served as the standard for hydro-
gen cyanide concentration (10,600 ppm) from which the detector
response could be calibrated to determine other concentrations
of hydrogen cyanide.

Samples for Liebig titrations were collected by scrubbing
the effluent gas stream in 50 ml of 2% sodium hydroxide
solution for 180 seconds. Then 2.5 ml of 2% potassium iodide
were added to the solution prior to the titration to provide a
turbld endpoint with standard silver nitrate (0.017351 M).

The silver nitrate solution had previously been standardized
by titration with a sodiunm cyanide solution. The latter
solution in turn was standardized by titration with a standard
hydrochloric acid solution using bromothymol blue as an
indicator.

4. Methane

Oxidation activity of Catalyst 3-7A toward methane

was evaluated by gas chromatography at ambient and 400°C. The

gas traln assembly was the same as that used for the hydrogen
cyanide experiment (Figure 1). Initially the air stream was

removed for the purpose of obtaining a peak area calibration
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of methane (9890 ppm). A humidified ailr stream was then
allowed to mix with the methane-helium stream and was tested

at 25°C and 400°C. G@as chromatographic samples were performed

on bypass samples to serve as a standard for comparison runs

over the catalyst.

Analysis of methane by gas chromatography requires use
of the molecular sieve to resolve the methane from the oxygen
and nitrogen. The AGC-111 was operated in the series con-
figuration until the oxygen, nitrogen, and methane peaks
were recorded with the integrator. The integrator was then
shut off and the AGC-111 switched manually to bypass in order
to elute carbon dioxide and water. Since the runs performed
in this manner showed only a reduction in the methane peak,
1t was necessary to make additional runs in the bypass mode
to identify the oxidation products.

The effluent gas streams of the 400°C catalyst runs were
passed through a barium hydroxide solution 1in order to test
for the presence of carbon dioxide. Moreover, the acidity of
the reaction product was tested with the pH indicator,
bromothymol blue.

5. Propane
Catalyst 3-7A was evaluated for oxidation activity
toward a gas stream flowing at 7-9.2 cc/sec and containing
600-800 ppm propane. The gas train assembly is depicted in
Figure 1. As in the case of hydrogen cyanide and methane,
the gas chromatography was calibrated using a propane-helium
gas mixture (9700 ppm propane). Humidified air streams were

then mixed with the propane mixture and passed through the
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bypass line. After establishing propane concentrations in

the bypass line, the gas stream was passed over four grams of

Catalyst 3-7A. The oxidation was monitored at 25°C, 250°C

and 400°C by means of the AGC-11l gas chromatograph. The
effluent gas stream was also tested with a solution of barium
hydroxide for carbon dioxide as well as with bromothymol blue
pH 1ndicator.
6. Isobutane

The experimental procedure for the analysis of iso-
butane was identical to that of methane and prorane. The
gas chromatograph was calibrated using an isobutane-helium
gas mixture (10,100 ppm isobutane). Bypass and catalyst runs
were performed at 25°C, 250°C and 400°C using flowrates of
9.1 - 9.3 cc/sec. The resultant isobutane concentrations of
the gas stream was in the 626-842 ppm range. The effluent
gas stream was tested as before using barium hydroxide for

carbon dioxide and bromothymol blue for the pH.




RESULYS AND DISCUSSION

Carbon Monoxide. Table 1 lists the data collected at

25°C on carbon monoxide using both the gas chromatograph

and the carbon monoxide meter. Flow rates of 4.10, 5.30 and
5.50 cc/sec were directed through the bypass line and onto
the carbon monoxide meter which indicated 104 ppm carbon
monoxide. These serve as the calibration checks for the
catalyst runs performed under the same conditions. When the
gas stream was passed over four grams of Catalyst 3-TA with

a contact time of 585 milliseconds, the carbon monoxide level
decreased from 104 ppm to 0.4 ppm. A psuedo first order rate

1 was obtained under these conditions. The

constant of 9.5 sec”
gas chromatograms indicated the qualitative absence of carbon
monoxide (retention time = 6.0 minutes) and the presence of
carbon dioxide (retention time = 3.9 minutes). At slightly
faster flow rates (5.3 ce/sec) and correspondingly shorter

contact times (453 miliiseconds) the oxidation was still

99.6 - 99.8% complete with psuedo first order rate constants

of 12.3 - 13.8 sec™l. At 5.50 cc/sec the contact time was

reduced further to 436 milliseconds, but the catalyst still
succeeded in oxidizing 97.1% of the carbon monoxide. A rate

