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' ABSTRACT §

The vapor phase air oxidation of methane to ;
formaldehyde was investigated in an isothermal integral |
flow reactor at atmospheric pressure in a temperature
range of 390° to 510°%C. The catalyst, 0.5% palladium

supported on alumina, was modified by a constant and

continuous supply of small amounts of chlorine, bromine

and iodine compounds.

The effect of various process variébles, namely i
the weight ratio of halogen additive to methane, the feed
ratio of air to methane, reaction temperature and the
reciprocal of space velocity, on the conversion of methane

and the product distribution was determined. The products

and reactants were analysed by gas chromatography.

It was observed that in the presence of halogen
compounds, though the overall conversion of methane

decreased, the selectivity of the catalyst for formaldehyde

formation significantly increased. The effect of different

halogen compounds are compared and discussed. Methylene
chloride, which affected in producing relatively high yields of
formaldehyde, was used as a modifier for the detailed

kinetic study of methane oxidation reaction. The weight

ratio of modifier additive to methane in the feed mixture
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at a given temperature was found to be an important variable

in the selectivity of the catalyst.

It is suggested that the charged methane
and oxygen are selectively adsorbed on the catalyst surface
and that the partial oxidation of methane is a p-type
reaction and its further oxidation to carbon dioxide is
an n-type reaction under the reaction conditions. The
results indicate that the promotional effect of the modifier,
in the sense of increasing the catalyst seiectivity, is
mainly due to its successfully suppressing further
oxidation of aldehyde to undesired products. The active
phase of the catalyst in selective oxidation of

methane was found to be palladium oxide.

Among the several mechanisms proposed for the

oxidation of methane over chlorine modified palladium

catalyst, the experimental data were found to be in best correlation

with a mechanism involving the surface reaction between

charged adsorbed methane and oxygen with surface reaction being

the rate controlling step. The rate of reaction is given by
the following expression:

_ kg Ky P K P

r = MM 00
1+ Ky Py + K, P 1+ Ky Py

where ks' K KO and KF are temperature dependent constants.

MI
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I. INTRODUCTION

The heterogeneous catalytic oxidation of hydro-
carbons is of immense technological importance. It has now
been possible to obtain many valuable oxygenated carbon

compounds, as well as olefins and dienes from plentiful

hydrocarbons, for example: ethylene oxide and acetaldehyde from

the oxidation of ethylene, acrolein from propylene,
methacrolein from iso—butylene; butadiene from butene,
maleic anhydride from benzene and pthalic ahhydride from
naphtalene. Although methane is the simplest hydrocarbon,
its oxidation is very difficult. The conversion of methane -
to formaldehyde by direct oxidation using metal or metal
oxide catalysts would be economically attractive if

sufficiently high yields of formaldehyde were obtained (l).

Thermodynamically, the partial oxidation processes
are usually in favor of the primary oxidative products
but a major problem is that of stopping further oxidation
of these products and making the reaction more selective.
Success in the controlled oxidation of hydrocarbons in
vapor phase to useful intermediate products is achieved
mainly by varying the operating conditions, proper
selection of a catalyst and modification of the catalyst with a

suitable promotor. The use of severe operating conditions, such as




—
Em@m»-

. BRI
1

i high temperature, results in higher conversions,but it is
? accompanied with a decrease in the selectivity of the catalyst.
é Some general aspects of a catalyst and its modification are

briefly mentioned in the following paragraphs.

A catalyst increases the rate of thermodynamically
; feasible processes only. It also facilitates the approach to
| equilibrium of a given chemical change. Further, for a
given group of reactants there may be several reaction paths
and by an appropriate choice of catalyst any one of these
paths may be 'selected' . A catalyst is effective in
increasing the rate of reaction because it provides an
alternate mechanism, each step of which has a lower free

; - energy of activation than that for the uncatalysed reaction (2).
This concept suggests that an intermediate complex is formed
by one or more éf the reactants at the catalytic surface.

The alternate mechanism can be postulated in terms of an
activated molecule adsorbed on the surface of the catalyst.
Because of the high heat of adsorption, the energy possessed
by strongly adsorbed or chemisorbed molecules can be
considerably different from that of the molecules themselves.
Hence the energy of activation for reaction involving
chemisorbed molecules can be considerably less than that for

, reaction involving the molecules alone.




A variety of solids can act as heterogeneous
catalysts in the partial oxidation of hydrocarbons. The
most common catalysts are transition metal oxides which are
usually semiconductors. Although, in general, p~-type semiconductor
oxides (copper oxide, nickel oxide, etc.) are among the
highly active.catalysts, they by themselves show little or
no selectivity for a particular intermediate product. On the
other hand, n-type semiconducto;s (molybdenum oxide, vanadium

oxide, etc.) show good selectivity but have little or no

activity.

