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Abstract

Currently, gas detectors are liable to fail unpredictably
when working in the field. TFor the obvious reason of safety the deve-
lopment of reliable detectors of flammable gases at both low and poten-
tially explosive concentrations is essential. The purpose of this inves-
tigation has been to study the mechanism by which one poison, tetramethyl
lead, deactivates catalytic pellistor type gas detectors. The following
objectives have béen partially or fully achieve@:

(i) An elucidation of the behaviour of catalytic pellistor detectors
of more than one type. .

(ii) An understanding of the modes by which they are poisoned.

(iii) The prediction of their behaviour in a hostile environment.

(iv) The development of a more reliable gas detector, incorporating
zeolites.

The detectors studied were basically two types : the VQl,
which consists of an alumina bead supporting a platinum/balladium catalyst
mixture, and the VQ3, which is simi;ar in design but comprises a thoria
supported palladium catalyst. The detectors were poisoned in a specially
designed rig with which the catalytic activity could be monitored conti-
nously. A number of physicochemical techniques were employed to examine
the interactions of lead with catalyst onlthe surface.

Of the principal components of a typical gasoline mixture,
tetramethyl lead was shown to be the cause of detector deactivation.
Modified detector beads coated with alumina did not show a significantly
improved resistance to poisoning. However, zeolite-coated detector
beads caused a very marked improvement in poison resistance. Surface

studies using techniques such as Scanning Electiron Microscopy and Energy



Dispersive Analysis of X-rays revealed that the poison was evenly
dispersed over the outer surface, but penetration into the pore structure
was small. Furthermore, nitrogen adsorption studies revealed that there
is little correlation (undetectable in the present data) between deacti-
vation levels and surface area changes. More work has been recommended
in this area.

In the Discussion section, the significance of the experi-
mental results are considered in detail. ILead which is finally present
in the oxide form deactivates the catalyst by adsorption on the outer
surface without deep penetration into the porous structure, and it
appears that the pore mouth poisoning model is an adequate description
of the process. Incorporation of synthetic 'large-port' dealuminated
mofdenite in particular causes the greatest improvement in poison

resistance.
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1. Industrial Importance of Catalytic Gas Detectors

Catalytic gas sensors have been used for some years in
industry for the detection of flammable gases. These were originally
developed by the S;fety in Mines Research Establishment (SMRE) for the
detection of firedamp hazards in coal mines. The accumulation of methane
gas in a coal mine constitutes an ever present explosion hazard. Methane
is a by-product of the decomposition process which forms the coal, and if
the concentration of methane in air exceeds the critical limit of 5% (the
gso-called lower explosion limit), an explosion can occur. Methane levels are
customarily controlled by forced ventilation, but this is not completely
successful in preventing localised concentrations exceeding this limit.
Hence the availaﬁility of a reliable gas detector is an important factor
in the quantitative asaessmént of explosive atmospheres.

Nowadays, catalytic gas detectors are in widespread use in
industry, due to the fact that they can be made to respond to a series of
flammable fuel vapours other than methane. They have found application
in such fields as leak detection associated with storage and transportation
of both natural gas and petroleum products. Most modern instruments for
assessing explosive atmospheres are based on catalytic oxidation. The
- general properties of catalytic transducers are discussed in section 1.4,
and the pellistor, which is a type of transducer: which in recent years
has acquired widespread use, is also described in detail. This popularity
can be attributed to the fact that they respond to almost all combustible
gases to some degree and hence are not specific to methane; also they
tend to be more stable than other detection systems when continuously

operated in 'poison free' atmospheres.

However, catalytic combustion devices, and in particular



the pellistor, have some distinct disadvantages. They are irreversibly
poisoned by traces of silicone oils or lead alkyls and are rendered
insensitive by exposure to high concentrations of methane. TUnless they
are periodically calibrated with appropriate concentrations of methane,
the situation can arise in which the user is totally unaware that his
unit has been deactivated by poison and is consequently giving low readings.
In the mining industry silicone greases and silicone oils are in constant
use, and the volatile components evolved from these have the effect of
reducing permanently the rate of oxidation of flammable gases on the
catalyst and hence the sensitivity of the transducer. Similarly, lead
alkyls are notorious poisons for many catalytic systems, and unburnt
tetramethyl lead and tetraethyl lead compounds are always present in the
atmosphere close to where petroleum is stored,or wherever diesel/betroleum
powered traction equipment is being used. These sources prove to be the
main cause of damage to catalytic detectors arising from this poison. Even
trace quantities of lead alkyls have deleterious effects on the catalyst
activity, resulting in irreversible loss of sensitivity. In general gas
sensors can be protected from the poison to a certain extent by activated
charcoal filters. However, this technique cannot be used for a general
flanmable gas sensor, since higher hydrocarbons are absorbed by the charcoal
along with the poisons and hence remain undetected by the sensor. Thus
there is a need for a device resistant to industrial poisons whilst still
maintaining a high sensitivity for the higher hydrocarbons.

The main object of this work was to investigate the resistance
to poisoning of certain conventional types of catalytic gas detectors to
tetramethyl lead vapour, and thence to develop a means of increasing the

resistance of these detectors towards this poisoning process.



i Introduction to Heterogeneous Catalysis

By definition, a catalyst is a substance which alters the
rate of a reaction without itself being consumed. In terms of transition
state theory the process of catalysis involves a lowering of the free
energy of activation for the reaction of interest when this reaction is
carried out in the presence of the catalytic material. Thus the catalyst
effectively provides a more favourable alternate path for accomplishing
the reaction; this alternate path is naturally a more rapid one. The
basic mechanism of heterogeneous catalysis is such that one-or more of
the reactants form an intermediate complex with the catalyst surface as
a transition state, which then takes part in subsequent reactions to give
the final producf and the regenerated catalyst.

In heterogeneous catalysis the reaction occurs at a solid/gas
or solid/liquid interface and the overall process may be broken down into
the following steps:- .

(i) +transport of reactant to the catalyst surface (this may be only
transport to the external surface, but more commonly, transport into the
catalyst pores is involved);

(ii) adsorption of reactant onto the catalyst active sites on the external
and internal surface;

(iii) conversion of reactants to products;

(iv) desorption of products from the catalyst surface;

(v) transport of the products away from the catalyst.

Steps (ii) to (iv) involve chemical changes and, provided
one of these is rate-determining, the reaction will obey the Arrhenius

equation, viz
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k = A exp(-E/RT)

where k is the velocity constant, A is the pre-exponential or frequency
factor and E the observed activation energy for the reaction (not
necessarily the same as the true activation for the surface reaction if
adsorption and desorption processes are rate limiting, when the observed
energy of activation can include a heat of sorption term). The subject
of mass transfer through the fluid phase to the catalyst surface has been
discussed extensively in several texts (1,2,3). Normally, it is highly
undesirable for the rate-determining step to be mass transfer of reactant
through the gas phase to the catalyst surface; an exception to this,
however, is found in the normal design of catalytic detectors, as discussed
later (section 1.5.2) l

Even when transport to the catalyst external surface is not
rate-determining, transport along the pores to the active sites within
the solid may substantially alter the effectiveness of the catalyst.
Transport of a gas in such a catalyst pore may be by one, or a combination
of more than one of three main modes. Two of these involve diffusion,
while the third is a forced flow process:-

(i)  Bulk diffusion.
(ii) Knudsen diffusion, and
(iii) Poiseuille (forced) flow.

Transport by bulk diffusion occurs when there is no overall
pressure gradient along the pore, and when the average pore radius is
greater than the mean free path of the gas. Under these circumstances,
gas molecules in the pores behave as in the bulk phase. The probability
of molecules colliding with each other is far higher than the probability

of collisions with the pore walls. Hence under these conditions the rate
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of diffusion of a molecule is independent of the pore radius, but is
rather a function of the mean free path of the gas and the mean

Maxwellian velocity:-

B 1x[§k_'r_]i" (1)
8 3 Lmm
where X is the mean free path, k is Boltzmamn constant,T is temperature
and m is the mass of one molecule.
If the gas density is low, or if the pores are quite small
gso that the mean free path is greater than the mean pore diameter, then
the probability of molecules colliding with the pore walls is now greater
than that for molecule-molecule collisions. Transport under these conditions
is known as Knudsen diffusion and, as might be expected, it is a function

of the pore radius:-

D, =.§.r,,[m]% (2)

where r, is the mean pore radius in the catalyst.

If the chemical reaction in the pores is such that there is
a volume change on passing from reactants to products, a pressure gradient
will build up along the pore. Under these conditions, forced, or Poiseuille,
flow will be superimposed on top of the diffusive flow. Thus for catalysts
with average pore dimensions sufficiently large for bulk diffusion to
occur, in the presence of a pressure gradient, bulk flow will be seen, and
the bulk flow flux J, (x) of reactant A in the pore at point x will be

defined by a relation such as
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ac ¢c. (x)
1, @) == 7 rlDglgh 2 gy (3)
X
where the first term of the right hand side of (3) is just a form of Fick's
first law, and the second term involves thé concentration of reactant A in
the gas CA(x), the total concentration of gas at this same point CT(x) and
a flux due to Poiseuille flow Jp. The (+) sign is necessary as the forced
flow may be in the same, or in the opposite direction to diffusive flow.

Jp is an inverse function of the viscosity coefficient, and
directly proportional to the fourth power of the pore radius rp. The strong
dependency on rp means that for small pores, such as those in which Knudsen
diffusion occurs, Poiseuille transport is inefficient cémpared to diffusion.
Thus, unlike the situation with large pores, it is genarally assumed that
Poiseuille flow can be ignored iﬁ small pores, and that Knudsen flow is
indistinguishable from Knudsen diffusion. The theory and mathematical
approach towards diffusion and reaction in porous catalysts is treated in
detail in section 1.6.2.

As mentioned earlier, three distinct chemical processes may be
involved in an elementary heterogeneous catalytic reaction: the chemisorption
of one or more of the reactants, the surface reaction itself, and the
desorption of the products. Adsorption of the reactant is universally
accepted as the most important step in the overall process of catalysis.
That is why studies of adsorption process itself and the chemistry of the
adsorbed state assume a dominant role in all investigations seeking a more
fundamental understanding of catalytic chemical processes. There are
basically two kinds of adsorption:

(i) Chemisorption (4,5), whereby new chemical bonds are formed between
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the reactants and the surface atoms of the catalyst, and

(ii) Physisorption (6), which is similar to, and bound up with, the

process of condensation, and is in effect a weaker form of adsorption where-
by the reactant molecules are held to the surface by Van der Waals forces.

A reaction over a catalyst surface may involve only chemisorp-
tion, or a combination of chemisorption and physical adsorption. For a
bimolecular reaction, the former case is described as conforming to Langmuir-
Hinshelwood kinetics, whereas for the latter case, the term is Rideal-Eley
kinetics (7). Whatever the kinetics, the number of active sites and hence
the rate of reaction is a function of properties of the catalyst such as
the total surface area, the active surface area, and the porosity. The total
surface area and the porosity are conveniently evaluated by low temperature
nitrogen physical adsorption-desorption isotherm measurements.

The kinetics of these chemical controlled surface processes
need to be considered in order to formulate rate and equilibrium equations
for these steps. It is necessary to consider the overall kinetics observed
when each of these steps is rate-determining. They cannot be isolated from
each other because the rate of adsorption depends on the availability of
gurface sites, which in turn depends on the equilibrium coverage by products.
Kinetics of adsorption-desorption of fluid-solid catalytic reactions are
treated in detail in several texts (3,8).

In catalysis, chemical composition alone is not enough to
determine activity. As pointed out above, physical properties such as
surface area, pore size distribution and particle size also play an impor-
tant part. These properties are governed to a large extent by the prepara-
tive procedure. Catalysts are usually made by methods involving precipita-
tion, or gel formation, or a simple mixing of components (9). In cases where

the catalyst is a precious metal such as platinum, palladium or gold, where
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expense is a major consideration, catalyst carriers (10) are used, which
provide a means of obtaining large surface areas. After initial preparation
of the carrier, or support, the catalyst is then impregnated onto its

surface by dippiﬁg the support into a suitable solution containing the
catalyst, followed by removal of excess solution and drying. The nature of
the support can affect both the catalytic activity and selectivity because
the support can influence the surface structure of the atoms of the dispersed
catalytic agent through the ease with which sintering can occur, which, of
course, affects the active surface area.

Several theories have been put forward to attempt to explain
what factors are important in determining catalytic activity and selectivity.
Many years ago Sabatier (11) suggested the formation of intermediate
chemical compounds and, since then the chemical.factor has always been
recognised as important. Iater Tayloi (12), Balandin (13), and Beeck (14)
developed theories which place more emphasis on the role of the surface
structure. Balandin in éarticular proposed the famous multiplet hypothesis
(15) which interprets relative activities of different catalyst for a
particular reaction in terms of geometrical arrangements on the surface.
According to thig concept, the catalytic activity of solid surface depends
on the spacings of atoms; certain surface interatomic distances facilitate
adsorption of reactant molecules. Following Pauling, Boudart (16) and
Beeck (14) developed the electronic theories of catalysts which attempted
to correlate catalytic activity with the electronic theories of the catalyst
in particular, d-electron character. The criterion for a solid to be
catalytically active was connected with its ability to accept or donate
electrons. Extending this concept, in 1948, Dowden and co-workers (17,18)
proposed the classification of catalysts on the basis of electron mobility,

as conductors, semiconductors, and insulators.
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It is generally accepted to-day that in practice for any
particular catalytic reaction all the above mentioned factors can be
important. Certainly, to attempt to interpret data in terms of any one
theory is over-simplistic. The enormous advances in surface spectroscopic
techniques of recent years has led to a moré cautious attitude towards

theories of catalytic behaviour (19,20).
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1.2 Heterogeneous Catalytic Oxidation of Methane

Much work has been done on the catalytic oxidation of methane
with the end in view of finding a suitable catalyst. The main products of
the reaction are carbon dioxide and water; although partial oxidation does
occur over some catalysts to give carbon monoxide, hydrogen and formaldehyde
(21,22,23). Most of the investigations have been concerned with a comparison
of activities of different catalysts and supports to give complete oxidation
products.