1 was obtalned under these conditions.

constant of 8.1 sec”
In addition, the effluent gas streams of the catalyst runs
were bubbled through an aqueous solution of barium hydroxide

where the formation of a white precipitate (barium carbonate)




TABLE 1
Catalyst 3-7A Oxlidation Activity Toward Carbon Monoxide
T = 2590

Gas Flow Contact Time CO Meter Sample % Oxidation k (sec‘l)
(ce/sec) (millisec) (ppm)

.10 -— 104 bypass

.10 585 0.4 catalyst

.10 585 0.4 catalyst

.30 105 bypass ——

-30 + 104 bypass —

.30 + 0.4 catalyst 99.6

.30 + 0.2 catalyst 99.8

.50 104 bypass —_—— —_—
.50 104 bypass —— —_—
.50 104 bypass ———— ——
.50 436 3.0 catalyst 97.1 8.1

4
b
4
5
5
5
5
5
5
B
5

*Retention times for carbon monoxide and carbon dioxide are 6.0 and 3.9 minutes respectively.
The + and - indicate the qualitative presence and absence of the given species.
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indicated the presence of carbon dioxdie. The pH of the
gaseous solution was acidic when tested with bromothymol
blue indicator.

Runs made with an alumina support and with sand at 400°C
in lieu of the catalyst did not indicate any detectable
oxidation. These results show that Catalyst 3-7A has
considerable oxidation activity towards carbon monoxide at
ambient temperature, and is in agreement with the work per-

forned by Lloyd and co—workers.(32'35)

Formaldehyde. Catalyst 3-7A was evaluated for oxidation

activity toward formaldehyde at 25°C and 400°C by means of
the colorimetric Fuchsin method previously described. For
calibration purposes, visible spectra of standard formaldehyde

samples (185, 370, 740 and 925 ppm) were obtained as shown in

Figure 3. The absorbances at 570 nm (the absorption maximum)

were plotted against their corresponding formaldehyde concen-
tration, as can be seen in Figure 4, and the linear plot shows
that Beer's Law 1s applicable over this formaldehyde conceii~
tration range. Since the response of the Cary model 14 is
sensitive to ¢ 0.001 absorbance "nits, the sensitivity of this
method corresponds to ¢ 11 ppm formaldehyde concentration.
Formaldehyde vapors were generated by subliming para-
formaldehyde in the apparatus depicted in Figure 2. The
humidified air stream was maintained at 3.60-4.20 ce/sec, and
colorimetric samples were collected for both bypass and catalyst
runs. The efficlency of the double trap was excellent, as

indicated by the absence of formaldehyde in the second trap.




FIGURE 3. Absorption Spectra of Formaldehyde
Calibration Solutions
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Table 2 contains the experimental data collected for the
formaldehyde system. At ambient temperature, bypass samples
contained 328-370 ppm formaldehyde in the gas stream as
estimated from colorimetry. The gas stream was then passed
through a four gram charge of Catalyst 3-7A at flow rates of
3.60-4.00 ce/sec. Colorimetric samples from the catalyst runs
were shown to contain 370 ppm formaldehyde. Although the
contact times are relatively long (600-667 millisec) there
was no apparent oxidation of formaldehyde at ambient tempera-
ture.

The temperature of the furnace was thecu elevated to 400°C
and the formaldehyde vapor passed over the catalyst again. At
3.90 ce/sec, the gas stream through the bypass line contained
636 ppm formaldehyde. When passed over the catalyst, the
colorimetric samples had absorbances identical to the bypass
sample (636 *+ 11 ppm) within experimental errcr. The last
catalyst runs made on the formaldehyde system utilized flow

rates of 4.00-4.10 ce/sec (contact times of 600 millisec) w!th

the formaldehyde concentration reduced to 106 ppm. The results

were the same, i.e., no evidence of oxidation could be detected.
Colorimetric data suggest cCatalyst 3-7A has no activity

toward formaldehyde even at low formaldehyde concentrations

(106 ppm) and high temperature. Gas chromatography confirms

these results since no oxidation products could be detected.