Some efforts have been made in the past to achieve both
high selectivity and activity in the catalyst by modifying
the skeleton catalyst with different additives (3’4). In
general, the most active and selective catalysts are combinations
of highly active oxides €.g., oxides of copper, nickel, cobalt,
manganese, iron, chromium, tin, etc., and oxides of more
negative moderating elements €.g9., oxides of phosphorous, ’
arsenic, antimony, bismuth, selenium, tellurium and halogens.
The mixed oxides may form a solid solution and alter the
solid structure of the catalyst. They may also affect
some of the electronic properties of the solid by
altering the rate of electron transfer between elements

contained in the catalyst.
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The surface properties of a catalyst may also be
modified by a ready diffusion of certain impurities in the solids.
This might create other adsorption sites with
different energy and geometry characteristics at the surface
of the new phase which would in turn affect catalysis. The above
method is now becoming extremely effective in
controlling hydrocarbon oxidation. This is confirmed by
the large number of patents- issued during the past 10 years on
selective oxidation of organic compounds ovér catalysts that
contain, as a rule, traces of different chemical

(5)

compounds

Most oxidation catalysts are semiconductors.

There have been numerous attempts to correlate catalytic
properties of oxides with their semi~conductivity (6—9).

One of the most widely used theories to explain the reactions
on semiconductors is the Electronic Theory of Catalysis

on Semiconductors. The fundamental hypothesis of the theory
is that all heterogeneous catalytic reactions are either
acceptor reactions (n-type) or donor reactions (p-type) .

An acceptor reaction is catalyzed by free electrons, and

a donor reaction is catalyzed by positive holes. The
activity of a semiconductor catalyst is determined by its

Fermi level at the catalyst surface. The Electronic theory has been

successful in explaining many empirical correlations such as
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(6,10) and oxidation

of carbon monoxide over doped catalyst (11’12’13). In the

the decomposition of nitrogen oxides

present study, the theory was used with a slight modification
to investigate the oxidation of methane over a chlorine-modified

palladium catalyst.

There are several methods available for studying
the reaction kinetics using different types of reactors, for
example, differential or integral, batch or continuous flow. There
is no entirely satisfactory method by which the rate of
reaction can be measured directly. In the differential method
the reactor is operated with a small conversion
so that the reaction rate can be made constant in a straight-
forward manner. The main drawback of this method is the difficulty
in a precise analysis of the low concentration of product
in the gas stream. On the other hand, the integral method
is not restricted to a small conversion and analytical
accuracy is greater. However, it is much more difficult to
integrate the rate equations as there are several hidden
parameters which may diminish the value of the experimental

data (14).

Further, since a continuous supply of modifier is
required through the catalyst bed, a batch reactor would not

be suitable for catalyst modification study. Besides, from




an industrial view point, one is more interested in yield

and selectivity, a mixture of hydrocarbon and air

over an isothermal stationary catalyst at approximately

atmospheric pressure. Such studies are generally carried

out in flow reactors. A fixed bed integral flow reactor,
operating at atmospheric pressure is most suited for the

oxidation reaction in the pPresent study.

Most of the earlier work on the catalytic oxidation
of methane reported in literature was carried out with the
objective of pollution abatement and combustion elimination
of process tail gases. Thus, these studies were mainly
concerned to achieve total oxidation. Among the various

catalysts, palladium has been reported to be one of the
most active. Attempts have been made in the present
study to improve the selectivity of this catalyst and to

study the partial oxidation of methane.

T :
s
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Objectives of the Present Work

- To construct an apparatus to investigate methane oxidation
over 0.5% palladium catalyst supported on alumina in the
presence of halogen modifiers, and to study the promotional

effects of halogen modifiers on the selectivity of the catalyst. §

. To study the effect of process variables on conversion

and product distribution over the most suitable modified

catalyst.

. To identify the active component of the catalyst in 5

selective oxidation.

- To propose a hypothesis which would explain the promotional

effect of modifiers in methane oxidation.

. To develop a suitable rate expression which would

satisfactorily represent the data.
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II LITERATURE SURVEY

A. General - Oxidation of Hydrocarbons

The subject of oxidation of hydrocarbons has drawn
the continuous attention of scientists and engineers since the
early nineteenth century. 1In the beginning, most of the work
was related mainly to the combustion of hydrocarbons in flames.
It was then aésumed that the mechanism of combustion of hydro-
carbons led to their break-down into carbon and hydrogen which
subsequently reacted with oxygeh. Only towards the end of the
last century, preliminary investigation of ﬁhe gas phase slow
oxidation of hydrocarbons provided information, which supported
representation of their combustion in flames as successive
action of oxygen on a molecule of hydrocarbon without a
previous break-down of the latter into its elements. This
initiated further studies on the slow oxidation of hydro-
carbons which have continued to an ever-increasing extent up
to the present day. There are two main reasons for this wide
development of research into the slow oxidation of hydro-
carbons. First, is the motivation to achieve efficient
utilization of hydrocarbon fuels in the internal combustion
engine, energy conservation and a control of environmental
pollution, and the second is that a number of oxygen-containing
products, which have valuable practical applications, are

formed during the course of oxidation of hydrocarbons.