Platinum (24-31), palladium (25,28,29,32,33), silver (29,34),
gold (25), copper (28,29,35) and nickel (36), supported on either asbestos,
silica gel or pumice have been investigated. Metallic oxide catalysts such
as vanadium pentoxide (28), copper oxide (27,28,37), nickel oxide (27,37),
palladium oxide (27,38), cerium oxide (27), zinc oxide (27,28), and oxides
of uranium and beryllium (23) supported on asbestos and pumice have also been
studied. Anderson et al (39) examined the catalytic activity of the first
transition series metéls supported on high surface area ¥ -alumina. The
complete oxidation of methane on bulk oxides of the first transition series
(40) has been studied by a continuous flow method. It seems that there are
distinet differences in both the observed activation energies and the activity
series between reactions on the bulk oxides (40) and the corresponding
oxides supported on high area Y-alumina (39). A general conclusion is that
palladium is the most effective catalyst in the oxidation of methane, and
that the reaction rarely involves the formation of intermediate products.

The influence of the catalyst support on the oxidation of methane over
palladium has also been studied using a microcalorimetric bead reactor (41).
The nature of the support was observed to have no detectable influenée on

the catalytic activity during a given experiment, but was found to affect
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the long term stability of the catalyst. Alumina was found to be the most
suitable carrier as it is a refractory material, able to stand high
temperatures without disintegrating even after prolonged use.

Firth (42) looked at the complete oxidation of methane on a
series of palladium/gold alloys on alumina carrier using the microcalorimetric
bead technique (43) with the end in view of finding a suitable catalyst
for the pellistor type gas detection system. He was able to measure rates,
orders and apparent activation energies for the reaction. The results
indicated the participation of d-orbitals of the surface metal atoms in the
reaction, and evidence was also found for the existence of a relatively
stable intermediate. Other studies were those of Mezaki and Watson (44)
andlAhuja and Mathur (45) who investigatéd the kinetics of methane oxidation
over palladium catalysts in the temperature range 320 - 380°C. Nevell (46)
has made a through study into the mechanism of methane oxidation over
supported palladium catalysts. Also examined were the activities of palladium/
thoria catalysts of different compositions over a range of temperatures.

Firth and Holland (47) studied the complete oxidation of methane over
palladium, platinum, rhodium, and iridium using a microcalorimetric technigue.
Their results indicated that the activation energies are proportional to the
Pauling bond energies of the oxygen-metal bond in the region where the order
in oxygen is low. Cullis et al (48) examined the partial oxidation of methane
from a kinetic and mechanistic viewpoint over palladium/palladium oxide
catalysts in a pulse flow microreactor (49). The system used was designed ;
especially for the identification of unstable intermediates, but only traces
of formaldehyde, carbon monoxide and water were observed among the principal
products of carbon dioxide and water. They proposed & mechanism for the
over#ll reaction in which the rate-determining step is a surface reaction

between oxide ions and dissociatively adsorbed linearly-bound methylene
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radicals. Firth and co-workers (50) showed that the oxidation reaction
over platinum catalyst proceeds by two kinetic routes, involving different
oxygen species. One route is inhibited by competition for the weaker oxygen
adsorption sites from water or hydroxyl groups. The absence of inhibition
observed in the presence of an alumina suppoft was taken to indicate that
water is preferentially sorbed on the alumina rather than the platinum
gurface after it is formed.

Few studies have been carried out using molecular sieves
containing transition metal ion as catalysts for methane oxidation and
consequently the kinetic data in this area is limited. Firth et al (51,52)
looked at the complete oxidation of methane over zeolites containing
palladium, platinum, rhodium and iridium using a microcalorimetric technique.
They conciuded that the isolated ions of these noble metals are able to
adsorb methane and oxygen, but only with platinum does the methane and
oxygen adsorb competitively. They also found that the activation energies
for the reaction éhow that the rate-determining step is the same on each
catalyst. Rudham and Sanders (53) studied the catalytic oxidation of
methane by 13x molecular sieves in which 20% of the sodium had been replaced
by transition metal ions, using an isothermal flow reactor with reaction
temperatures between 253-563°C. The oxidation products were solely carbon
dioxide and water. They described the kinetics of the reaction as being
first order in methane and zero order in oxygen.

A summary of the results obtained by different workers is
shown in Table 1. Although the results obtained by different workers are
not always in good agreement, it can be generally stated that the reaction
is zero order with respect to oxygen due to the strong adsorption of oxygen
on the metal, and that the order with respect to methane is unity. One

possible reason for the observed differences in behaviour is the use of



Catalyst/ Temp. Range Reaction order in | Reactant mixture
Support (°c) Method composition Ref.
CH 0
L 2
0.5-1.0% CH, in
Pd/alumina 350-500 static bead 1.0 0 0, % N, (41)
80:20 P4/ThO 0.5-5.0% CH, in
on alumina 400-600 static bead 0.8° 0 0, (46)
differential 6-30% CHI’ in
Pd/alumina 300-340 flow - - 0, (54)
integral
Pd/silica 200-400 flow - small -ve - (55)
integral >
Pd/alumina 320-380 flow 1.0 0 - (44)
integral
Pd/alumina 200~-250 pulse flow - - CH, pulse in O, (39)
Pd/13x
zeolite 300-400 static bead 1.0 0.3 - 0.4 - (51 ,52)
Transition 3-3,5% CHI. in
metal/13x 253-563 flow system 1.0 0 air (53)

TABLE 1 - Summary of Results on Methane Oxidation

6L
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different catalyst supports, studies having been made with palladium
for example over such different supports as alumina, silica gel, and

molecular sieves.

1.3 Gas Detection Systems

Numerous techniques have been used for measuring flammable
gases. Some of the desirable characteristics of a satisfactory gas detector
are safety, accuracy, reliability, short response time and durability. In
this section, the principles behind some of the commonest gas detection devices
will be mentioned. A comprehensive review (56) on evaluation of methanometry
in coal mines was published in 1972.

(a) Thermal Conductivity

Since the thermal conductivity of a gas mixture is a function of the
individual gases present in the mixture, in principle, the overall thermal
conductivity can be used as a measure of composition. In practice, the
thermal conductivity of the gas mixture to be analysed is usually compared
with a reference gas such as hydrogen, nitrogen or air. The thermal
conductivity method is usually applied to the determination of the
composition of a binary mixture, provided the two gases differ to a sufficient
degree in their conductivities. The greater the difference between the

two gases, the greater the sensitivity of the method.

(b) Heat of Combustion

The heat of reaction evolved by a gas when it burns above a filament can
be used to identify combustible gases in a mixture. As the gas is passed
over the heated filament, its combustion raises the temperature and the
resistance of the filament as compared to that of a reference filament. If

the reference and the active filament are commected together to form two
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arms of a Wheatstone bridge circuit, then the degree of unbalance of
the bridge provides a measure of the concentration of combustible gas
passing over the filament.

(c) Optical Properties

Optical gas detectors work on the principle that the refractive index of

the combustible gas may differ from that of air. Thus if light is passed
through a reference cell containing only air and also through a cell containing
a test gas, the optical fringes obtained will be different if the refractive
indices are different. By adjusting a prism to return the fringes to the

test gas original position, it is possible to infer how much the refractive
index of the test gas differs from air, by the amount of prism deflection
required. This may be related to the percentage of the test gas in the
mixture. If contaminants are substantial, and have refractive indices very
different from the test gas, results can be quite inaccurate.

(d) Infra-red Gas Analysers

Continuous analysis of gas streams for a single component can be carried

out effectively by means of an infra-red absorption technique, provided that
the desired component shows an absorption band located at least partly in a
region where other possible contaminant gases do not absorb.

(e) Flame Lamp

The flame lamp (sometimes called the Davy lamp), which is still used in mines
for methane detection, consists essentially of a flame fed by naptha. In air
the flame has a characteristic colour, height and intensity. If combustible
gases are present in the atmosphere, the character of the flame changes
correspondingly. The flame lamp is a very sensitive indication of the
presence of combustible gases in the atmosphere. An experienced observer is
able to relate a visual observation of the flame to the combustible gas

content.
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(£) Dielectric Properties

As with many of the detectors already described, a gas detector based

upon the dielectric principle would work upon a comparison between a
reference condenser in air, while the other condenser is exposed to the test
gas. The test condenser will vary in capacitance as the proportion of
combustible gas increases, and therefore can be calibrated. Again, in common
with many detectors already described, the unit is subject to interference
by any other contaminant gas with a dielectric constant that differs from
that of the air reference.

(g) Semiconductors

This type of gas sensing element relies on the changes in electrical
conductivity that are produced in many semiconductor metal oxides when gases
adsorb or react on their surfaces. The selection of suitable semiconductor
materials and suitable operating conditions makes it possible, at least in
principle, to detect and measure a whole range of gases with this type of
element. A typical element consists of a small bead of 'doped' zinc oxide
deposited between two parallel platinum wires. These wires have a diameter
of 25F m and are positioned 50)|m apart. The oxide bead is doped with
platinum to improve its conductivity and is operated at 600°C. The bead
temperature is maintained by passing an electrical current from a constant
power supply directly through the bead, using the platinum wires as electrodes.
In operation, the change in electrical conductivity of the element, and
hence the concentration of the test gas, is recorded in terms of a voltage
change across the element. The instrument is designed to measure methane
concentration in air over the entire range 0-100%.

(h) Compensating Type Catalytic Combustion Device

Most instruments used for measuring concentrations of combustible gases

operate by oxidising the gas, using oxygen from the air, over some form of



23

catalyst. The signal from most catalytic gas detecting elements consists
of an electrical resistance change produced in the element by the
temperature rise arising from the oxidation of the combustible gas. To
measure this temperature rise the element is used in a Wheatstone bridge
circuit. A non-active element forms one arﬁ of the bridge, while the
opposite arm is formed from an element carrying the catalyst at a suitable
temperature. Both elements are contained in separate suitably. shaped
containers, which are normally designed so as to ensure that diffusion of
gas to the surface is the.rate—determining step, and both are exposed to
the methane/air mixture. This system, which was originally developed to

detect methane, can be applied to the measurement of other combustible gases.

Bach detection principle exhibits some advantages and dis-
advantages as compared to others. Catalytic combustion devices are more
popular for methanometry than any other type. Primary reasons for this are
that this type of device can be designed to be intrinsically safe and in
addition can be made sufficiently rugged to withstand the rigorous physical
environment of a mine. Naturally, combustion-type devices are affected by
the presence of combustible gases other than methane, but not by non-
combustible contaminants (except for catalyst poison). Systems dependent
upon other gross properties such as refractive index, transmission or
adsorption of energy or dielectric constant are affected by virtually any
contaminant and tend to be less selective. The most likely devices to exhibit
high reliability are those depending on catalytic combustion, or the flame
lamp. This is particularly true if a dust filter is provided in the
particular case of catalytic gas detectors. The number of contaminants
affecting them are also very few but those that do poison the detectors

affect them seriously (see section 1.). However, because of their fast
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response time, low power consumption and insignificant zero drift and the

advantages outlined above, even where the poisons such as lead alkyls are
found, the catglytic gas detector is the preferred device, and research
with a view to increasing their poison resistance appears at present to be
more profitable than seeking an equally reliable detector working on a‘

different principle.

1.4 Detailed Description of Catalytic Combustion Devices

Most modern instruments for detecting firedamp in ranges up to
the lower explosion limit (LEL) of 5% utilize a chemical reaction in which
the flammable gas is catalytically oxidised and the heat produced is measured
indirectly. Three basic properties are required of a transducer which .
converts methane concentration into an electrical signal by oxidation of the
gas and measurement of the heat produced, viz:-

(1) Tt must have a suitable surface on which methane will readily oxidize.
(ii) The surface must be heated to a temperature sufficiently high to
promote an adequate rate of oxidation.

(iii) A sensitive and accurate means of measuring the heat produced due to
oxidation is necessary.

The oldest form of transducer for this purpose was just a coil of platinum
wire. The latter acted as a heater and a resistance thermometer, and at

the same time provided a catalytic surface (admittedly of relatively low
surface area) for the oxidation of the test gas. This type of transducer

is still used in portable spot-reading instruments. It is not very suitable
for use in continuously operating instruments because platinum is a
relatively poor catalyst for oxidation of flammable gases, especially methane,

and hence the transducer must be operated at high temperature (>800°C) to
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ob%ain sufficient sensitivity. At this temperature the ‘platinum gradually
evaporates, especially in the presence of methane (57), resulting in a
continuous reduction in the cross-sectional area of the wire with a
concomitant increase in its resistance. Thus a coil of this type is
characterised by a continuous zero drift, and a relatively short life due

to the coil burning out, which is highly undesirable. Attempts to overcome
the deficiencies of the simple platinum coil have led to improved forms of
transducer, which are now in wide use. One of the first attempts at improving
the platinum coil detector involved prevention of excessive heating occurring
at its centre when used for detecting leaded petrol vapours. Decomposition
of tetraethyl lead and tetramethyl lead on the platinum coil results in a
loss of sensitivity due to the formation of an adsorbed layer of lead oxide,
which restricts any further oxidation of the flammable gas. In an attempt

to overcome this difficulty the transducer was operated at higher temperatures
( 900°C); unfortunately the problem associated with evaporation of platinum
then becomes very serious. The problem of evaporation was especially acute
at the centre of the coil, where the temperature is highest, especially when
oxidation of combustible gas was occurring. This difficulty was overcome

by coating the centre turns of the platinum coil with glass (58), thus
reducing the temperature rise produced by oxidation of the gas and at the
game time giving some increased mechanical strength to the coil.