One possible experimental difficulty is the fact that the

catalyst suffered discoloration at 400°C,and the chromatograms

indicated only a trace of moisture. Therefore, the possibility




Ave Alr Flow
(ce/sec)

TABLE 2

Catalyst 3-7A Oxidation Activity Toward Formaldehyde

Contact Time
(millisec)

Temp
(C)

HCHO Conc®
(ppm)

Sample

% Oxidation

4.00
3.80
b.20
3.60
4.00
3.90
4.00
4.10
4.00

25
25
25
25
25
4oo
400
4oo
4oo

#Corlorimetric Fuchsin Aldehyde Method.

328
328
370
370
370
636
636
106
106

bypass
bypass
bypass
catalyst
catalyst
bypass
catalyst
bypass
catalyst




of catalytic poisoning cannot be ruled out and will be

discussed later.

Hydrogen Cyanide. Gas streams containing hydrogen cyanide

were passed over four grams of Catalyst 3-7A and the effluent
gas monitored for oxldation by gas chromatography and Liebig
titrations. After calibrating the detector with 10,600 ppm
hydrogen cyanide, a 1.06% hydrogen cyanide gas sample in
helium was mixed with a humidified air stream both at 25°C

to form combined gas flow rates of 8.80-9.17 cc/sec. In the
bypass mode, gas chromatography showed hydroger cyanide

concentrations in the gas stream to be 9283-9776 ppm while

Liebig titrations with silver nitrate (0.017 M) showed 9847-

9873 ppm hydrogen cyanide (Table 3). Since the two independent
methods of analysis appear to be fairly consistent with each
other, the gas stream was then allowed to flow over four grams
of Catalyst 3-TA at ambient temperature with flow rates of
8.80-9.17 cc/sec. The catalyst showed low activity with less
than 6% oxidation as verified by gas chromatography while the
titration method showed less than 3% oxidation by the catalyst.
The temperature was then elevated to 100°C and then to
250°C with the respective chromatograms failing to detect any
hydrogen cyanide at these temperatures, an indication that
catalyst completely oxldized hydrogen cyanide gas under these
conditions (8.83 cc/sec, 272 millisec). The psuedo first order

1 with

rate constant was calculated to be greater than 26 sec”
greater than 99.9% oxldatlion. At 400°C, the titration data

shows 159-168 ppm hydrogen cyanide in the effluent gas stream




TABLE 3

Catalyst 3-7A Oxidation Toward Hydrogen Cyanide

Total

Gas Contact

Flow Time Flow- AgNO3 Temp

cc/sec (millisec) Meter GC¥* Liebig (ml) (°C) Sample

.23 10600 10600 10600 14,25 25 standard
.83 9800 9776 9873 13.31 25 bypass

.80 9877 9283 9847 13.20 25 bypass

.80 9757 9212 9789 13.16 25 catalyst
17 9039 8818 9522 12.80 25 catalyst
.83 98°0 <8 —— catalyst
.83 988) <8 ———— catalyst
.83 9880 <8 ———— catalyst
.83 t 9880 <8 159 catalyst
.83 9880 <8 168 catalyst

8
8
8
8
9
8
8
8
8
8
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which corresponds to a lower rate constant of about 15 sec'l.

Figures 5A and 5B depict chromatograms of the gas stream through
the bypass line and over the catalyst, respectively at 400°C.
The latter chromatogram (Figure 5B) shows the disappearance
of the hydrogen cyanide peak (retention time = 16.4 min) and
the appearance of an oxidation product peak (identified as
carbon dioxide by its retention time of 1.08 min). It was
noted that there was an increase in the water peak (retention
time = 9.57 min). The effluent gas stream of the catalyst
at 400°C was bubbled through a barium hydroxide solution to
test for the presence of carbon dioxide. The appearance of
a cloudy white precipitate (barium carbonate) suggested the
presence of carbon dioxide. A similar test of the effluent
gas stream from the bypass line indicated carbon dioxide was
not present. If carbon dioxide is the oxidation product, it
1s suspected that the titration data at 400°C may not provide
an accurate estimate of hydrogen cyanide in the gas stream.
Interference from the precipitation of silver carbonate coul?
be responsible for the discrepancy between the gas chroma-
tography results and the results obtained from the Liebig
titrations (premature endpoints due to turblidity of silver
carbonate).