BN :cadiomine
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In the development of research on the gas phase
oxidation of hydrocarbons, most of the ﬁork up to the late
1920's was of purely chemical, that is, related to the
identification of various reaction products. The study of the
kinetic mechanism of oxidation reactions in terms of the
ideas of chain theory was the main topic covered in the
period between the end of the twenties to the middle of the
thirties. Since the mid-thirties, the pPrecise understanding
of kinetic methanism (through the establishment of the nature
of all substances, stable as well as unstable, taking part
in the course of the investigated transformation) has been the
central problem éonfronting the researchers in the field of
hydrocarbon oxidation. In recent years emphasis is being laid
On separate quantitative studies (that is, by the establish-
ment of values'for the rate constants) of all elementary
stages of the complicated pbrocess of oxidation. Another
characteristic feature of this period is the intensive search
for a method of controlling the gas phase oxidation of hydro-
carbons for obvious economic reasons.(ls)

A large number of patents and publications related
to hydrocarbon oxidation are available in the literature. A
comprehensive monograph, mainly on non-catalytic oxidation of
hydrocarbons has been published by Shtern (15). Some of the

notable reviews which include catalytic oxidation of hydro-

g ——
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carbons include those published by Emmettuﬁ)and Margoliél7x

On the oxidation of methane, seﬁeral studies have
involved non~catalytic systems or the use of homogeneous
catalysts; however, some work has also been done on the use
of heterogeneous catalysts. Studies related to the oxidation

of methane are reviewed in the following sections.

B. Homogeneous Gas Phase Oxidation of Methane

It is generally understood that thée homogeneous
oxidation of methane proceeds by means of a free radical chain
mechanism. Norrish (18) considered that the first and the
only stable intermediate productwas formaldehyde. The
oxidation exhibits an induction period followed by a rapid
exothermal reaction. The maximum concentration of formaldehyde
and the maximum reaction rate are attained almost immediately
after the end of the induction period and are practically
unchanged during the further course of reaction (19'20).
The addition of formaldehyde either decreases or eliminates

the induction period, depending upon the amount added(lgﬁH’24x

According to Norish and Harding (23)
in an amount greater than its stationary concentration in a

reaction without additive, caused the reaction to begin

immediately without an induction period and with an increased

ooy

b v

, the addition of formaldehyde,
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velocity. Overall, it was clearly established that formal-
dehyde had an important role as an intermediate during
methane oxidation. Explanation of the role of formaldehyde

along with other observations such as, displacement of the

maximum rate of methane oxidation (19’23’25’26), changes in

(18,21,25,27-30)

the reaction orders with temperature and

significant differences in the magnitude of activation energies

(23:25127'30), were the problems

(14)

reported in different studies

which drew the attention of several researchérs

Based on all the experimental material available

in literature relating to methane oxidation, Seminov (31), in

1958 proposed the following radical-chain scheme for this process:

+ 0, -+ GH, + HO

(1) CH 2

4 3 2

Reaction 1 is important only in the early stages of the reaction.

+ O, -~ HCHO + HO

(2) CH3 2

Formaldehyde then becomes a chain carrier by reacting with

oxygen

(3) HCHO + O, -+ HCO + HO

2 2

(4) HCO + 0, > CO + H62

or with HO or HO as follows:

2'

(5) HCHO + HO - HCO + H,0

(6) HCHO + HO2 -+ HCO + H202
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New chains are initiated by the attack of HO or Hé2 on methane,

+ HO > CH. + H.O

(7) CH, 3 2

coL e
(8) CH4 + Ho2 CH3 + H202

Reactions of chain carriers at the wall lead to chain breaking.

(9) HO, H62 wal% destruction

This mechanism accounts for the formation and
destruction of formaldehyde in the reaction, and the role of
formaldehyde as a chain carrier. Reactions 5 and 6, where
formaldehyde is involved in radical chains, would be insignif-
icant during the.induction period when formaldehyde concentra-
tion is very low; Reactions 5 and 6 explain the effect of
added formaldehyde in shortening the induction period and

increasing the reaction rate.

Kinetic data obtained in the oxidation of methane

(32)

in shock waves indicated that reaction 3 was the rate-
determining step in methane oxidation and reaction 2 in HO
formation. While the mechanism provided a reasocnable
agreement with kinetic data, it predicted that the maximum
concentration of formaldehyde should be independent of oxygen

(33)

concentration. However, Magee has presented data which
show that maximum formaldehyde concentration is a function of

oxygen concentration.

T T i A A e . s s e 2 e < 2 e < e o e
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Literature dealing with the theoretical and
experimental aspects of the reaction mechanism is quite
comprehensive GA’IL34L Besides providing an explanation
of the reaction mechanism there is another important aspect
of the chemical transformation, namely, identifying ways and

means of controlling the reaction for a selective preparation

of formaldehyde, which is industrially valuable.

In the hydrocarbon oxidation reactions, alcohols
and acids undergo further oxidation only to a negligible
extent and become end products. Thus their vyields can be
increased by increasing the proportion of the initial
hydrocarbon. 1In contrast to this, formaldehyde enters
readily into subsequent oxidations with the formation of
water and oxides of carbon. Suppression of this further
oxidation would therefore be required to increase the yield

of formaldehyde in methane oxidation.