Another type of transducer, which operates at lower temperature
by using more active catalysts than platinum wire, and which does not
encounter the evaporation problem described above, was originally developed
at the Safety in Mines Research Establishment (SMRE) in 1959 (59,60), and
is known as the pellistor. It consists essentially of a platinum coil
embedded in a refractory material (usually alumina) which acts as a support

for the catalyst. In this system the platinum coil acts dually as both a
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heater and resistance thermometer, but not as the catalyst (as in earlier

models). The supported catalyst promotes the oxidation process at such

a temperature that evaporation problems are minimal (~600°C). The most
suitable catalyst for oxidising combustible gases are the metals of group
VIII of the periodic table. Within this group, palladium and platinum

are by far the most widely used. The practical advantage of the pellistor
is therefore much greater reliability, since (i) the zero drift is
insignificant, (ii) it operates at a lower temperature (thus keeping power
consumption to the minimum) and (iii) the alumina bead protects the platinum
coil from shock. It is therefore widely used in all types of gas detection
instruments. In one respect, however, it is inferior to the platinum coil
detector: the supported catalysts are rapidly and irreversibly poisoned in
hostile atmospheres by lead alkyl wvapours and/br silicone vapours. It was’
in an attempt to overcome this specific problem that the project described
in this thesis was undertaken.

Another successful transducer, using a more active catalyst
than platinum wire, is that patented by Seiger (61). A core of woven
gilica fibre is wound with the platinum resistance thermometer, and then
impregnated with supported palladium catalyst. This method of construction
makes the transducer resistant to mechanical shock, ;nd enables it to be
produced in'a range of sizes for different applications. Detectors follow-
ing this design are widely used in continuously operating gas instruments.

Another more recent invention involves the use of catalyst
with a significantly larger surface area (62) than those previously
employed. This transducer is similar in design to the pellistor type
transducer, but is more complex in construction. It has a layer structure
of ceramic and glass with an outer coating of platinum catalyst. It is

claimed (62) that this construction produces greater stability, and enables
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the detection range for combustible gases to be extended downwards
towards lower concentration, even in the 100ppm range.
Many other forms of catalytic transducers have been developed

during the past decade, but those described above are the commonest.

1:5 The Pellistor

The pellistor (59) has been used in a number of fundamental
investigations under the name "microcalorimetric bead technique" (41,42,
4%,47,50-52,63-65). The pellistor (or microcalorimeter as it is
occasionally called) consists essentially (Figure 1) of an eleven-turn
coil of 50 pm diameter platinum wire with = pitch of 125 ym, embedded in
a bead of -alumina of approximately 1 mm diameter. The alumina bead
( 0.3 mg) is formed by a thermal decomposition process, using the coil as
a heater, by successively dipping the coil in a saturated solution of .
aluminium nitrate and then heating it electrically to around 600 °C. This
process is repeated until the bead is about 1mm in diameter. The catalyst
is deposited on top of the alumina by dipping the bead in an aqueous
solution of the metal salts followed by thermal decomposition. Sufficient
metal ( 0.4 mg) is deposited to ensure a homogeneous spread of catalyst
over the alumina. The platinum wire leads from the coil are spot-welded
to copper wire terminals which are in turn embedded in a polyester resin
plug to ensure rigidity. As mentioned before this complete detector then
forms one arm of a Wheatstone bridge. The balancing arm (generally called
the compensator) is of a similar design, but is chemically inert, that is,
the alumina bead supports no catalyst. To ensure that no oxidation of
methane takes place over the compensator, the latter is treated with

potagssium hydroxide and heat treated to 800 °C as a final stage in its
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Figure 1. Pellistor bead
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preparation.

1.5.1 Bridge Circuitry

Figure 2 shows the calorimeter forming one arm of a Wheatstone
bridge with the balancing arm made up of the compensator element. A trim-
ming resistor T is connected across the compensator element in order to
reduce any slight difference in thermal properties between the calorimeter
and the compensator. The resistors R1 and R.zare selected individually
for each instrument type so as to bring the range of zero adjustment into
the region of fine control; in addition they are chosen to be of sufficiently
high resistance to draw little current. The zero-control potentiomefer Z
is commected as shown and usually has value of 1 kn.. The applied voltage
across the bridge is different for each type of pellistor, depending on
the catalyst, and the temperature at which a suitable rate of oxidation
of the test gas can be maintained.

In addition to the transducer itself, the other main component
of the sensing unit is the design of the system which enables the test gas
to reach the calorimeter. The flow system originally developed at SMRE is
a simple one, and is shown in Figure 3 (66). The sampling gas is drawn
through a tube of activating charcoal to remove as many impurities as
possible then through a tube lined with gauze,.usually 60 BSS mesh stainé
less steel. Each of the two pellistors is mounted at the centre of a cavity
which opens at one end to the gauze cylinder. The gases diffuse through the
gauze and are transported by convection currents within the cavities to the
centre where they diffuse through a film of stagnant gas to the surface of
the pellistor. Products diffuse out by the reverse process and a new

equilibrium is set up within two or three seconds of a change in
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concentration of the fuel. Diffusion through the gauze limits the amount
of gas entering the cavity, but the rate of oxidation on the pellistor
(and hence the output from the bridge) is governed by film diffusion through

the boundary layer of gas surrounding the pellistor.

1.5.2 Principle of Operation

The basis of this instrument is a response to the catalytic
oxidation of the sampled atmosphere at a suitable temperature; the heat of
oxidation causes the temperature and hence the resistance of the catalytic
calorimeter to rise. The resulting resistance change AR forms the basis of
the instrument signal. The potential V generated across the bridge by the
resistance change AR forms the output of the device (Figure 4).

For a Wheatstone bridge of the type described earlier (42,67),
potential V in volts produced across the bridge by a small rise in resistance

is given by (Appendix I):-

AR (B, +By) (4)
AV I2 RL

where R1 is the resistance of the catalytic calorimeter with the bridge

balanced. R3 is the fixed resistance in the arm in series with the

compensating calorimeter. I2 is the current through RL and the compensator.
AR is 2 function of the rise in temperature AT of the pellistor. A detailed
derivation which enables calculation of kinetic data for methane oxidation
using the microcalorimeter bead technigque is given by Firth (42), and
further details regarding the direction of flammable atmospheres by catalytic

devices have also been reported (67).
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An important point is mentioned in section 1.5.1. In contrast
to many catalytic systems, the calorimeters are operated under conditions
where the rate-determining step for oxidation of the fuel is film diffusion
controlled (i.e. by the rate of diffusion of the fuel to the catalyst
surface through the stagnant boundary layer close to the pellistor).
Diffusion controlled is achieved by providing an ample amount of catalyst
at a temperature high enough to ensure that the rates of adsorption of
reactant, surface reaction and desorption of product are sufficiently high.
Firth et al (67) have shown that the out of balance voltage V is proportio-
nal to the concentration of the fuel, and for different combustible gases

V may be expressed (Appendix I) as

V = K AH D, (F) (5)

where AH is the enthalpy of combustion of the fuel, Iﬁz is an inter-
diffusion coefficient for gas 1 into gas 2, and (F) is the thickness of
the depletion (or boundary) layer. The above expression has been verified
satisfactorily (67) using various concentrations of different gases. In
the case of mixtures of flammable gases, the signal obtained is the sum
of the signals arising from the individual gases that comprise the mixture.
It follows that an instrument which is to be used for measuring gas mix-
tures should be calibrated with that air mixture.

In summary, therefore, the current situation is that the
mechanism by which the pellistor gas detector produces a signal is now
well understood, and its operating reliability is excellent in conditions

where the explosive hazard is well specified. The most serious limitation

of this device is now its susceptibility to certain commonly encountered



35

catalyst poisons. An empirical approach towards effecting an improvement
in pellistor poison resistance is clearly not the best way to solve this
problem, and the theory of catalyst poisoning has developed considerably
in the last twenty years. An introduction to the different poisoning

theories is therefore provided, in the next section.

1.6 Poisoning Theories

The phenomenon of catalyst poisoning has been recognised
throughout most of the history of catalysis research, but it is only
relatively recently that our understanding of the chemistry and kinetics
of poisoning has advanced significantly. In 1951, Maxted (68) presented
a review of work on the poisoning of metallic catalysts, and earlier
Voorhies (69) reported on ca.té.lyst deactivation due to carbon deposited
on cracking catalyst (i.e. the phenomenon of "coking", which is usually
considered separately to poisoning). Since then there have been many
studies of poisoning problems,in particular the mechanism by which poison-
ing occurs and determinations of poisoning rates. However the bulk of
the problem has still to be fully explored and understood.

Deactivation processes can be broadly divided into three classes.
'I_'hesé are:

(a) Poisoning: Loss of activity caused by strong adsorption of some
impurity (normally a feed contaminant).

(b) Fouling: Loss of activity caused by reactant or product degradation

on the catalyst surface. Coke formation is the most important example.

(e¢) Aging: Loss of activity caused by sintering which results in a decrease
of the active surface area.

The first in particular, and the second case, are primarily chemical in
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nature, while aging is usually thought of as a physical process. The
results reported by Maxted were concerned with metals used as hydrogenation
catalysts; nonetheless the results are relevant to this work. According to
Maxted (68), the common poisons for group VIII metal catalysts can be
classified into three groups:- |

(i) Molecules containing elements of groups Vb and VIb (but not nitrogen);
(ii) Compounds of catalytically toxic metals and metal ions;

(iii) Molecules containing multiple bonds such as carbon monoxide.

If the molecule containing the group Vb and VIb element has unshared electron
pairs or empty valency orbitals, then chemisorptive bonding to the catalyst
is possible and the material is a potential catalyst poison. The toxicity
of metals or metallic ions towards the catalytic activity of metals has
been further surveyed by Maxted and Marsden (70). They emphasize the
existence of some comnection between the toxicity of a metallic ion and

the d-electron character. The main conclusion that they drew from their
work (70) is that those materials which are toxic all have occupied d
orbitals; when this does not occur, there is no poisoning effect. These
observations also hold for derivatives of the metals. In such cases, the
occupied s and p levels might be expected to take part in chemisorptive
bonding, yet examples are found where the metal is in a compound with

" the high s and p levels fully occupied in stable bond formation (and
therefore not available to take part in chemisorptive bonding), yet the
compound is quite toxic. A good example of this, the compound which was
the object of this study, is tetramethyl lead. The electronic configura-

tion (using valence bond notation) is

Pb 1l o TR e Ry ‘} 1 4% 1
5d Hybridized 681)3
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with the hybridized 6sp3 levels bonded to the four carbons in the
molecule. This molecule is a strong poison, yet there is no opportunity
for the s and p orbitals to take part in chemisorptive bonding. The
conclusion must therefore be that such metallic compounds poison through
the formation of chemisorbed complexes via the d-shell electrons. The
nature of this type of bonding is thus fundamentally different from the
group Vb and VIb poisons, where bonding is thought to occur via s or p
valence electrons. Detailed discussions of surface bonds thought to be
involved in adsorption/bhemisorption on metals are found in the literature
(5,71). A consideration of the kinetics of poisoning processes is
particularly apposite to the work reported in this thesis, and is discussed

in the next section.

1.6.1 Distribution of Poison

The first studies of poisoning effects on individual catalyst
pellets were described by Wheeler (72). He conveniently classified poison-
ing in terms of two theoretical models: uniform poisoning and pore-mouth
poisoning. The poisoning process is described as uniform or homogeneous
when the poison is distributed throughout the catalyst pellet pore surfaces
uniformly and thereby reduces the absolute activity of the catalyst uniform-
ly. Conversely, pore-mouth poisoning refers to the limiting case of a
poison which is confined to a zone from the pore-mouth to some boundary
within the pore. Thus in pore-mouth poisoning the pore is divided into
active and inactive zones. As the extent of poisoning proceeds, the inmer
boundary of the active zone moves toward the interior of the catalyst pellet.
Wheeler (72) found that pore-mouth poisoning can result in a severe

reduction of activity with only small amounts of poison if the catalyst is



operating under conditions in which pore diffusion processes are

influencing the rate of reaction. In addition he found that the two
limiting types of poisoning mechanism predict very different activity
behaviour of the catalyst with progressive poisoning.

In order to be able to expresa‘the kinetics of poisoning in
a mathematical form, reaction rates on porous catalysts as formulated by
Wheeler have to be considered from first principles. The equations for
steady state reactions in catalyst pores were solved simultaneously, yet
independently, by Thiele (73) and Zeldowitsch (74). Thiele's approach
was later developed by Wheeler (72,75), by Weisz et al (76-78) and by
Wicke et al (79,80). The porous structure of the catalyst can be visualised
as a composite of interseéting capillaries (pores), and as molecules flow
into a pore by diffusion, reaction occurs due to collisions with the pore
walls and the concentration of reactant aloné the pore decreases accordingly.
The equations may be solved either in terms of an ideal single pore, followed
by appropriate adjustments to bring the ideal model into line with the
real situation existing in the pellet, or they may be golved for the pellet
as a whole, when the parameters are ‘practical! i.e. they include within
themselves allowance for the non-ideality of the situation automatically.

The latter case is discussed in the next section.

6.2 Reaction Rate in Spherical Catalyst Pellet

The solution for a spherical pellet, which must be applicable
to the pellistor, will be considered here, and the further complicating
situation of catalyst poisoning will be taken up in the next section. To
simplify the treatment, the following assumptions have to be made:-

(i) The porous pellet is homogeneous in structure throughout;
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(ii) The pellet is operating under isothermal conditions;

(iii) Diffusion of reactant into the porous structure can be represented
by Fick's first law.