The gas chromatogram has a lower limit of detection of
100 area units corresponding to 8 ppm hydrogen cyanide and,
hence, presents a more reliable method of hydrogen cyanide
analysis. In either case, Catalyst 3-7A shows considerable
activity toward the oxidation of hydrogen cyanide. One question

which still remains 1is the fate of the nitrogen component of




FIGURE 5. Gas Chromatograms of Hydrogen Cyanide
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hydrogen cyanide. Chromatograms failed to show any peaks

which could be attributed to an oxldation product containing
nitrogen. Attempts to ildentify the oxlidation products as
oxides of nitrogen failed due to the insensitivity of the
Porapak column or thermistor detectors in the gas chromatograph

when nitrous oxide and nitric oxide were introduced as blanks.

Methane. Methane was analyzed for oxldation at ambient

temperature and 400°C by means of gas chromatography. After
calibrating the detector with 9890 ppm methane, the methane-
helium gas stream was mixed with a humidific¢d air stream and
allowed to flow through the bypass line at 9.10 cc/sec and
methane concentrations of £90-612 ppm (Table 4). The gas
stream was then directed through a four-gram bed of Catalyst
3-7A using the same experimental conditions. Chromatographic
analysils of the effluent gas stream faliled to indicate a
reduction of the methane peak (retention time 2.8 min) indi-
cating no apparent oxidation of methane occurs at ambient
temperature.

The temperature of the catalyst bed was then elevated
to 400°C,and the total gas str..uw (6.84 cc/sec) was retested
for oxidation. Chromatographic data indicates a 90.3-90.5%
reduction of the methane peak at this elevated temperature.
The concentration of methane in the gas stream is estimated
to be 56-58 ppm with a contact time of 351 milliseconds, thus
yielding a rate constant of 6.5=6.6 sec™1,

Figures 6A and 6B are chromatograms of the bypass sample
and a catalyst sample, respectively. Since the molecular sieve

was used, oxygen, nitrogen, and methane are each separated




FIGURE 6A, B, C. Gas Chromatograms
of Methane




L

OREA TYPE
2912500 P8
1.18156+07  $PR
75 M
0P

% PR
269 =

T AREA= | 45 iE+87
" WA FACTOR= | 0000E+00

r,_.,-w

SRS § - e




38
into individual peaks. The peak between nitrogen and methane
i1s the result of a change 1in the attenuation of the detector.
Due to an increase in sensitivity, nitrogen tailing is apparent
before the signal returns to the baseline. The peak at
3.3-3.8 minutes is a result of manually switching to the bypass
mode since the flow rates through the different columns are not
the same as in the catalyst. Figure 6C i1s a chromatogram of
the oxidation products (carbon dioxide and water) obtained by
operating the gas chromatograph in the bypass mcde.

In addition to identifying carbon dicxide as an oxidation
product by gas chromatography, the effluent gas stream was
also bubbled through a solution of barium hydroxide. The
formation of a cloudy white preclpitate suggests the presence
of carbon dioxide.

Tests using alumina support and sand in place of the

catalyst did not indicate any detectable oxidation at 400°C.

Propane. Propane was tested for oxidation at flow rates

of 7.02-9.15 ce/sec and concentrations of 626-788 ppm (Table 5).
Calibration runs were performed on the propane-helium mixture
(9700 ppm) in a manner -. previously discussed. When the
propane-helium gas stream was mixed with a humidified air
stream, the resultant gas flow rates were 9.14-9.15 cc/sec
through the bypass line with propane concentrations of

627-657 ppm in the gas stream as measured by the gas chromato-
graph. These concentrations were 1in good agreement with the
flow meter estimates. After being passed over four grams of
Catalyst 3-TA at a contact time of 263 millisec, the chromato-

grams show no reduction of the propane concentration in the




TABLE 4

Catalyst 3-7A Oxidation Activity Toward Methane

Ave Gas Flow Contact
(cc/sec) Time Methane conc.(ppm) Temp 1
Methane Air Total (millisec) Flow meter GC* (°C) Sample ¥ Oxidation k (sec™)

55 —-— .55 D 9890 9890 25 Standard ————
.55 .55 .10 -— 598 612 25 bypass —
.55 .55 .10 -— 598 590 25 bypass —_—
.55 .55 +10 264 598 591 25 catalyst
.55 +95 .10 26 598 612 25 catalyst
.39 .45 .84 351 564 56 catalyst
.39 .45 . B4 351 564 58 catalyst

¥Methane retention time = 2.8 minutes.