Attempts to maximize the yield of formaldehyde
gave rise to a whole series of relevent experimental studies.
They all reduced to an endeavour to alter the concentration
of active centers, which can be achieved by many methods
such as: small additions of substances capable of forming
the radicals more readily that the initial reactants;
addition of inert gas; variation of vessel diameter; and

treatment of vessel walls. Nevertheless the results
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of Yenikolopyan (35)

suggested that any variable that

affects the reaction leading to a change in the concentration
of active centers could not alter the maximum concentration
of intermediate formaldehyde. This conclusion referred to
the case whenithe intermediate product is formed and consumed
by chain process. Yenikolopyan further showed that if on

the other hand the intermediate product, forming a chain, was
consumed by molecular process, its maximum concentration
could be increased by increasing the concentfation of active
centers. Therefore, if it could be possible by any means
(homogeneous additive, surface changes) to obtain a non-chain
consumption of intermediate product, increasing the concen-
tration of active sites may increase the yield of the

intermediate product.

(36)

Bibb and Lucas have demonstrated that a low

concentration of nitric acid vapor acts as an effective

(13,23) found

reaction catalyst. Bone and his coworkers
that the addition of small amounts of nitric oxide in the
reaction mixture diminished the induction period of methane
oxidation and a 0.32% concentration of nitric oxide

completely eliminated the induction period.

(37) patented a process of manufac-

Gertges et al.
turing formaldehyde by oxidation of methane with air or

oxygen with addition of small amounts of nitric oxide in"

SRR S
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the presence of fluidized pumice at 470°C. The feed
contained air and methane in a ratio of 5:1. According

to Mayor (38)

the best results have been obtained by the
use of a solid catalyst in conjuction with an oxide of
nitrogen.

Levush (39)

studied the oxidation of methane by
atmospheric oxygen, initiated by fluorine which lowered
the temperature at which methane is oxidizedf However,
significant yields of formaldehyde could not be obtained
at low fluorine concentration because of the short chain
length of the oxidation reaction at low temperatures. At

higher temperatures, fluorine was intensively consumed on

the reactor walls.

Vilenskii and Averbukh (40) reviewed recent
Russian 1itera£ure and reported that the reactor surface has
a significant influence on the course of chain reactions,
including partial oxidation of methane. Several investigators
including them have reported that the rate of methane
oxidation and the formaldehyde yield increased after treatment
of silica glass and metallic reactors with acqueous potassium
tetraborate solutions.

McConkey and Wilkinson (41)

studied the high
temperature free radical oxidation of methane with air and

homogeneous initiators employing a fluidized bed as heat
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transfer medium. They intended to establish whether high
concentration of formaldehyde in the products was possible
by the introduction of selectivity into the branching-~chain
radical reaction through the use of suitable reacting and
quenching surfaces as claimed in some of the patents(42’43).
They concluded that theoretically and experimentally it was
inconceivable that free radicals could be employed to provide a high
conversion to formaldehyde while further oxidation was
inhibited, because of the more rapid simultaheous rate of
radical attack on formaldehyde. They suggested that high
yields are possible only at low methane conversions; hence
appreciable concentration of formaldehyde in the effluent

gases cannot be achieved.

C. Heterogeneous Catalytic Oxidation of Methane

Although methane is one of the most difficult
hydrocarbons to be oxidized, several metals and metal oxides
have been found to have catalytic activity for methane
oxidation. 1In this section earlier work on the catalytic

oxidation is reviewed.

1. Platinum

As early as 1825, the effect of platinum on the

combustion of methane was studied by Henry (44). According
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to his investigation, methane began to react with oxygen
in the presence of platinum sponge at a temperature of

(45) reported in 1927 that

290°. Later, Yant and Hawk
platinum had a catalytic effect at temperatures between
150 and 350°C for the oxidation of methane. The reaction
mixture contained 4% methane in air and methane conversion i
was less than 10%. 1In 1961, as a part of a program for

developing devices to monitor methane concentration in !

coal-mine atmosphere, Anderson (46)

investigéted activity
of catalysts for the oxidation of methane in'a micro-
catalytic pulse reactor using oxygen as carrier gas.
Platinum supported on alumina was found to have second
highest activity among the thirty different catalysts

(47)

tested. Davies studied the oxidation of methane over

heated platinum wire at temperatures around 1000°C and
concluded that both methane and oxygen had to be chemisorbed
for reaction to occur. This was confirmed by Lintz et al.(48).
Hiam, Wise and Chaikin (49) used a development of the heated
wire technique, in which the conditions for heterogeneous
thermal ignition were determined. They used ethane, propane |
and butane in their study and concluded that over platinum j
both the hydrocarbon and the oxygen were chemisorbed and
that the hydrocarbon was dissociatively chemisorbed on ‘

metal sites not covered by oxygen. i
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2. Copper

The catalytic activity of copper oxide for methane
oxidation has been studied by several researchers (50_54).
According to these studies, copper oxide shows catalytic
activity at temperatures in the range of 400 - 700°C.