(iv) The reaction is irreversible, and the rate of the reaction can be

represented by a power function in the concentration of reactant A, given as

Rate=kd; as (6)
where k = intrinsic rate constant (this is not necessarily the observed
rate constant, but rather a rate constant defined in terms of unit area
of pore surface exposed to reactant at a concentration equal to that out-

side the pellet);

GA = concentration of reactant Aj;
n = order of reaction;
S = area of pore walls available for reaction;

(v) Steady state conditions pertain throughout the pellet.

Figure 5. Spherical model for simultaneous diffusion and reaction.

Consider a spherical pellet of radius R (Figure 5) into which

molecules are being transported by diffusion only. If the concentration
o 96

gradient is 335 at a distance r from the centre, then the inward flow of

reactant molecules across the differential annular shell within the pellet
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at a distance r from the centre is

V, (in) = -4% r? Deﬂ (7)
dr

where 4n‘r2 is the area of this spherical surface, and De is the over-all
diffusion coefficient, or effective diffusivity, of reactant in the pore
gtructure. This is not equivalent to either bulk or Knudsen diffusion
coefficients, but allows for the porosity and tortuosity of the catalyst
structure. Under steady state conditions, the difference in flow of
reactant into and out of the differential annular shell must be equal to
the rate of reaction in that shell. Thus the fundamental differential

equation for reaction within this spherical shell is

-dV, = 4xr2dr Sk C, (8)

where S = pore surface area per unit volume of pellet (this is obviously
related to the specific surface area as determined by physical adsorption
measurements),

'4wr%r

volume of differential annular shell;

n order of reaction.

dV, may also be obtained by differentiating equation (7), and under steady
state conditions (7) must be equal to (8). Whence after a few mathematical

manipulations (see appendix II), the equation

dCA +£dCA h n (9)
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is obtained, where h, the dimensionless gquantity termed the Thiele

modulus, is defined as

haR |2 . (10)

Equation (10) may be solved for different reaction orders n, with the
boundary conditions of C, = C  at r =R (i.e. concentration of reactant is
C, at the outside surface of the pellet), and gé? =0atr=0 (i.e. no
concentration gradient exists at the origin of the sphere). This treatment
is carried out in detail in appendix II for the first order case (n = 1),

as the oxidation of methane can be assumed to be near first order in methane

(see table 1.1). For the first order case, the rate of reaction within a

spherical porous pellet is found to be

(11)

B < ACED B0
P £ Oanh h

B =

If the internal surface of the porous pellet were all exposed to reactant

at a concentration equal to the external value Co’ the rate would be

Yoo 3
ﬂ‘;=?xn k C, (12)

An effectiveness factor (f), or fraction of area available as it is some-
times called, may be defined in terms of the ratio of the two rates given

in (11) and (12):-



(13)

The hyperbolic tangent of h approaches unity as h increases (greater than

about 3), therefore f approaches_z.at large values of h, that is f is inver-
h

sely proportional to h at large values of h > 3. Equation (13) has important

practical implications. The significance of h and f are explained below where

£ o actual rate for the whole pellet (14)

rate evaluated at outer surface conditions

The effectiveness approaches unity (f—=1) as the pellet
radius or rate constant is made small, or as the diffusion coefficient (D,)
is made large. In this instance all the surface is fully effective i.e. the
rate of reaction at the centre of the pellet is the same as the rate at the
outer surface. Conversely, the effectiveness becomes small (£¢1) for large
particles, large rate constant, or small values of diffusion coefficient (De).
Practically these conditions mean that the reaction occurs before the reactant
has diffused far into the pellet. Very active catalysts (1arge k) tend to
have low effectiveness factors while inactive catalysts tend to have high

effectiveness factors.

1.6:3 Kinetics of Poisoning

: As mentioned earlier the rates of catalytic reactions are
reduced by poisons. The next stage is to show how the reduction in rate
varies with the fraction of surface available for reaction as the catalyst
surface is progressively poisoned.

Wheeler (72,75) originally developed the mathematical
treatment for the two limiting cases of poison distribution, (i.e. uniform
poisoning and pore mouth poiaoning) for an isothermal, irreversible, first-

order reaction in an ideal cylindrical half-pore. It is convenient to
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discuss this model here as the difference between the two modes of
poisoning is seen with particular clarity if a single half-pore is
considered.

Uniform Distribution of Poison

C — 2r

Figure 6. A single pore going through a catalyst

The rate of reaction per half-pore for a cylindrical pore of length 2L
and radius rp (Figure 6) in the case of a first order, isothermal,

irreversible reaction is given by

R, = 7r2 D21% tann b (15)
3 P Ty

As before C, is the concentration of reactant at the pore mouth, D is
either a bulk or Knudsen diffusion coefficient, depending on the radius
of the pore and h1 is the first order Thiele modulus. h1 is not identical
to the Thiele modulus derived from the spherical pellet model:-

h =L |t (16)
P

where k is the intrinsic rate constant (see equation (6))



Considering first the case when the poison is evenly
distributed along the wall of the cylindrical pore, if« is the fraction
of surface poisoned, then the intrinsic activity of the pore after poison-
ing to this degree must be k(1 - x). Tt follows that in the case of a

poisoned catalyst the Thiele modulus can be written as

h;=L}Er_(“D“_°‘).=h1/(1—d) (17)
*

where h is the value of h for the unpoisoned pore. Then, from equation

(15) the ratio F of activity of poisoned pore to unpoisoned is thus

p . Bate poisomed _h, J(1 - &) tanh (b, J(1 - <)) (18)

Rate unpoisoned h, tanh h,

Using the approximation that when h, is small (i.e. h1( 0.2) tanh hi—~=h,

in equation (18)

i h1./(1-°(11-h;s'(1"“)__.1_ot (19)

h—=0 1 1

When h, is small, the fraction becomes equal to (1 - ). In other words
the rate drops linearly with fraction poisoned. At the other extreme

when h, is large (h1> 5) tanh h =1 and this case

poB -9 [« (20)
1

(b, 25) b
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Equation (20) shows that under these circumstances the activity drops
less than linearly with fraction poisoned. Figure 8 shows predicted
poisoning curves for the two cases:

(i) h, very small (curve A): a linear drop in activity with fraction
poisoned. This type of poisoning is termed 'non-selective';

(i1) h, very large (curve B): a less than linear drop in activity with
fraction poisoned. This type of poisoning is termed 'anti-selective'.

Pore mouth Poisoning

In this type of poisoning, it is assumed that a poison is selectively
adsorbed on the outer periphery of the catalyst particle, that is, in

the openings of the pore mouths.

AAAERRRREARRRWY |

poisoned pore mouth————J clean surface —
ATITITIITTTITITYY
! «L I (1 = «)L—d

Figure 7. Preferential adsorption of poison near mouth of pore

Considering again the half-pore as shown in Figure 7, it is supposed
again that a fraction of the pore is poisoned, this poison being
heterogeneously distributed, only being found at the pore mouth. In
these circumstances, the rate of reaction in the pore under steady state
conditions will be determined by the rate of diffusion through this
initial poisoned length of pore. Let the concentration of reactant at
the end of this section be C1. Then for the first order case, the mass

balance equation yields
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Figure 8. Types of poisoning curves for porous catalysts
Curve A : for a porous catalyst in which h1 is small and poison
is distributed homogeneously

Curve B : homogeneous adsorption of poison with h1 large
Curve C & D : preferential adsorption of poison near pore mouth.

For curve C, h1 = 10 and for curve D, h1 = 100
Cuoted from reference (72)
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wr2pfa=C _wp2pB0 =N tam @, [(1-4) (21)

“1 L(1-%)

(0 =%y 5] =
rbD

o3
]

= (1 -=«) hy
' :
where h1 is the Thiele modulus for the poisoned catalyst. Solving

equation (21) for C, gives

} G
T e, e Oy~ o)) -

Substituting (22) back into the right hand side of the mass balance

equation (21), the rate of reaction in the poisoned pore

_ mz?D(n G /L) tanh (b, (1 - =)) (23)

(potson) 1 +ah, tanh (b, (1 - x))

As before, the ratio of the rate in the poisoned pore to that in the
unpoisoned pore can be derived to give the fraction of activity left in

the poisoned catalyst:-

e 1 [ta.nh (,(1 - m))] (24)

1 +«h, tanh (b, (1 -«)) tanh h,

Now in an active catalyst, the Thiele modulus, h1 tends to large value
(h1)5), and since Lim (tanh hl) = 1, then for equation (24),

h—n—m

P 1 (25)
h (1 -x)})2 1 +«h,
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The significance of equation (25) is seen by calculation as follows.
Assuming a homogeneous active catalyst, operating under conditions so
that hy = 50 and that

(1) 2% of the surface is poisoned by a pore mouth poisoning mechanism.

Then < = 0.02

1 —
1 + (0.02)(50)

and F = 0.5

In other words, a 2% drop in surface coverage due to poisoning leads to
a 50% drop in catalytic activity.

(ii) 20% of the surface is poisoned by the same mechanism

w5 e
' 11

Under these conditions only 9% of original activity is predicted to remain.

Thus a dramatic drop in activity can be observed when only a minute
fraction of the pore surface is poisoned. The cause of this is that poison=-
ing the outer surface of the catalyst has destroyed the original site for
reaction, and has forced the reactants to diffuse deeper into the pores
before they are able to reach the active parts of the catalyst. In effect,
pore mouth poisoning has caused the rate-determining step to shift to a

fo;':n of film diffusion, but not the normal one, which involves transport
through a stagnant boundary layer of gas close to the catalyst surface,

but through a film of inactive material surrounding the pellet. Figure 8
shows typical poisoning curves for pore mouth poisoning. Curve C depicts

adsorption of poison near the pore mouth for h = 10, and curve D for h = 100.

1.6.4 Lead Alkyl as Poison

" The principal commercial application of organolead compounds
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is their use as the so-called "antiknock" agents, a discovery due to
Midgley and Boyd (81). Antiknock agents are additives in aviation and
motor gasolines which are incorporated in order to suppress the reactions
that produce the undesirable phenomenon of "knock" in the internal
combustion engine (that is, premature combustion of fuel). Knock frequently
limits the power output of an engine, and can, if sufficiently severe
damage the engine. Although the mechanism of knock is relatively poorly
understood, the technology of its control is well developed. Many alkyl
- lead compounds have been proposed as antikmocks, however thcose in general
use are tetraethyl lead (TEL) and tetramethyl lead (TML). These are
always blended in the gasoline with corrective agents or 'scavengers'
(mainly ethyiéne dibromide and ethylene dichloride) which stop the deposi-
tion of lead on the engine parts and cause it to be expelled as lead halides.
The theory of scavengers has been discussed by Buck and Ryerson (82).

The properties of organolead compounds are in total contrast
to those of inorganic lead compounds. Thus among the inorganic compounds,
the most stable are those in which lead is in the divalent state. In
contrast, with the organolead compounds, the tetravalent derivatives are
much more stable than the divalent derivatives. The divalent compounds are,
in fact, poorly characterized due to their instability. They .do, however,
exist as interﬁediates in the synthesis of tetravalent lead compounds. The
bond formation in tetravalent lead occurs through hybridization of the 2s
and 2p electrons in the outer shell to give sp3hybridization, resulting in
a tetrahedral configuration. Thus tetraalkyl compounds are best represented
as covalent molecules in which the organic groups are tetrahedrally located
around the lead atom. The lead to carbon bond exhibits a high degree of
covalent character as a result of the small difference in the electronega-

tivities of the two elements.
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Electron diffraction measurements on tetramethyl lead described in the
literature give values of 0.229 nm (83) and 0.220 nm (84) for the lead
to carbon bond distance.

Lead forms the least stable and hence the most reactive
organometallic derivatives of all the group IVb metals. In general,
organolead compounds decompose at fairly low temperatures, are very slowly
oxidised in air, and are decomposed by light. Their stability and physical
gtate are étrongly dependent on the nature of the organic groups bound to
lead. Because of their reactivity to air and their sensitivity to light,
organolead compounds are best stored in.the dark under an inert atmosphere.

Ever since the toxic action of organolead compounds was
recognised there has been renewed interest in their properties, especially
bearing in mind their ubiquity in the modern industrial society. The toxic
action of many lead compounds has been reported in the literature (85-96),
and comparative studies indiéate that tetraethyl lead is somewhat more
toxic than the tetramethyl analogue (90,91,94,95), although the higher
volatility of the latter makes it in principle more dangerous. In general
terms, the symptoms of mild cases of exposure to tetramethyl lead or
tetraethyl lead are sleeplessness, weakness, irritability, fatigue,
headache, and sometimes anorexia, nausea and vomiting. In severe cases
convulsions and coma may result, with a mortality rate of ~ 50%. Although

the diagnosis is not difficult, the treatment is not specific as there is



51

no known antidote for these compounds.

A knowledge of the toxicity of these compounds makes it
apparent that special precautions must be taken in a laboratory or indeed
wherever they are handled. Minimal precautions involve working exclusively
in fume-cupboards with good ventilation in‘the laboraéory, thus preventing
inhalation. Contact with the skin should be avoided at all costs, hence
the use of heavy duty impermeable gloves is recommended. Should there be
a spill of organolead compound on the skin, this should be rinsed with
kerosene, or light petroleum solvent, and the skin then thoroughly washed
with soap and water. In case of accidental spill, the liquid should be
quickly absorbed with a rag or absorbent earth, then the spillage area
should be swabbed with kerosene, followed by a thorough decontamination
of the area. In this contexf, decontamination implies conversion of the
volatile organolead to inorganic lead compounds. Generally saturated
potassium permanganate or sulphuryl chloride in kerosene solution is used
for the decontamination. Solid or highly concentrated oxidising agents
should be avoided, and care must be exercised in the use of all deconta~
minants; the reagent must be sufficiently diluted to sufficiently retard
the rate of decomposition to avoid fire. Glassware should also be .
decontaminated as outlined above, by first washing with kerosene, then
soaking in a solution of sulphuryl chloride in kerosene for one hour,
followed by washing with water in the usual way.