TABLE 5

Catalyst 3-TA Oxidation Activity Toward Propane

Ave Gas Flow Contact
(ce/sec) Time Propane conc.(ppm) Temp -1
Propane Air (millisec) Flow meter Gc* (°C) Sample % Oxidatlion k (sec

.59
-59
.60
.62
.62
.62
.62
.62
.62
.57
.57
.57
.57

.59 9700 9700 25 standard
.14 626 €27 25 Dbypass
.15 636 657 25  bypass
13 659 703 25 catalyst
13 659 670 25 catalyst
.25 729 722 25 bypass
25 729 732 25 bypass
«25 729 580 catalyst
+25 729 595 catalyst
.02 788 774 bypass
.02 788 765 bypass
.02 788 <10 catalyst
.02 788 <10 catalyst

.55
.55
.51
«51
.63
.63
.63
.63
45
.45
.45
U5

0
0
0
0
0
0
0
0
0
0
0
0
0

OOV O~ NN N o 0 @
- ~ =~ oo o o0 W W W W o

®propane retention time = 6.5 minutes.
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effluent gas at ambient temperature (25°C). The flow rates
were then decreased to a total flow of 8.25 cc/sec through
the bypass while increasing the propane concentration to
722-732 ppm. Using a slightly longer contact time of 291
millisec, the chromatograph showed an 18.4-20.4 percent
reduction of propane concentration at 250°C. This represents

modest pseudo first order reaction rate constants of 0.7-0.8

sec'l. The temperature was then elevated to 400°C and the

flow rate reduced tu 7.02 cc/sec. Bypass samples showed
765-774 ppm propane in the gas stream while catalyst samples
were void of propane as shown in the gas chromatogram in
Figure 7. Assuming the 1limit of detection for the gas chro-

matograph is 10 ppm propane, this represents an oxidation of

1 for a

over 98% with a rate constant greater than 12.8 sec”
contact time of 342 millisec. Figure 7 depicts chromatograms

for propane. Figure 7A is a chromatogram of the bypass sample
while Figure 7B is for the catalyst run, both at 400°C. Note

that the propane peak (retention time 6.5 min) disappears and

the carbon dioxide peak appears. The efflucnt gas stream also
gave a positive test for carbon dioxide when tested with a

barium hydroxide solution. Tests with alumina and sane at

400°C did not reveal any oxidation activity by the catalyst.

Isobutane. Table 6 lists the results of catalytic
oxldation toward isobutane. Isobutane (10,100 ppm) was
standardized on the gas chromatograph and the gas stream
diluted with humidified air to obtain a flow rate of 9.14 cec/sec.

Bypass samples contained 587-622 ppm isobutane from gas




TABLE 6
Catalyst 3-T7A Oxidation Activity Toward Isobutane
Ave Gas Flow Contact

(ece/sec) Time Isobutane Conc.(ppm) Temp 1
Isobutane Air Total (millisec) Flow meter ac* (°C) Sample %20xidation k (sec™ )

0.59
0.59
0.59
0.64

1
]
|
i

.59 10100 10100 25 Standard —

\n
i

.14 626 622 25 bypass ————

n
i

.14 626 587 25 bypass

un
wn

.19 703 734 25 catalyst
0.78

n
wn

.33 5 842 841 25 catalyst
0.59
0.59
0.59
0.59
0.59

.14 626 623 25 bypass

(8]
i

.14 263 626 412 250 catalyst
.14 263 626 483 catalyst

wvioowum
LS B

L14 263 626 <10 catalyst

0
8. 9
8 9
8. 9
8. 9
8.55 9
8 9
8 9
8. 9
8 9

.55 .14 263 626 catalyst

#Isobutane retention time = 16.3 min.