(55)

Wheeler défermined the rate of oxidation of methane
over copper oxide catalyst at a constant pressure and a
constant volume and at temperatures between 389°C and 700°C.
The activation energy measured in static experiments was

32 Kcal/g.mol,while in flow experiments it was 41 Kcal/g.mol.
Branson et al. (56) studied the oxidation of methane and higher
paraffins over copper oxide in the absence of oxygen, and
interpreted the experimental results based on interaction of
reacting gases and the constituent oxides of the catalyst.

They found that the surface layer of oxygen was readily available
to oxidize the hydrocarbon. The activation energy for methane

oxidation was 36 Kcal/g.mol in their case.

Schonfelder (57)

reported conversion of methane to
formaldehyde up to 58 percent by the passage of a mixture of
air, methane and steam over copper or silver at 500°C.

Campbell (51)

investigated the use of a number of supported
metal catalysts, including copper, for methane oxidation
and reported formaldehyde to be the principle intermediate

product.

A & e e e
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Huettenwerk Oberhausen (42,43)

patented processes
for the production of formaldehyde by the catalytic oxidation
of methane and other hydrocarbons in the presence of small
amounts of nitric oxide at temperatures up to 675°cC.

The reaction mixture was first passed through either a

fixed bed or fluidized bed of pumice and then through

either a metal mesh of an alloy containing 95% Pt and

5% Ir or a copper wire net before chilling it on another
fluidized layer containing pumice. In the cése where
fluidized bed of pumice and copper wire were used, the yield
increased from 16.7 gm HCHO/m3 CH4 at a reaction temperature
of 470°C to 188 gm HCHO/m> CH, at 685°C.

3. Cobalt oxide

(45,46,51,58-60)

Cobait oxide has been reported to

be a very effective catalyst in oxidation of methane and
other hydrocarbons. According to Anderson's study (46)
unsupported C0304 was the most active single-component
catalyst and its activity decreased when impregnated on
alumina, possibly because of the formation of CoA1204.
C0203 supported on alumina was one of the most effective

catalyst as described in a study by Vendt et al.(Gl).

A et
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4. Hopcalite

In an extensive investigation, Lamb and coworkers(an

found that a mixture of oxides of copper, manganese,

silver and cobalt was most effective in the oxidation of carbon
monoxide. A commercial material Hopcalite was developed

by Mine Safety Appliance Company for carbon monoxide gas

masks towards the end of World War I and this was also

found active for methane oxidation. Using this material, 10-60%
conversion of 4% methane in air to carbon oxides and water over the
temperature range of 200-350°C was obtained (45). Hopcalite,
whose exact composition has been kept a trade secret, consists
of a group of compounds and mixtures which includes manganese
dioxide and cuprous oxide. Catalysts of this class have a
reasonably long life in the presence of dry gas, but they

are rapidly poisoned by adsorbing water vapor and lose

their activity by prolonged heating at temperature above

250°C due to sintering.

5. Alumino-Silicate

(63-66)

Recently some Russian researchers have

studied the oxidation of methane in natural gas in a

(63)

fluidized bed reactor. Vilenskii et al. used alumino-

silicate catalyst promoted with oxides of group II metals.
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The initial concentration of methane and oxygen were both
17.3% and the reactor temperature was 600°c. A homogeneous
initiator in trace amounts (0.2 - 0.5%) in the reactant
feed stream was found to increase the yield of formaldehyde.
The maximum yield of formaldehyde obtained in their study
was 4.5% which compared 50% better than the best results
obtained with nitrogen oxides as homogeneous catalysts.

Averbukh et al. (64)

reported the use of oxygen instead of

air for the oxidation of methane in natural gas at temperature
700°C in a fluidized bed of aluminium-silica catalyst. The
maximum yield of formaldehyde was 19.4 gm. HCHO per m3 of

passed which was no higher than the yield obtained using
(65)

CH4

air. Mukhelnov et al. determined optimal conditions for
the oxidation of natural gas to formaldehyde in a fluidized
bed of alumina-silica catalyst. They also concluded that

the first stage in the oxidation of methane in natural gas

in the presence of alumina-silica catalyst was the formation

of formaldehyde. Zinina et al. (66)

investigated the kinetics
of partial oxidation of methane in a suspended layer of
industrial alumino silicate catalyst. The order of reaction

was found to be unity with respect to oxygen and 0.4 with

respect to methane and the activation energy was 40 Kcal/mole.
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6. Palladium

Palladium has been reported to be one of the most
active catalysts for methane oxidation by several researchers.
Anderson and coworkers (46) have concluded that the
catalytic activity of metal and metal oxides decreases in
the following otder: pd, Pt, Cr, Mn, Cu, Ce, Co, Fe, Ni and
Ag. For catalysts supported on alumina, a similar order of
effectiveness was earlier reported by Cohn and Haley (67).

Mezaki (68)

used vanadia, copper chromite, cobalt, chrome
alumina, hopcalite and palladium catalysts for methane
oxidation and found palladium to be the most effective
catalyst from thé'stand point of ignition temperature,

stability, freedom from side reactions and good conversion.