Along with the general increase in attention that is being
paid to the problem of air pollution, a survey of lead in the atmos-
phere (97) was carried out some ten years ago. It showed, as might be
expected, that the primary source of alkyl lead compounds in the air comes
from the vaporisation of these compounds from unburnt gasoline. Thus a

number of catalytic converters have been developed to reduce the emissions
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of such undesirable products as carbon monoxide and nitric oxide which
arise from vehicle exhausts. However, the presence of various lead com-
pounds resulting from the combustion of tetraalkyl lead antiknock has been
found to poison the catalyst used in such converters. A wealth of
literature therefore arose on this topic, éome of which is reviewed below.

In 1971, Yolles and Wise (98) summarised the current theories
on the mechanism of lead poisoning. These were physical adsorption on the
catalyst with monolayer formation, pore plugging of porous catalysts, and
reaction with the catalyst or support to produce an inactive phase or
compound. In particular, Roth (99) made a significant contribution towards
understanding the mechanism of catalyst poisoning, and Hegedus and
Baron (100), using alumina supported platinum catalysts reported that lead(II)
sulphate pﬁiaona reduce the pore volume of the catalyst in both the micropore
and macropore region. Similarly other workers have also ghown that there
ig a correlation between the reduction in catalyst pore volume and surface
area on the one hand and the degree of poisoning by lead compounds on the
other (101-103). More recently Bucknell (104) carried out investigations
into the mechanism of deactivation by lead halides of oxidation catalysts,
and found that both surface area and porosity decreéses during the
deactivation of supported catalysts. The concentration and distribution
of poisons on catalyst has been thoroughly investigated (105,106) with a
view to providing a better insight into the mechanism of catalyst
deactivation.

A1l the work mentioned above has been concerned with the
problem of poisoning of automotive catalysts. No literature could be found
that is directly related to poisoning of catalytic gas detectors, though
this problem has been recognised ever since the introduction of the pellistor

type catalytic gas detector. A few workers have attempted to overcome the
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problem by producing a poison resistant detector (64), but no mention has
been made anywhere on investigations into the poisoning mechanism. Hence

at the beginning of this project very little concrete evidence existed
regarding the extent and seriousness of poigoning in catalytic gas detectors.
Certainly there are many resemblances between the automotive catalyst and
the catalytic gas detector, in the sense that they are both oxidation
catalysts, and that both catalysts are deleteriously affected by organolead
compounds. However the principles of operation in the catalytic gas detector
are somewhat different and hence the starting point in this work had to be

a systematic investigation on different types of pellistors currently in

use, in order to throw light on whether a pore mouth, homogeneous, or some
other type of pbisoning process was occurring. This was followed by the
development of a catalytic gas detector which is partially or wholly resistant
to tetremethyl lead poisoning using zeolite molecular sieves. In the next
section, the reasons why zeolites seemed 2 likely answer to the poisoning

problem are explained.

1o 7 Improving the Poison Resistance of Catalytic Gas Detectors

by Using Zeolites

Attempts at improving the poison resistance of catalytic gas
detector have been tried ever since the poisoning problem was recognised.
Several means of overcoming this problem was developed. The simplest w#s
a charcoal filter to absorb the inhibitor before it reached the transducer,
but this method also removed higher molecular weight hydrocarbons, hence
meking the transducer more selective towards low molecular weight hydro-
carbons, an undesirable property for a detector. Other methods have

involved modifying the support surface area, and “the pore siructure. Based
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on the fact that the detector catalyst bead is of necessity small,

(having therefore only a small surface area) so that only a small amount

of poison can reduce its activity drastically, the reasoning that followed
was that if the active sites could be supported on a carrier of much larger
surface area, then a larger amount of inhibitor will be required to produce
the same harmful effect.

Firth and Holland (64) carried out brief investigations using
molecular sieve properties of zeolites to produce =~ poison resistant
catalysts. They maintained that by enclosing the catalytic ions or atoms
within the micropores of a zeolite, it should be possible to prevent
access of large poison molecules to the catalytic ions while smaller
reactant molecules still had easy access. On the whole very little has
been done in producing a poiéon resistant catalytic transducer apart from
the work reported by Firth and Holland (64,51,52). The ultimate aim of
this project has been to produce a catalytic sensor bead resistant to
tetraalkyl lead poisoning using zeolitea, but following a different
principle to that suggested by Firth and Holland (64), by incorporating
into the conventional supported catalyst zeolite crystallites as selective
gorbents.

The rest of this section is devoted to an introduction to
the possible advantages of using zeolites. Basically, zeolites are
crystélline aluminosilicates consisting of three dimensional lattices of
silica and alumina tetrahedra (sma and uoa). Thus the silicon a.n@
aluminium atoms are coordinated tetrahedrally through oxygen atoms. Where-
ever an aluminium atom is incorporated, in effect replacing a silicon atom
isomorphously within this lattice, there results a unit negative charge on
the lattice. In addition, the structure is very open, resulting in

molecular sized channels and cages. It is the combination of the charged
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lattice and the open structure which gives zeolites their useful properties,
which may be summarised under three headings, viz:-
(1) catalytic;
(ii) selective adsorptive (molecular sieve), and
(iii) ion exchange. |
Now it is frequently the case that the exploitation of one of these
properties is of a particular interest in some specified process. However,
that property can rarely be considered in isolation to the others. For
example, if it is desired to use a zeolite as a catalyst for a particular
reaction, the selective adsorptive properties must also be taken into
account in order to ensure that the reactant can readily reach the active
sites. In addition, the ion exchange behaviour might also need to be
considered when examining the feasibility of making a particular metal-
zeolite catalyét. Similarly the sieving properties of a zeolite must also
be considered even when the primary interest is in the ion exchange charac-
teristics of ‘those zeolites.

In brief, the importance of zeolites can be attributed to the
following features:-
(i) a three dimensional lattice containing uniform pores of molecular
dimensions;
(ii) a high internal 'surface area' which is only accessible to molecules
able to diffuse through the porous network;
(iii) excellent thermal stability at relatively high temperatures.

Much of the early work on naturally occurring zeolites and
synthetic zeolite materials (107,108) was done by Barrer and co-workers.
Since then numerous investigations on the crystal chemistry, the synthesis,
the ion exchange behaviour, and on interactions between zeolites and gases,

as well as surveys covering different aspects of the field have been
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published. Several good reviews on different aspects of the subject
have been published (109,110). In addition, an excellent book by
Breck (111) treats the different aspect of zeolites(with the exception
of catalysis) on a comprehensive basis. Catalysis has been dealt with
separately in a recent monograph (112). |

Zeolites can be represented by the general formula

M%&O . 51203 . xSiO2 . yH20
where M is a group I or II cation (often sodium), x is always equal to
or greater than 2 since AlO“ tetrahedra can only be joined to SiOL
tetrahedra, and n is the cation valence. There are a great many naturally
ocourring zeolites of this kind, but the faujasite and mordenite classes
are of particular interest. The discussion here will be confined to the
latter type.

The structure of the sodium form of natural mordenite has
been described by Meier (113). Basically, the pore structure consists of
parallel adsorption channels having an approximately elliptical opening
with major and minor diameters of 0.695 nm and 0.581 nm, respectively.
There are smaller side pockets perpendicular to the main channels which
can adsorb only molecules smaller than n-butane (114). These side channels
have restrictions which essentially prohibit motion of molecules from one
main channel to the other. Because of the two dimensional nature of its
pore structure, mordenite is susceptible to loss of much of its adsorptive
capacity by the presence of small amounts of impurities (115). By varying
the synthesis conditions, it is possible to prepare mordenites which have
different adsorptive properties due to some change in structure. Mordenites
have been classified as 'large port' or 'small port!, depending on whether

or not they sorb large molecules (116). Further varieties of mordenite
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can be produced by removing aluminium from the structure by strong acid
treatment with hydrochloric acid (117). Mordenite is a particularly
stable zeolite, both from the thermal and chemical viewpoints, being able
to resist temperatures in excess of 700°C, and acid solutions of pH's as
low as 2. In addition, its crystalline structure survives substantial
dealumination (117).

To use zeolites as a means of providing resistance to poison-
ing, it is now obvious that the primary interest must be in their adsorp-
tive properties. However the approach here can be two-fold:-

(i) A detector could be designed with catalytically active centres within
a zeolite lattice, which are available to small gas molecules, but not to
tetraalkyl lead compounds. The zeolite therefore may be regarded as
tsieving out! the tetraalkyl lead compounds.

(ii) A conventional catalyst bead could be covered with a zeolite/binder
mixture. The zeolite crystals would be catalytically inactive and contrary
to the concept of (i), would in fact preferentially sorb the poison molecules.
Bearing in mind the size of the poison molecule, this method of improving
the resistance of the catalyst to poisoning would only be effective with
the zeolites having the larger pore sizes, that is zeolites of the types

X, Y, L or 'large port' mordenite mentioned above.

In conclusion, the eventual aim of the present investigation
was to incorporate 'large port' hydrogen mordenite or dealuminated
mordenites prepared by acid leaching, into the conventional catalytic

pellistor type gas detector in order to improve their poison resistance.

1+8 The Present Work

At the beginning of this project very little was known about



58

the poisoning of the pellistor type catalytic gas detector by lead alkyls.
Tnitial investigations carried out by the English Electric Valve Co. Ltd.
and the Associated Octel Co. Ltd. had shown that a series of these
detectors containing palladium/platinum and palladium/thoria catalysts
were rapidly poisoned by low concentrations Qf lead alkyls. The
ubiquitous nature of lead and its powerful poisoning effects made the
development of a detector resistant to lead poisoning an urgent necessity.

In this work, the goal set out has been achieved by primarily
carrying out a series of controlled poisoning experiments. Techniques
such as scanning electron microscopy for topographical studies of the
surface, and a gravimetric sorptive method for surface area determinations,
have provided means towards the elucidation of the above problem.

The next stage of the programme consisted of the development
of a cheap, reliable detector resistant to lead poisoning. A single
possibility, using different materials, was exploited, one which makes the
catalyst permeable to methane but not to lead alkyl (through a preferential
sorptive rather than a molecular sieve effect) and thus not subject to
catastrophic poisoning. Surrounding the conventional catalyst with an
inert layer of zeolite which prevents access of the poisoning species to
the active sites resulted in a detector with very substantially improved
resistance to tetramethyl lead poisoning. 1% methane in air was used as
the test gas. Tetramethyl lead (TML) was chosen as the poisoning agent
rather than tetraethyl lead (TEL) for the simple reason that although both
TML and TEL are blended in gasolines as a mixture, TML is more stable than
TEL and hence its handling in the laboratory is easier. It is quite
certain that their poisoning actions are only slightly different if not
similar. More complex situations involving mixtures of poisons (TML & TEL)
should be considered after having laid down the foundation work with a

simpler system.
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2. t Materials
Pellistors

The pellistors were supplied by English Electric Valve Co.Ltd.
(EEV). These were already made up, tested, and conditioned. They were
manufactured according to a particular recipe, hence throughout the course
of this project, the beads that were used have a constant catalyst compo-
sition. Primarily two types of catalyst detector beads were studied, viz:-
(i) the VQ1, consisting of alumina carrier impregnated with a palladium/
platinum catalyst;
(ii) the VQ3, consisting of alumina carrier supporting palladium/thoria
catalysts. The thoria also improved the mechanical strength of the bead,
and rendered the bead resistant to sintering when used in the presence of
high concentrations of flammable gases.
Each of these beads were supplied paired up with a compensator and
appropriate trimming resistor, ready to be fitted into the Wheatstone
bridge circuit, as described in section 1.5.1. Other prototype beads uti-
lizing the same catalysts as above, but having slight gtructural differences,
‘will be introduced further on in thié work. Later, modifications involving
zeolites were used; these were prepared from the commercially available
synthetic sodium mordenite (Na-Zeolon), supplied by Norton Chemicals (Usa).

Catalyst Poison

Tetramethyl lead (TML) was the primary poisoning agent.
As ™ML is a highly toxic liquid, and will explode violently if ignited, it
is stored and supplied in the presence of toluene, the standard concentration
being 80% w/; in toluene. n-heptane was used as a substitute for gasoline;
the TMIL/toluene mixture was therefore dissolved in this as the solvent.

However, commercial gasoline contains, in addition to lead alkyls,
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'scavengers' ,especially dibromoethane and 1,2-dichloroethane. Therefore,
in order to comply with the realistic situation, these scavengers were also
added to the poison mixture. Preliminary investigations carried out by
Associated Octel Co. Ltd. (AOC) and the English Electric Valve Co. Ltd. (EEV)
using similar mixtures, had indicated that lead from TML was probably res-
ponsible for the deactivation of the catalysts. These indications were
confirmed by carrying out initial poisoning experiments using each of the
components of the poisoning mixture separately. In other contexts, it has
been shown that dibromoethane is the important poison rather than lead
alkyls when noble metals are used as automotive exhaust catalysts (118,119,
120). Because only TML appeared to be responsible for the poisoning action,
the poisoning mixture that was used thereafter consisted of n-heptane and
TMI/toluene. n-heptane, 1,2-dichloroethane and dibromoethane were all
obtained from BDH. Tetramethyl lead in toluene (scavenger free), contain-
ing 1.58 cm 3 TML per dm 3 n-heptane, was supplied by AOC.
Gases

Compressed air from British Oxygen Co. Ltd. (BOC) was used
as the carrier gas for the poison. 1% methane in air was also obtained
from BOC, and used as the calibration fuel (i.e. test gas). Nitrogen gas
'white spot grade' was used as the adsorbate for surface area measurement,

again supplied by BOC.