FIGURE 7. Gas Chromatograms of Propane
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chromatograph measurements in fair agreement with the flow
meter estimates. When the gas stream was passed over four
grams of Catalyst 3-7TA with contact times of 257-261 milli-
seconds there was no apparent oxidation at amblent temperature.

At 250°C, the catalyst appeared to partially oxidize
isobutane 1n the gas stream showlng between 22.8-34.2 percent

oxidation. The effluent gas was estimated to contain 412-483

ppm isobutane leading to rate constants of 1.0-1.6 sec™ ! at

a contact time of 263 millisec.

When the temperature was elevated further to 400°C, the
gas chromatograph falled to detect any isobutane in the effluent
gas stream (less than 10 ppm). For contact times of 263 milli-
seconds, the pseudo first order rate constant was calculated

1 with oxidation activity in

to be greater than 15.7 sec”
excess of 98%.

Figures 8A and 8B are chromatograms of bypass and catalyst
runs at 400°C, respectively. The disappearance of the iso-
butane peak 1s accompanied by the appearance of the carbon
dioxlide peak together with an increase in the water peak.

The effluent gas gave a positive test for carbon dioxide
when bubbled through barium hydroxide solution.

Comparable flow rates and isobutane concentrations were
used over four grams of alumina support and of sand at 400°C.

In each case, there was no evidence of activity toward oxi-

dation of 1sobutane.

Summary and Discussion. Figure 9 summarizes the oxidation

behavior of the five gases at different temperatures. The

oxidation products in all instances were believed to be carbon




FIGURE 8A, B. Gas Chromatograms of Isobutane
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FIGURE 9.

Summary of Oxidation Results
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dioxide and water except In the oxidation of carbon monoxide
where carbon dioxide is the only product and HCN where an
additional product involving nitrogen could not be detected.
Catalyst 3-7A has the greatest activity voward carbon monoxide,
which was the only gas to be oxidlized at ambient temperature.
The second most active gas to be oxldized appears to be
hydrogen cyanide, which is completely oxidized at temperatures
above l00°cC.

The three alkane gases show the expected oprder of oxi-
dation reactivity over a range of temperatures as reflected
by their rate constants at 400°C (Table 7). Studies have been

performed on alumina sSupported palladium metal catalysts which

examine the adsorption and retention of hydrocarbons.(“BJ It

was shown that propane was retained by the catalyst 1In greater
concentrations than eitherp methane or ethane. The reason
given 1s the case of the dissociatively adsorbed fragments
which result from C-H cleavage., However, at temperatures
above 200°cC, cleavage of C-C bonds wa %120 shown to be 3
factor. Our Cbserved sequence of hydrcrarpon reactivity

Sobutane > propane » methans) appears to rule out an anionic
mechanism since tertiary C-H bonds were found to be more
reactive than secondary and primary C-H bonds in this type
reaczion.(q;J

There was no evldence for the oxidation of formaldehyde

with Catalyst 3-74 as mentioned earlier, and results are
subject to scrutiny since aldehydes are more easily oxidized
than alkanes. It is possible that the experimental method

may be linappropriate, Perhaps oxidation did occur and was




TABLE 7
SUMMARY OF KINETIC RESULTS
FOR VARIOUS GASES

Temp
Gas (°c) % Oxidation

Carbon Monoxide 25 97.1 - 99.8

Hydrogen Cyanlde 4oo >99,9

Methane 400 .3 = 90.5
Propane 4oo >98.7

Isobutane 400 >98.4
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not detected. On the other hand, the catalyst could have been
polsoned. Possible explanations for polsoning may be a
surface phenomena betwren the formaldehyde and the catalyst
or insufficlent moisture for the catalyst to perform the
oxldatlons. The surface of the catalyst could have been
covered by repolymerized paraformaldehyde rendering the cata-
lyst 1lnactive or there could be a chelating effect between
formaldehyde and the metal active sites on the catalyst.
However, at 400°C there may be sufficient thermal energy to
disscociate metal complex formations or sublime repolymerized
paraformaldehyde, thus weakining these arguments. The most
plausible explanation for the apparent inactivity of Catalyst
3-7TA toward formaldehyde is the luck of molsture. The gas
train assembly included an ethanol scrubber mounted out of
the gas stream by the ethanocl, thus resulting in only trace
amounts of water being avallable for the catalyst. This is
supported by the low concentration of water recorded on the
gas chromatograph.