(69) studied the kinetics of

Mezaki and Watson
methane oxidation over 0.5% palladium on alumina catalyst
at atmospheric pressure using an integral flow reactor. The
methane concentration in the feed was 1-2% and reaction
temperature was varied between 320-380°cC. They correlated
their experimental data using Langmuir-Hinshelwood type

models and indicated that the reaction rate could be

controlled by a surface reaction between gaseous methane

and adsorbed oxygen giving adsorbed water and adsorbed C02.

(70)

Ahuja and Mathur investigated the kinetics of methane

oxidation using a palladium catalyst in a differential type
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reactor at pressures up to.lO atmospheres. The conversions

of methane were small and limited to about 10% and temperature
was varied between 300-340°C. Their results indicated that
the reaction rate was controlled by surface reaction in which
adsorbed oxygen and adsorbed methane reacted to produce
adsorbed carbdn dioxide and adsorbed water.

(71) studied the partial oxidation

Cullis et al.
of methane using catalytic beads formed by coating alumina
with a mixture of 10% Pd and 90% thoria in a:microcalorimeter
bead reactor and 100-120 mesh palladium sponge in a pulsed
flow reactor. A 2 ml. pulse of a mixture of methane, oxygen
and any additive was injected in a stream of helium (25 ml./min.)
at a pressure of 35 psi for each run. The reaction was studied
over a range of temperature (280—4800C), methane to oxygen
ratio (0.33 - 4.0) and weight of catalyst (0.09 - 2.22 g of Pd).
Over the whole range of experimental conditions, products
contained mainly carbon dioxide and water,and formaldehyde
was found to be present in small amounts only. They also
showed that, whereas the addition of higher alkanes,
methanol and formaldehyde retarded overall oxidation of
methane, some halogen compounds, besides reducing the rate of
oxidation of methane, caused the production of isolatable
quantities of formaldehyde in high selectivity. They compared
the inhibiting efficiency of various halo-methanes for

methane oxidation in the bead reactor, and methylene chloride
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was found to be the least powerful inhibitor. They briefly
interpreted the action of halogen additives in terms of
their ability to modify the catalyst surface and to inhibit
the further oxidation of the initial products of methane
oxidation. Based on the dependence of rate on reactant
concentration.in the uninhibited oxidation, they have
suggested the rate-controlling step to be the surface
reaction between methane fragmepts and adsorbed oxygen ,

the latter being present in excess.

7. Other Metals and Metal-Oxides

The oxides of transition metal such as Ni, Mn, Cr
and V have been found effective for the oxidation of

methane (45’45’59). Prettre and coworkers (72)

studied the
high temperature (over 7000C) oxidation of methane over
nickel and formulated a reaction mechanism that involved
initial oxidation to carbon dioxide and water which then

reacted with more methane giving carbon monoxide and

hydrogen. This mechanism was supported by Peters et al. (73),

(74), who found that over a nickel

and Bodrov and Apel'baum
catalyst at temperatures between 600 and lOOOOC, methane
reacted with water and carbon dioxide at about 10% of the

rate of the initial methane oxidation reaction.

e e e e
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"Andrushkevich et al. (75)

studied the catalytic
properties of metal oxides of period IV of the periodic

table with respect to oxidation of methane. Based on 1 gm.
of active metal, the catalytic activity of their oxides
decreased in the following order: chromium, manganese, copper,
cobalt, iron, nickel. While the most active single component
was cobalt oxide, the most active supported catalyst was
chromium oxide. The activation energy of the active

catalyst was in the range of 15-25 Kcal/mole and the order

of reaction with respect to methane was close to one.
According to Kazarnovskya and Dykhno (76), the most effective
catalyst for the complete combustion of 0.10 - 0.15% methane
in oxygen (at 3000C) was manganic ore enriched in silver.

The detailed description of this catalyst was not given.

(77)

Troshenko et al. studied the heterogeneous

oxidation of natural gas, formaldehyde and methanol using
different supported catalysts. They found the optimum amount
of metal on pumice to be 2-10% and the most selective
catalyst for formaldehyde formation was molybdenum dioxide.

The formaldehyde selectivity order was: MoO Th02, Nd

3’ 273’

Tm203, Cr2 37 Pt, La203, Ag20, V205, V308'

Firth (78)

studied the complete oxidation of
methane on palladium-gold alloys using a microcalorimetric

method and suggested that the oxidation occurred through a
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series of reaction steps involving partially oxidized
intermediate adsorbed on the catalyst. The slow step in the
oxidation on palladium was most likely the reaction of this
adsorbed intermediate and not the dissociative adsorption of
methane. The'reaction was found to be of first order with

respect to methane.

Reviewing the literature on methane oxidation
(catalytic and non-catalytic) it may be concluded that the
mechanism of formaldehyde formation from methane is not
well understood. Further the use of heterogeneous catalysts
with some modifiers seems very promising in isolating
the intermediate.product, formaldehyde,and in increasing

its yields.
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III. EXPERIMENTAL

A. Apparatus

The oxidation of methane by air was investigated
in a flow reactor system. The apparatus was designed to
study the kinetics of oxidation reactions over a catalyst
modified with a constant and continuous supply of small
amounts of halogen additives. A schematic diagram of the

experimental apparatus is shown in Figure 3-1.