2.1 Assay of the Beads

Initial studies of the surface of the compensator beads,
VQ1 and VQ3 beads were carried out using a JEM JEOL 100B scanning electron
microscope (SEM) with an energy dispersive analysis of X-rays (EDAX)

attachment.
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ool Scanning Electron Microscopy

Before examining actual samples, the optimum operating
conditions of the microscope (4) were established, as follows:-
The surfaces of a specimen were studied by ﬁrodncing a dark field image,
in which a white image was seen against a black background. The accelera~
ting voltage used was 40 kV, with spot-size 3 and condenser aperture 3.
Micrographs at magnification x1000 and x3000 were recorded. The filament
used did not allow for higher resolution but gave a high beam current and
hence a high count rate for the X-ray signal. It was suggested that by
reducing the condenser aperture to 4, one could improve the magnification
by a factor of between 2 and 3, and still obtain good resolution. This was
tried but found to be unsuccessful. Ideally, a different electron gun
should be used to improve the magnification by a factor of 10, with still
good resolution, and if a still higher resolution is required, one should
resort to transmission microscopy and prepare the specimens accordingly.
However the above-listed settings together with the filament used, gave an
adequate resolution, which allowed the study of most of the surface features
of the pellistors. The specimens were mounted on carbén discs to facilitate
examination in the microscope, by adhering the bead on to the disc with
silver paint. Examination was made with the specimen at fixed angles of
either 0° or 30° to the detector to enable comparison of the surfaces of
individual beads of the same kind. Photographs of representative areas
were taken at magnifications of x1000 and x3000. At magnification x1000,
1 cm was equivalent to 10 pm, so the beam was scanning approximately 1/10
of the bead surface. Charging of the specimen was observed in some cases,
but coating was not found to be essential, and was generally avoided. Those

specimens that were coated were covered with a thin film of evaporated
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carbon and gold, thus not only providing a good conducting surface, but
also enchancing the contrast as well. An important disadvantage of coating
was that it gave a poor X-ray signal, and elements present in minor
quantities could not be detected.

It is known that SEM is a discriminatory technique in the
sense that the operator tends to pick up any 'special' or 'odd' features of
interest on the surface rather than the common features. Also,the fact that
the same bead cannot be used for miscroscopic examination twice, (i.e. before
poisoning and after poisoning), makes it difficult to assess if there is any
change in the surface structure of any particular bead due to poisoning.
The solution to this problem has been to examine numbers of beads and carry
out statistical analyses of the surface features. Series of VQ1, VQ3,
compensator beads and other prototype beads were therefore examined. In
addition, cross-sectional examinations were also undertaken, to discover
any revealing internal features. These examinations involved both unpoisoned

and poisoned specimens. The micrographs are included in the Results section.

2.1.2 Energy Dispersive Analysis of X-rays

This technique is known as 'electron probe microanalysis', or
X-ray microanalysis (122). The principle of the method is as follows: a
finely focussed electron beam (electron probe) is directed, or scanned,
onto the surface of a sample whose chemical composition is to be examined.
The very small volume of material irradiated by the electron beam then emits
a complex X-ray spectrum which includes the characteristic wavelengths of
the various elements present at the point of impact of the electron beam.
Spectrographic analysis of this X-ray spectrum can also permit the res-

pective concentrations of these elements to be determined, but quantitative
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work by this technique is time consuming and requires standards of known
concentrations and composition prepared in the same way as the sample, and
calculations are made complex by the introduction of other correction factors.
Also the surface under examination needs to be flat. However rough estimates
can be drawn from the intensities of the K, L and M lines, and chemical
analyses can then be carried out for accurate determination of trace element
concentrations.
Elemental analyses were carried out by this technique in

order to determine the distribution of elements under and on the bead surface.
Here again the standard operating conditions previously established (section
2.1.1) were maintained in order to obtain comparative data. Since this
.technique is semi-quantitative and very much dependent on sample geometry,
all the spectra were recorded when the electron probe was scanning the
front edge of the bead surface with the bead tilted at an angle of 30° to
the detector. This arrangement maximised the collection of emitted X-rays,
giving a large signal with minimum background interference. The spherical
shape and the surface roughness of the bead made it very difficult to

carry out even semi-quantitative analyses, but by comparing line intensities
of different elements present, a rough estimate of the amount of one element
as a comparative percentage of other elements present was obtained. Here
again cross-sectional analyses were carried out in order to determine the
extent of distribution of elements throughout the bead. Several spot
analyses of the surface were also included, which essentially consisted of
focussing the scanning beam to a fine spot on the surface and obtaining
a spectrum of the elements present in that region only, whilst keeping
all other parameters such as angle of tilt, accelerating voltage, spot size,
and condenser aperture constant. Comparison of the spectra obtained this

way with those obtained when the beam was scanning a large area of surface,
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revealed whether the elements on the surface were evenly dispersed or
segregated.

Preliminary elemental examinations of the beads prior to
poisoning revealed the presence of impurities such as nickel and sulphur.
The presence of nickel could be explained aé follows from the method of
manufacture. The alumina pellet was formed by clipping the prepared plati-
num coil onto nickel terminals and dipping it in aluminium nitrate solution
followed by electrical drying. This process was repeated continually until
a pellet of required size was obtained. The nickel contamination therefore
arose from gradual dissolution of the termini during the dipping and heating
cycles. As the solution of aluminium nitrate aged, the amount of nickel
ions in solution increased and these are eventually deposited together with
the alumina on the platinum coil; this w;é evidenced by tﬁe fact that cross-
sectional analyses of the beads using EDAX showed traces of nickel. Polaro-
graphic analyses of beads randomly chosen were also carried out for the
presence of nickel; the experimental details and results are given in
Appendix V . The presence of sulphur was found to be a storage problém.

It was noticed that if compensator beads were kept for prolonged periods,
they turned yellow. Elemental analysis by EDAX of these beads showed a
gsubstantial amount of sulphur. It is known (68) that sulphur is a potential
poison for many catalytic system, but it is unlikely that its contribution
towards the deactivation of the present catalysts was at all significant,
mainly because the sulphur was a surface deposit from the atmosphere, and
readiiy burnt off when the operating voltage was applied across the Wheat-
stone bridge circuit. Confirmation that the sulphur was only a surface
deposit from the atmosphere was obtained by cross-sectional analyses using
EDAX, which showed no trace of sulphur.

In brief, both topographical studies and elemental analyses



68

using the above-mentioned techniques were carried out for both unpoisoned

and poisoned catalyst beads. This procedure provided comparative data for

the two cases.

2.2 . The Poisoning Rig

A flow diagram of the rig is shown in Figure 9 and a photo-
graph of the actual rig is included as Plate 1. The following items were

required for setting up the rig.

Quantity Ttems
2 Solenoid valves (Dewrance Controls Ltd.).
{ Regulator reducer valve.

=3

Regulator pressure release valve.

4 Needle valves.

4 Rotameters with needle valves (0-1 dm3 min? ).

2 Midget impingers (Quadrant Glass Co. Ltd.).

3 500 cm3 glass bubblers.

6 PTFE '0' ring ball joints (Youngs Co. Ltd.).

1 Charcoal column with quickfit screw thread (Fisons).

3 Funnels with B14 glass stoppers and with PIFE taps (Fisons).
3 Glass to metal seals (Jencons).

1 Waterbath.

1 Cylinder of 1% methane/air mixture (British Oxygen Co. Ltd.).
1 Cylinder of compressed air (British Oxygen Co. Ltd.).

3 Pressure gauges, range 0-30 psi.

1 240V timer switch to operate 2 solenoid valves (Electroplan).

1 Honeywell 2-channel recorder, range 0-100 mV.
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Plate 1 - Poisoning rig
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1 Stabilised DC power supply (0-7 V) (Farmell).

1 1 k-n potentiometer, 10 turn helical type.

6 B14 PTFE seals (Fisons).

3 B19 PTFE seals (Fisons).

2 Pellistor blocks (English Electric Valve Co. Ltd.).

2 Wheatstone bridge circuits (as described in section 1.5.1),

mounted on the pellistor blocks (see Figure 10).
Connecting wires 16/0.2 mm; 4 amp.

Activated charcoal.

ir Simplifix connections.

4" Copper pipes, reinforced nylon tubing, and FVC tubing.

PTFE, copper and glass were used for gny part of the flow
system which would be in contact with the leaded air stream; lead is
adsorbed on almost any material except for those mentioned above (123).

PVC tubing was used for the exit stream, and was burnt after use. PTFE
seals and PTFE '0' rings were used throughout instead of grease, because
the latter poisons the detectors rapidly, especially if the grease is
silicone based. The bubblers contained solutions of TML in n-heptane

(0.36 cm3 dm3 ) at room temperature, through which air was bubbled. The
stock solution of TML in n-heptane was stored in a brown winchester botfle
in the fume cupboard which had been specially modified for use with lead
alkyls. The amount of lead in the air stream was determined by trapping
the lead in iodine monochloride solutions contained in the midget impingers.
Analysis of the iodine monochloride solution gave integral values of lead
concentration, expressed as mg per cubic metre of air. The air was supplied
from the compressed air cylinder, after being fed through an activated

charcoal filter at 70 kPa back pressure. The activated charcoal was packed
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in a vertical tube, with glasswool used to retain the charcoal in the tube
and so prevent entry into the pipework. The air pressure was reduced to
15 kPa above atmospheric pressure before entering the bubblers.

The variable DC supply was assembled as shown in Figure 10
and the bridge set at 2 V for VQ1 and 2.5 V for VQ3 detector beads. A
zeroing potentiometer having a resistance of approximately 1 k.n-was
comnected as shown, using a 10-turn helical wire. All electrical connec-
tions were soldered. The elements were mounted in blocks with the
compensator at the gas inlet. With air flowing through the blocks at 0.5
dm3 min’! , and the bridge voltage set at an appropriate value, first the
zeroes were recorded, then the sensitivity of the detector bead was checked
O 1% methane in air (flowrate also set at 0.5 dm3 min! , with a back
pressure of 35 kPa). Solutions of TML in n-heptane, as obtained from
Associated Octel Co. Ltd. (see section 2) were further diluted with n-heptane
to the desired concentration. Early experiments (unpublished communications,
AOC) had shown that an air stream containing concentrations of TML in air
of between 20 and 25 mgni'3 would poison the element in a matter of hours;
therefore this concentration seemed an appropriate one to use for this
study. Sample calculaiions on expected lead concentrations in the atmosphere
above sqch a solution are given in detail in Appendix III. Solution contain-
ing 0.36 cm3 of TML per dm 3 n-heptane was used throughout this project. On
bubbling air through a series of containers holding this solution, ,the
resulting leaded air stream was diluted with 'clean' air in a volume ratio
of 1:4 respectively. A convenient choice of flowrates was 400 cm3 of 'clean!
air to 100 cm> of leaded air. The resulting leaded air mixture was next fed
into the detector blocks to poison the pellistors. The leaded air stream
(before the dilution point) could also be bubbled through 2 midget impingers

containing 0.2 mol dm3 iodine monochloride solution in order to trap the
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lead. Analysis of the leaded iodine monochloride solution gave an indication
extra to its calculation of the concentration of lead in the stream.

When the rig was first built, air was passed for two days,
followed by pure n-heptane for 24 hours to clean the system. A 'dummy!
run was next carried out by placing VQ1 pellistors in position and monitor-
ing alternatively zero readings with air only flowing, followed by signals
arising from the 1% methane air mixture. These alternate checks on sensiti-
vity and zero drift were carried out until the zero drift ceased, which
was indicative of the system being clean and free of inhibitors. °'The

rig was then considered ready for poisoning runs.

2+241 Safe Handling of Tetramethyl ILead

The safety code of practice laid down by the manufacturer (AOC),
was rigidly adhered to. All handling of TML was carried out in glass trays
in the fume cupboard; the working top of the fume cupboard itself was
covered with special glass tiles fixed with a non-adsorbent resin cement.
High density PVC gloves were worn when pouring solutions. All glasswares
were decontaminated after use, this decontamination process itself being
carried out in the fume cupboard. A solution of 10% sulphuryl chloride
in kerosene was prepared as the decontaminating agent. Being a strong
oxidising agent, it converts tetramethyl lead to lead chloride. (Other
oxidising agents such as bromine may be used, but the reactions are some-
times too violent. Concentrated nitric acid must never be used, as it
reacts explosively). The sulphuryl chloride/kerosene solution was poured
into the contaminated container and reaction was allowed to take place
(~3%0 min); the residue was discarded and the glassware washed thoroughly

with 'teepol!. The decontaminating agent was kept in a dark winchester
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bottle in the fume cupboard, away from the TML residue bottle. The sulphu:ryl'
chloride/kerosene solution underwent slow decomposition, usually lasting for
4 weeks; the bottle must be kept uncorked as hydrogen chloride gas is emitted
continuously. Any TML residue or contaminated material was always kept in
the fume cupboard and only disposed of by bu:r:mng in an open air space. As

a further precautionary measure, a2ll exit streams from the rig were bubbled
through iodine monochloride solution before venting into the atmosphere,

in order to trap as much lead as possible.