Although it 1s difficult to rationalize the inactivity
toward formaldehyde, it is clear that Catalyt 3-TA 1s quite
efficlent at oxidizing the other gase.. The oxidation activity
of the catalyst is attributed to the palladium and copper

salts on the alumina support since neither the alumina support

nor high temperatures showed any oxldation activity toward

these gases. Comparison of Catalyst 3-7A with other catalytic
systems discussed in the literature is difficult since experi-

mental conditions were not always reported. As can be seen




53
in Table 8, Catalyst 3-7A has activity toward the oxidation
of carbon monoxide and hydrocarbons which i1s comparable to
other catalysts. Several other catalysts achieve high

conversions of carbon monoxide although they appear to require

somewhat higher temperatures. The zeolite catalyst containing

manganese and copper oxides has activities similar to Catalyst
3-7TA at comparable temperatures although the zeolite catalyst
requires a dessicant and reversal of the direction of gas

flow every ten minutes since moisture deactivates tais
catalyst. For the oxidation of hydrocarbons, Catalyst 3-TA
has similar activity at comparable temperatures. It is
impossible to make direct comparisons since information such

as amount of catalyst, and flow rates are not reported.




TABLE 8
Comparison of Catalyst 3-7A with Other Catalytic Systems
% Conversion

Temp Carbon Hydro-
{°C) Monoxide Carbon

Snoe—ﬁb203—HnO-Pd0 350 100

MnO,-Cud 350 62

F9203—bc33h 350 ﬁor

Cu0-Cr,0, on alumina 350-390 75-98
(-2 |

PdCl, on carbon 98

Mn-Co oxides <50
Mn-Co-NaOCl oxides >99

Mn0,-Cu0 Zeolite with
dessicant 20 38

Cs-Cr oxides on alumina g4
Ba-Cr oxides on alumina

Cs-Cr oxides on alumina
with ?bBPa

Ba-Cr oxides on alumina
with PbBP2

Pt-Rh oxides on alumina

Pd-Cu-Ba oxides on alumina

Pd-Cu-Ba oxides on alumina

Cu-Pd-Cr oxides

Pd on alumina

Pd on alumina

Cr-oxide-Pd

mnOE-:DSOu-Lu

Cu~Fe oxlides

Hn203 on alumina and silica

Pt on alumina and silica

Pt on alumina and silica

Catalyst 3-TA




RECOMMENDATIONS

Since our results in the evaluation of Catalyst 3-=TA
have shown considerable oxidation activity toward hydrogen
cyanide, methane, propane, isobutane, and carbon monoxide,
there 1s sufficient eviderce to warrant further studies on
this catalyst system. In order to optimize the utilization
of this catalyst, 1t would be desirable to determine such
parameters as maximum f{low rates and substrate conce.trations

which can be used per given amount of catalyst before the

efficiency of the cxidation is reduced. The catalyst should

also be subjected to practical testing such as a catalytilc
converter in a car where typical automotive exhausts contaln
high ccncentrations of pollutants and a low concentration of
oxygen. Ccatalyst 3-7A could be used in other ways such as in
clgarette filters. Finally, the catalyst should be retested
formaldehyde to rule out the possibility of catalytic
poisoning. Formaldehyde could be tested in the pres ce
carbon monoxide so that the oxidation of carton monoxide

serve as the ifcator instead of formaldehyde. 1In this

it may d T ed if formaldehyde poisons the catalyst or

if the catalyst i inactive toward formaldehyde.




The information on the followling page was contained
within a patent and durlng the writing of this thesis was
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November 20, 1982, after the oral examination of Mr. Kawas

it was declded to include this information to enhance the

thesis. Therefore, the information contained on the following

page has been included in the form of an Addendum.
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Director of




ADDENDUM

3-7A consists of the following palladium(II)

Catalyst

catalyst at

copper(Il) =alts based on one gram of dry

PA(II)
Cu(1I)
mg chloride

>

mg & ulfate

These transition metal salts are placed on a neutral

alumina (850-200 mesh) support.
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