The apparatus, constructed in the Department, was
made of 316 stainless steel. It comprised of three sections:
(i) Feed section, (ii) Reaction unit, and (iii) Product

separation and analysis unit.

(i) Feed Section

The feed section supplied reactants,
modifiers and calibrating gases in regulated amounts.
It consisted of three gas streams and a liquid modifier

feed system.

The reactants, air and c.p. grade methane
were obtained from high pressure cylinders through a series
of diaphragm type pressure regulators (Matheson of Canada,

Ltd. Whitby, Ontario). Traces of moisture were removed

N 4
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by passing the gases throuéh the drying tubes made of
plexiglass and packed with indicating "drierite" (Calcium
sulphate). The gas flow lines in this section were made of
1/8" o.d. stainless steel tubing. Fine metering valves

and unidirectional check valves, supplied by Nupro Co.
Cleveland, Ohio, were used for regulating the gas flow
rates. All other valves and fittings were made by either
Autoclave Engineering Inc., Erie, Pa., or Swagelok Valves
and Fitting, Brockville, Ontarié. The flow rates of each
gas stream were measured by Brooks rotameteré supplied by
Matheson Co.. A mercury manometer was connected at the
exit of each rotameter to maintain a constant pressure with

the help of a needle valve.

The liquid feed system consisted of a
variable speed syringe pump (Harvard Apparatus Inc.,
Mills, Mass.) and a hot inlet (Hamilton Co., Whitby,
California). The liquid halogen modifier was introduced
continuously and precisely from a gas tight syringe,
fixed in the syringe pump, into the hot inlet where it
was vaporized and carried away along with the incoming
reactant gases. The gas tight syringe with teflon coated
plunger and tip could withstand a pressure of up to 20 psig
without any leakage. The syringe pump was equipped with
a synchronous motor and a gear train providing a selection

of twelve speeds. Reproducibility was with in 0.5%.
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Flow rates of liquid discharge could further be varied by

using different size of syringes. The hot inlet was made of

heavy aluminium which evenly distributed the heat from

a cartridge heater and eliminated cold spots. A high velocity

preheated gas stream continuously washed the septum area

and restricted flashback. The gas passed through a 1lmm. I.D.

glass vaporizer in the direction of liquid discharge from
the syringe needle and provided uniform vaporisation of the
liquid. The temperature of the hot inlet Qas maintained

at 150°¢ by regulating the power supplied to the heater.
The lines between the hot inlet and the reactor were heated
by heating tapes with regulated power supply in order to
prevent the possibility of condensation of the modifiers

in the 1lines.

For the study of oxidation of formaldehyde
an additional syringe pump with another vaporizer was
installed prior to the entrance to reaction unit. In case
of gaseous modifier, a bubble meter was used to measure

the small flow rates.

The reactant stream with or without the
modifier was led to the reactor through a preheating
section. Lines and an on-off valve were also provided to
by pass either hot inlet (vaporizer) or reactor or both
and to lead the reactants or calibrating mixtures for

analysis and calibration.
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(ii) Reaction Unit

This unit consisted of a preheating section, a

reactor, a temperature controlling device and a furnace or

heating medium.

The preheater was made of a 10 feet long
1/8" O0.D. 316 stainless steel tubing which was wound around
the reactor. The preheated reactants with modifiers entered
the reactor from the bottom of the reactor. Details of the
preheating section and reactor are given in.Figure 3-2.
The reactor was made of 8" long 1/2" 0.D. 316 stainless steel
tube. A porous stainless steel plate supplied by Pall
Trinity Micro Corp., Cortland, N.Y., was inserted at the
bottom of the reactor tube. The grade D plate had a mean pore
size of 65 microns, a normal thickness of 1/16 inch and
produced a préssure drop of approximately 0.1 psig per
180 cfm/sqg.ft. of air. An autoclave reducer was welded
below the porous plate and connected to the feed line from

the hot inlet through the preheater.

The top of the reactor was connected to a
swagelok "T" connection (810-3-2-316) through a 1/2" to
1/4" reducer union. The side opening of the "T" acted as
the exit for the reactor effluents and the upper opening
of the "T" was connected to a 1/4" to 1/16" reducer through

which a 1/16" 0.D. stainless steel protected tube Chromel-
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f FIGURE 3-2 ScHEMATIC DIAGRAM OF REACTOR AND PREHEATER
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Alumel thermocouple was inserted. The lower end of the
thermocouple tube was kept just above the porous plate in
contact with the catalyst. The thermocouple leads were
connected with a temperature controller through a two way
quick connector such that it could be used to measure the

temperature during reaction with a potentiometer (Biddle

Instruments, Plymouth Meeting, Pa.).

The thermocouple was supplied by Thermo-
Electric Canada Ltd., Brampton, Ont.. The temperature of
the reactor was controlled by a proportional temperature
controller. . It'was a model R7350A of Honeywell Diala-Trol
series and the reactor temperature could be maintained at

the set point with in +1°cC.