2.2.2 Todine Monochloride Solution

When TML vapour is bubbled through iodine monochloride solution
(0.2 mol dm 3 ), the lead alkyl is converted to lead chloride. The concentra-
tion of lead in the air can be determined by analysis of the solution.
Todine monochloride solution was prepared according to Andrews Reaction (124),

using analytical grade reagents only, as follows

KIO0 + 2KI + 6HC

3ICF + 3K1 + 3 320

112 cm3 of 25% (w/v) potassium iodide solution were mixed with an equal

volume of hydrochloric acid (specific gravity 1.18 g cum> ), and the resulting
gsolution was allowed to cool to room temperature. 18.7 grams of potassium
iodate were added slowly with constant stirring until an orange clear solution
wag obtained, which was diluted to 250 cm 3 with distilled water to give a

1 mol dm3 solution. This solution was kept in a dark bottle, and diluted

five times to give 0.2 mol dm3 iodine monochloride solution.
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2420 Lead Analysis

There are several well established analytical methods for lead,
viz:-
(1) titration using ethylene diamine tetra-acetic acid (EDTA)
(ii) polarography
(iii) colorimetry (125)
(iv) gas liquid chromatography (126-129)
(v) atomic absorption spectrophotometry (130)
Sharpiro and Frey (131) have compiled a chapter on methods of lead analysis.
The volumetric analysis is best suited for high concentrations of lead and
was consequently not used. The polarographic method was unsuitable as the
dropping mercury electrode reacted with the iodine monochloride, forming
a ‘black coating on the electrode which was suspected to be a chloride of
mercury. The colorimetric method, (commonly known as the single extraction
mixed colour method (SEMC)) with dithizone was avoided too, because the
procedure proved to be too lengthy and very tedious. Atomic absorptiometry
was found to be the most rapid, sensitive and specific method. It was
adopted throughout this project. The chromatographic method was not tried
as it is really a method applied for anaiyses of mixed lead alkyls on a
qualitative, or at best, semiquantitive basis.

2.243.1 Analysing for Iead in ICl Solution by Atomic Absorption

Spectrophotometry

The lead vapour was bubbled through the 0.2 mol ani3 iodine
monochloride solution contained in the midget impingers, where all the
lead was trapped. The instrument used was a Perkin Elmer 290B with an
air-acetylene flame oxidising (lean, blue), using a slit setting of 0.7 nm.

The absorption line for lead occurs at a wavelength of 283.3 nm. The
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following solutions were prepared:-
A. A master stock solution
1000 pg em @ 1.59848 g lead nitrate was dissolved in 1 dm3 deionized

distilled water.

B. A blank solution

Diluent 3 50 cm3 of 0.2 mol dm3 iodine monochloride solution were

diluted to 500 cm3 with deionized distilled water.

C. Working standards
10 pe cm A cm3 of stock solution A was diluted to 100 cm3 with

blank solution B.

20 Pg cm : 1 cm3 of stock solution A was diluted to 50 cm3 with
blank solution B.

30 pe cm L em3of stock solution A were diluted to 100 cm3 with

blank solution B.

D. Sample solutions
The leaded air stream was bubbled through two midget impingers containing

25 em3 0.2 mol am3 iodine monochloride at a flow rate of 200 cm? min! for
1, 2 or 3 hours. The leaded iodine monochloride solutions were diluted to
500 cm3 with deionized distilled water, to bring the solution to a similar
strength to the blank and the standards. The amount of lead per cubic
decimetre of air was then_calculated from the average weight of lead
collected per hour over the three samples. From this value the amount of

lead reaching the pellistors after the dilution point was calculated.
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2.5 A Concise Description of the Poisoning System

Figure 9 shows a flow diagram of the rig. It consisted
essentially of three glass bubblers containing concentrations of T™ML in
n-heptane of 0.36 cm3 dm™3 (see Appendix IIi) at room temperature, through
which air was bubbled at a constant flow rate. Part of the exit stream of
lead vapour was bubbled through 0.2 mol dm3 iodine monochloride solution,
analysis of which gave the concentration of lead (described above). The
remainder of the exit stream of lead vapour was diluted with air in the
ratio of four parts of air to one of lead vapoﬁr. The diluted leaded air
stream was fed to the pellistor blocks at 500 em3 min! , via a solenoid
valve controlled by a timer switch. 1% methane in air was used as a
calibration standard to check the sensitivity of the beads. Here again the
flow rate was set at 500 cm3 min™!, the flow also being controlled by a
solenoid valve, and the time switch. A two-channel recorder of range
0-100 mV was used to monitor the out of balance voltage across the bridge.
The pellistors were powered by a dc constant voltage unit.

The poisoning runs involved exposing the beads to TML/n-heptane/
air mixtures for 40 min, after which the sensitivity to-1%:methane was
monitored for 20 min. The alternate procedure was then continued for as
many hours as necessary. Since two pellistor blocks were incorporated in
the system. each run provided two sets of readings. All pellistors were
poisoned with TMIL/n-heptane/air mixtures containing 20-25 mg m™> of
lead as TML.

VQl, VQ3 and also a series of other beads which had been
modified in various ways to improve poison resistance were tested. The same
basic catalyst mixtures found in VQ1 and VQ3 beads were used in the modifi-
cations. Initial modifications involved depositing a layer of alumina on

top of the conventional VQ1 or VQ3 beads (these were labelled VQl /VQ7 and
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VQ3/VQ9 respectively). These modifications were followed by LD1 and
LD1/1D7 beads. The former of these consisted of the carrier deposited

on the coil from a mixture of both aluminium nitrate and a weak solution

of palladium catalyst, followed by the usual platinum/palladium catalyst,
followed by the usual platinum/palladium impregnation of the conventional
VQ1 type bead. The latter modification was LD1 detector with a further layer
of alunina added. Still further modifications were the LD1 /1D°/,, which
were ID1 beads with a homogeneous mixture of alumina and the V@1 catalyst
composition, and the LD1/LD’/,/LD7, which Vere 101 /1D°/, beads with an
external alumina coating. Numbers of each of the above types of detector
beads were tested to determine their poison resistance, then further poison-
ing experiments involving beads containing zeolites were carried out. These

latter are described in detail in the next section.

2.4 Zeolite Coated Beads

The reasons for considering zeolites were introduced in
section 1.8. The zeolite used was hydrogen mordenite, which was prepared
from synthetic sodium mordenite (Norton Na-Zeolon). More than one type of
hydrogen mordenite was used, viz:i-

(i) hydrogen mordenite prepared from ammonium mordenite, and ‘
(ii) dealuminated hydrogen mordenites which were prepared by acid treatment
of sodium mordenite. Acid treatment resulted in samples of different levels

of aluminium deficiency with larger pores.

241 Preparation of Hydrogen Mordenite via Ammonium Mordenite

A 200 g sample of sodium mordenite was exchanged with



81

separate aliquots of 1 dm3 of 1 mol dm> ammonium chloride solution

four times. For each exchange the zeolite was equilibrated with the
ammonium chloride solution at 60°C overnight. Finally the zeolite samples
were washed four times with distilled water, and dried in an oven at 60°C.
The ammonium mordenite thus obtained was sforetl in a desiccator over
saturated ammonium chloride solution, so that the zeolite could take up an
equilibrium uptake of moisture (this takes between one or two weeks). Thermo-
gravimetric analyses (TGA) of the sample were undertaken in both air and
nitrogen, and chemical analyses. In order to prepare the hydrogen form,
the sample was heat-treated at 450°C over nitrogen for 24 hours; this
procedure drove off the ammonia leaving hydrogen mordenite, yellowish

grey in colour.

2.4.2 Thermogravimetric Analyses

A Mettler 'Thermoanalyser 2! thermobalance was used to measure
thermal stabilities. This gave a continuous record of temperature, weight
of sample, rate of weight change. In addition, a means of accomplishing
differential thermal analysis (DTA) was incorporated. A flow of air or
nitrogen (60 cm3 miri! ) through the balance housing and past the sample
removed the gaseous products as they were formed. The maximum sensitivitsr
of the instrument for TGA was a change in weight of 0.02 mg, full scale
deflection being 1 mg. The sample size used was normally 50 mg. From
the recorder traces obtained the temperature range over which amonia.lwas

driven off could be found.

2ells s Hydrogen Mordenite — dealuminated forms

This form of hydrogen mordenite is in effect aluminium
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deficient, and is prepared by acid treatment of sodium mordenite. Two
reactions occur on acid treatment (132). The first is an ion exchange
reaction, in which sodium ions are replaced by hydronium ions. Concomitant
with the ion exchange reaction, the acid treatment leaches out aluminium
from the aluminosilicate framework, givingldegrees of aluminium deficiency
which are a function of the strength of acid used. Two samples of 100 g
of sodium mordenite were exchanged with 5 mol am3 hydrochloric acid five
times, followed by washing with distilled water (five times). The slurry
was then dried in an oven at 60°C. The dealuminated hydrogen mordenite
thus obtained was also stored in a desiccator over ammonium chloride

golution.

2.4.4 The Coating Method

A series of prototype beads were produced using the above
described two different forms of hydrogen mordenite. These beads were
made by coating the conventional VQ1 and VQ3 beads with mixtures of the
zeolite and kaolin (purchased from BDH), the latter being added to act as
a binder. Ratios of H-MOR to kaolin of 8:2, 6:4 and 4:6 were tested; the
optimum ratio was found to be 6:4. For each preparation a slurry contain-
ing 10 g of mixture in 66 cm3 of water was prepared. The beads were then
coated by placing a drop of the slurry onto the bead surface.using a
syringe, followed by slow drying, which was usually achieved by applying
a gradually increasing voltage across the bead. This process was repeated
until the whole surface was evenly covered. The weight of zeolite coating
ranged between 0.5 - 0.7 mg. In order to compare the hydrogen and dealum-
inated mordenites with sodium mordenite, poisoning runs were also carried

out for VQ1 and VQ3 specimens which had been coated with sodium mordenite
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and kaolin in the same ratios as described above. In addition, beads
coated with 100% kaolin, and with 100% dealuminated form of hydrogen
mordenite were examined, in order to assess the relative contributions of
the zeolite and clay to thé overall poison resistance.

A1l the zeolite-coated beads were poisoned using similar
procedures to their non-zeolite prototypes (section 2.3). Their sensitivity
to 1% methane were also checked in a manner earlier described (section 2.3).
After several hours of exposure to the poisoning mixture, the beads were
examined by SEM and EDAX. The zeolite coatings were difficult to examine
by SEM because the zeolite coatings proved so fragile that as soon as the
bead was removed from the post for mounting on the carbon disc, the zeolite
coating crumbled to a powder. Only a few beads were examined successfully.
Similarly, analyses by EDAX were very difficult; to analyse quantitatively
for the lead therefore, atomic zbsorption spectrophotometry on dissolved

samples was employed.

2.4.5 Analysis of Lead in the Poisoned Pellistors

Six VQ1 beads coated with ratios of 6:4 hydrogen mordenite
(dealuminated) : kaolin were poisoned for 23} hours each using lead concen-—
trations (as TML) in air of 20-25 mg M3 . The coated beads were then
dissolved in a platinum crucible by adding two drops of water, two drops
of sulphuric acid and 10 cm3 of 40% AR hydrochloric acid. The solution was
evaporated to dryness in a fume cupboard and the process of dissolution
followed by evaporation was repeated until all the beads had dissolved leaving
only the platinum coil. The residue was boiled in 1% nitric acid. Finally
the lead concentration was determined by atomic absorption spectrophotometry,

using a Perkin Elmer 370 instrument, with an air-acetylene flame, oxidising
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(1ean, blue), and with a slit setting of 0.7 nm. The absorption line
for lead occurs at a wavelength of 283.3% nm. The amount of lead in the

sample solution was deduced by comparisons with working standards.

2.4.6 Characterisation of Zeolites h

The zeolites used were characterised by both chemical analyses
and surface area determinations. In this section the methods of analysis
are treated in detail.
2.4.6.1 Water

A weighed aliquot of ammonium mordenite in a platinum crucible
was heated for thirty minutes at 1000°C. The weight loss gave the weight
of water, ammonia (and ammonium as ammonia) in the zeolite.

Let mNH, be meq hg”' of ammonia in zeolite. (hg = 100 g)

Let mNH: be meq hg? of ammonium in zeolite.

mNH,, oNE” x 17,18

The w/w percentage N, /NHI* = 1005.")
NHI, content was expressed as (IIE[i’)2 0, viz:-
w/w percentage (NH, ),0 = w/w % NH' x 20
Then percentage H20 = w/w % weight loss - (w/w % NHB + w/w % (NH# )2 0)
and hence
w/w % H,0

5,0 = 15 ol he’

2:8.6.2 Ammonia

Reagents: standard hydrochloric acid ampoules (0.1 mol dm3 Yo
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20% sodium hydroxide solution,
standard borax solution (0.5 mol dm> of

sodium tetraborate decahydrate),

50 cm? of standard hydrochloric acid were pipetted in a
volumetric flask. A weighed sample of the ammonium mordenite was placed,
with distilled water washings, into the flask of the Kjeldahl apparatus.
After addition of small quantity of boiling chips to the flask to assist
boiling, the apparatus was connected up, care being taken to eliminate
leaks. About 50 cm3 of the 20% sodium hydroxide were introduced into the
Kjeldahl flask, and the suspension was boiled for thirty minutes, all
expelled ammonia and condensate being trapped in the_volumétric flask
containing the standard hydrochloric acid. After the thirty minutes
had elapsed, the flask was lowered away from the condenser, and only then
was the heat turmed off. This was to stop the hydrochloric acid being
sucked back into the Kjeldahl apparatus.

Next, the hydrochloric acid was titrated against the borax
solution. Analyses were carried out in duplicate. For the titrationms,
methyl red was a suitable indicator. In addition, 50 cm3 aliquots of the
standard hydrochloric acid were titrated directly against the borax solut%on.
Let a be the volume (ecm3 ) of borax required to neutralise the hydrochloric
acid in the Kjeldahl analysis.

Let b be the volume (cm3) of borax required to neutralise 50 cm3 of 0.1
mol dm3 hydrochloric acid.
Let g be the weight (g) of zeolite taken.