The reactor with the preheating section was
kept immersed.in a constant temperature fluidized bed furnace.
The furnace was made from a one foot long, 5 inch 0.D. and
1/4" inch thick steel cylinder with a porous stainless steel
plate at its bottom. A steel funnel, 5 inch diameter at the
top tapering down to 1/4 inch at the bottom, was welded
to the base of the steel cylinder below the porous plate
and connected to the compressed air line. Silicon carbide of
100-150 mesh particle size (supplied by Cole-Palmer Co.,
Chicago) was used as the heating medium of the fluidized

bed and was placed in the cylinder on the top of the porous
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plate. The reactor was held upright in the center of the

bed. During operation, sufficient air flow rate was maintained
to keep the solid particles in fluidized state and to obtain

a uniform tempepaturearound1ﬂuereactor. During the reaction,
the temperature of the catalyst bed was measured at different
positions along its length by thermocouple and temperature

difference was found to be negligible (iloC).

The furnace was equipped with two electrical

heaters made of nichrome resistance wires. One was wound
round the grooves of a 1 foot long and 5" I.D. ceramic
cylinder which was fitted concentrically on the outer side
of the 5 inch O;D. steel cylinder. This was connected to a

10 ampere powerstat and was left on all the time. The

powerstat was set in such a way that it supplied just sufficient

power to maintain the reactor temperature slightly below
the required temperature set on the temperature controller.
The other heating wire was wound around a one foot long and
2 inch I.D. ceramic cylinder. This cylinder was placed in
the fluidized bed with the reactor on its inner side.
Asbestos cement was used to insulate the heating wire

and to keep it fixed in the grooves. The heating wire was
connected to another 10 ampere powerstat through the
temperature controller specified earlier. The use of two
separate heaters helped in reducing the heating load in

the controller circuit and provided more precise control of

T
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the reaction temperature.

The reactor and the fluidized bed vessel were
further placed in an outer steel cylinder one foot in
diameter, resting on an asbestos plate. Holes were provided
in the center of the outer cylinder and the asbestos plate
for the compressed air line. The space between the outer
cylinder and the "bed" was packed with vermiculites, an
insulator. The surface of the 6uter cylinder was wrapped
with a 4" thick layer of fibre glass and asbéstos cloth for

further insulation.

(iii) Product Separation Unit

This unit included a gas chromatograph and
a gas partitioner, each equipped with gas sampling devices
for the analysis of the unreacted reactants and reaction
products. A liquid trap and a drying tube were provided
to condense the liquid components at ice temperature and
to remove traces of moisture prior to the analysis of the
gaseous components in the gas partitioner. Two chart
recorders, an electronic integrator, a wet test meter and a
bubble meter were also used. The. reactants and products were

analyzed on stream in the form of gas or vapor.
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The line from the reactor exit to the gas
chromatograph was heated by heating tape to prevent any
possibility of condensation. This line was bifurcated; one
branch was vented through a liquid trap in order to minimize
back pressure in the reactor side, and the other was
connected to the high temperature gas sampling valve of
the gas chromatograph. The sampling valve (model 19022n)
was supplied by Hewlett Packard. It provided a convenient
means of introducing precise and reproducible gaseous
samples into the gas chromatograph (Hewlett Packard
model 5700A). The valve was made of stainless steel with
a teflon rotor énd had eight ports providing dual loop
operation. The valve could be operated at pressures up to
200 psig. and at temperatures to 200°C. The temperature was
controlled within #0.5°C and the pressure in the sampling
valve was controlled with the help of needle valves in the

exit lines.

A 5700A Hewlett Packard gas chromatograph
equipped with dual column dual thermal conductivity cell
detector (tungsten-rhenium) and solid state electronic
temperature controlling system, was used to separate
formaldehyde, water and unconsumed traces of methylene

chloride. A Hewlett-Packard chart recorder (model 7127A)
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with 0-1 mv signal range and a 3373A electronic integrator

were connected to the gas chromatograph.

The exit gases from the high temperature gas
sampling valve were led to the ice-cooled liquid trap
which was made of 7" x 7/8" 0.D. glass test tube filled
with a two-hole rubber stopper. After the heavier reaction
products water and formaldehyde were condensed in the trap,
the uncondensible gases were led to the drying tube. The
drying tube, made of 6" x 1" O0.D. plexi~glass tube with 1/8"
stainless steel swagelok tube fittings, was packed with
10-20 mesh size indicating drierite. All traces of moisture
from the gaseoﬁs reaction products were removed in the drying
tube prior to their analysis in the Fisher Gas Partitioner.
The presence of water in the gas sample deteriorates the

performance of molecular sieve column rapidly.

The product stream from the drying tube was
passed through the gas sampling valve built-in with the model 29
Fisher Gas Partitioner and vented. The gas sampling valve was
a six-port linear type valve which provided two ports each
for the sampling gas, carrier gas and the sampling loop.
During its normal operation the sampling gas (product stream)
was passed through the sampling loop and the other leg carried

helium as the carrier gas. When the sampling valve was
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pushed on, the sample loop was taken out of series with
the product stream and was simultaneously connected with
the carrier gas which carried the contents of sample loop

to the chromatographic column for the analysis.

The model 29 Fisher Gas Partitioner employed
a dual-column dual-detector chromatographic system to
separate and me