Let m be the concentration of standard hydrochloric acid. Then,

5000m(b-a)

-1 5 =
mNHa’ NH; /mol hg-' (zeolite) = o
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2.4.6.3 Silicon Analyses

After ignition of the zeolite sample (section 2.4.6.1),
the weighed residue was treated with two drops of distilled water, 1 drop
of concentrated sulphuric acid and 20 cm3 of 40% hydrofluoric acid. The
solution was evaporated to dryness on a hotplate, then ignited. The
process was repeated until the ignition residue gave a constant weight.
The difference in weight of the ignited sample before and after hydrofluoric
acid treatment was taken to be equal to the weight of silica originally
present in the sample, since it can be assumed- that the ignition rendered
other metals (sodium and / or aluminium) in the oxide form before and after.
2.4.6.4 Aluminium
Aluminium was determined by a rapid and accurate titrimetric

method (133). The aluminium was first extracted and dissolved according
to the procedure outlined below.
Reagents: 1,2-cyclohexylenedinitrilo tetraacetic acid (CDTA) 0.05 mol thl-B,

standard zine solution 0.05 mol dm’,

xylenol orange (aqueous solution) as indicator,

hexamethylenetetramine (Hexamine) for pH adjustment,
The aluminium was extracted by a fusion method. A sample of the zeolite
was weighed (W1) in a platinum crucible, and five times this weight of a
potassium ca.rbonate/sodium carbonate fusion mixture was added and intimately
mixed with the zeolite using a glass rod. The crucible was partially
covered with a platinum 1lid, and heated gently at first, and then II:'IOI‘G
strongly to ~ 1000°C for 20 minutes using Meker burners. The crucible was
allowed to cool below red heat until the melt had just solidified, then
cooled rapidly by immersing the outside wall of the crucible in a shallow
bath of distilled water. The crucible was placed on its side, with the

1id, in a porcelain dish, which was half-filled with water (~30 cm3).
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The dish was next covered with a clock glass, and concentrated hydro-
chloric acid was added (30 cm3). When effervescence had ceased, the
acidity was tested and more acid was added if the solution was alkaline.
After warming over a steam bath for one hour, the clock glass was removed
and washings from the glass was transferred to the dish. 1 cm3 of concen-
trated sulphuric acid was added énd the suspension allowed to evaporate
to complete dryness over a steam bath, the crucible and 1id being removed,
cleaned and all residues added to the porcelain dish as soon as possible
after evaporation had commenced. 30 em3 of 1:1 hydrochloric acid were
added to the dry residue with a few drops of concentrated sulphuric acid,
and the suspension was again evaporated to dryness. Finally 30 cm3 of
5% hydrochloric acid were added to the residue and the suspension digested
on the steam bath for 10 minutes then filtered hot through a No. 42
Whatman filter paper. The precipitate was washed thoroughly with hot
'5% hydrochloric acid, followed by distilled water. The filtrate and
washings was made up to 250 cm3 with 5% hydrochloric acid, and retained
for titration. _

To the acid sample an excess of 0.05 mol dm3 CDTA was added.
The pH was adjusted to between 5.5 and 6 with hexamethylenetetramine. (If
the sample was too acid and required more than 2 scoops of buffer (~8 grams),
the pH was then adjusted with dilute ammonia. If aluminium was precipi-
ta.tgd because of insufficient CDTA during the pH adjustment, 1:1 nitric
acid was added to dissolve the precipitate, and more CDTA was added
followed by adjustment of the pH). 5-6 drops of xylenol orange was added
as indicator, the excess CDTA was titrated with standard 0.05 mol a3
zinc solution. The colour changed from lemon yellow to intense red at
the end-point.

Let V1 be volume of CDTA solution added of molarity M‘I '
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Let V, be volume of zinc solution used of molarity 1\*[2 >
Let V, be volume of aluminium solution used,

then

(V1 - \?’2)1\*11 x Atomic wt. of Al x , .
1000 7, = Weight of aluminium (WZ)

W
% w/w aluminium = .wz_x 100
1

2.5 Surface Area Determinations

Introduction

The determination of the specific surface area and other
surface properties is an essential requirement of any study of catalysis,
and this is particularly true in the present case, as some postulated
mechanisms of catalyst poisoning involve changes in surface properties (98).
For this reason a significant proportion of the time spent on experimental
work was devoted to the construction and operation of different surface
area apparatus which operated on the principle of nitrogen adsorption.
The determination of surface properties of catalyst is frequently achieved
by the use of nitrogen adsorption method. A very common adsorption method,
which is a static one, relies on determining the quantity of vapour
adsorbed and desorbed from a catalyst at liquid nitrogen temperature as
a function of the relative pressure of nitrogen above the sample. Detection
can be by observing either (or both) weight and volume changes. This |
procedure enables a complete adsorption-desorption isotherm to be obtained.
From this information, the surface area may be determined using the method

based on the now famous work of Brunauer, Emmett, and Teller (BET), (134)
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or the "Point A" or "Point B" method (135). The pore distribution
may be determined using a method based on the Kelvin equation (136-1 38)
or using a mercury porosimeter (139).

The fundamental assumptioﬁ of the BET theory is that the
forces active in the condensation of vapoﬁrs are also responsible for
the binding energy in multimolecular adsorption. By equating the rate of
condensation of gas molecules on an adsorbed layer to the rate of evapora-
tion from that layer, and summing for an infinite number of layers, the

following expression is arrived at:-

D 1 c -1 P
¥ 0= g e

‘where 7 is the volume of gas (cm3 at N.T.P) able to cover the whole
surface of adsorbent with a unimolecular layer of the gas (monolayer
capacity). ‘

V, is the volume of gas adsorbed at pressure p (cm3 at N.T.P).

P, is the saturation pressure of the adsorbate.

p is the equilibrium pressure.

¢ is a constant given by ¢ = A expEﬁT-—El

E1-E2 being the difference between the heat of adsorption of the first
layer and the heat of the second and subsequent layers, and A, the
preexponential term, is a function of the adsorption and desorption rate
constants.

By plotting the function va—(npf—_p)aga.inst p/po the so-called BET plot is

obtained. From the slope,—g,;:-:— , and the intercept, "15_"_0 , the monolayer
m m

capacity can be obtained, since
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1
m - slope + intercept

The BET equation is not applicable to Type I, IV, V isotherms, and
zeolites give Type I, so with these the Point A or Point B methods are

applicable.

2.5.1 Methods of Measuring Surface Area

The methods available for surface area determinations can
be clagsified in 2 main catergories, viz:- the dynamic method and the static
method. Both have been used most frequently and successfully. The
dynamic method, that was initially investigated, utilizes the same prin-
ciple of operation as the static méthod, but differs in the manner of
obtaining the adsorption isotherm. The dynamic method, more commonly
known as the continuous flow gas chromatographic technique,was employed
as follows. Nitrogen was passed over the sample, and the relative pressure
was varied by dilution with helium. The amount of nitrogen adsorbed oxr
desorbed over a catalyst sample was determined by concentration measure-
ments of the exit gas using a microkatharometer detector. This method
was introduced by Nelson and Eggertsen (140) and later improved by other
workers (141, 142). It is claimed that with this technique, surface area
ranges between 0.1 m?Z 34 to 70 m? g!' , or larger, can be measured. It was
tried for the detector beads but was found to be unsuccessful. A descrip-
tion of the apparatus and method used has been given by Bucknell (104),
who improved the technique for low surface area measurements; however the
main reason for the failure in this present work was due to the beads

being of very much lower surface area than that which had been previously



N

employed (104), which meant that the amount adsorbed was very small, and
hence sample loops of very small volume were required for calibrating
the katharometer. These loops were not available, and since the number
of sample beads were also only available in a limited quantity the problem
could not be overcome by using a very la.rge number of beads. Consequently
this method was unsuitable.

Static methods, whether volumetric or gravimetric, operate
on the same principle, except that the former measures gas volume changes
as a function of pressure, whilst the latter measures weight changes. A
volumetric method was used for large surface area measurements, especially
the zeolites. The instrument employed was a Carlo Erba 1800 series
absorptiometer,which can measure surface areas ranging up from 1 m?2 g‘1 .
This method was obviously not sensitive enough to measure the surface area
of the detector beads. For these, the only method that gave reasonably
accurate results was a gravimetric one, using a Cahn Vacuum Electrobalance,
which permitted the measurement of very low surface areas. The quoted
gensitivity of the Cahn Balance was a minimum detectable weight change
of sorbate gas of pw = 1077 g; normally, the weight changes obtained in
this work were two orders of magnitude higher, thus yieiding satisfactory

results.

2eHe 2 The Gravimetric Method and Modification

The use of a vacuum microbalance for obtaining adsorption
isotherms was first reported by McBain (143) in 1926 and most textbooks
on the subject give detailed descriptions of his apparatus, illustrating
the principles of the method, which are still basically adhered to to-day.

References 144,145 and 146, all on vacuum microbalance techniques, were
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found to be particularly helpful.

The original BET work measured the volume of the monolayer
Vm 3 in the gravimetric method, a slight modification is needed in the
mechanics of the calculation. V, and V, are replaced by M, and M,
respectively, so that the mass of the monolayer is determined. The

specific surface area (SSA) is then calculated as outlined below.

Calculation of Specific Area (SSA) from the Monolayer Capacity

Let M = molecular weight of adsorbate gas,

N = Avogadro's Number (6.023 x 1023 mo1™! j

W

mass of sample,
a = cross-sectional area of an adsorbed molecule,

then using the value of M, found from the BET plot, the SSA is given by

B S s L .

M.W

Values of the cross-sectional area 'a' may be obtained from the

relation (147)

a =4 x 0.866 (E.Tp%f.—a—)

a = 1.5296 (%)

where M = molecular weight, N = Avogadro's Number, d = density of

adsorbate. This equation yields values of 162 x 1079 m2 if the liquid
density value of nitrogen is employed, or 13.8 x 1019 m? if the calculations
are based on the solid density. The value of 15.4 x 107 m2 gave best
correlations, and Harkins and Jura (148,149) have shown that this latter
figure is most probable. Livingston (150) has provided further evidence

for the acceptance of 15.4 x 107'% m2 . The overall impression of the
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writer, gained from a close examination of the volume of literature
available, is that there is a good case for accepting the value of

15.4 x 1049 m2 s but continuous use of a = 1.62 x 10'19 m? by most workers
has gradually led to its general acceptance, in the interest of more
reliable comparison. The error of about S%Irepresents the maximum limit
of experimental error in a properly conducted BET determination.

2.5.2.1 The Apparatus

Figure 11 shows a schematic diagram of the gravimetric
apparatus, and a picture of the actual set-up is also included (Plate 2).
The assembly was constructed of Pyrex glass except for the sample tube,
. which was of silica glass, and ground glass cones and sockets were used
wherever possible. The whole system can be divided into 3 stages.
(a) The Electrobalance l
The particular balance employed was a Cahn Instrument Electrobalance
RG model, which has a maximum adsorbate capacity of 1 g and an ultimate
sensitivity of the order of 0.1 pe on its.moat sensitive range. The
electrobalance is based on the null-balance principle, which is generally
accepted as being the most accurate and reliable method of measurement.
When the sample weight changes, the beam tends to deflect momentarily.
The flag moves with it, causing a change in quantity of light reaching the
phototube, and hence the phototube current. (In actual use the bottom of
the flag is above the bottom of the phototube compartment opening, and
not as shown in the simplified illustration - Figure 12). The phototube
current is amplified in a 2 - stage servo amplifier, and the enlarged |
signal is applied to a coil attached to the beam, which is in a magnetic
field. The current in the coils then acts like a dc motor, exerting a
force on the beam which tends to restore it to the original balance

position. Thus the change in electromagnetic force necessary to maintain
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the balance in the null position can be equated to the change in the
sample weight. The beam is always in dynamic equilibrium, with the sum
of the moments on it equal -to_zero. The Cahn Balance design is such that
the restoring force is so fast that the beam appears visually to be
locked in place. The signal :E:rom the electrobalance is fed to the main
instrumentation, which houses a series of range selector switches,
calibration controls, and finally outputs to a variable span recorder
with the 1 mV range most frequently used.

(b) The Vacuum System

An Edwards-EDS50 rotary oil-sealed vacuum pump, fitted with a magnetic
non-return valve, was used to back an Edwards F203-A watercooled oil
diffusion pump, fitted with a thermal cut-out switch. This combination
achieved a vacuum of 1.33 x 1073 Nm 2 (10”2 torr) in the outgassed system.
Pressure measurements were made using Pirani heads 31, PE, and Penning
head PB’ gituated as shown in Figure 11. The Pirani heads were switched
into a central gauge with scales reading from 0 - 6.65 x 107! ¥ m?

(0 -5 x 102 torr) and 0 - 1.33 x 102N @2 (0 - 1 torr), and the Penning
head was connected to a gauge with scale reading from 1.33 x 107 - 1.35 =

10° Nm? (107 - 107

torr). Above 1.3% x 102 N m™2 (1 torr), pressure
were read on the mercury manometer. During initial pumping out, the
diffusion pump must bg_by—passed until the critical backing pressure was
reached. By judicious use of valves and switches, any part of the system
can be isolated and evacuated without affecting the rest.

(¢) The Gas Supply System

Nitrogen gas (white spot) for adsorption, was introduced from a high
pressure gas cylinder through a reducing valve, a needle valve, and
flowmeter, and was ultimately stored at 77°K in trap T1. As required, por-

tions were distilled over into the main (high pressure) storage bulb B1,
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from which the low pressure bulb B2 was fed (Figure 11). A small
quantity of gas was introduced into the sample tube, and the equilibrium
pressure was read off the manometer, and the equilibrium weight change
recorded. A complete isotherm could thus be obtained over many pressure
decades. '

2.5.2.2 Modes of Operation

(1) Initially the balance was calibrated with the empty adsorption

pan suspended from the loop selected - loop A in this instance Figure 11.
As the sample was not expected to change by a large fraction of its total
weight, a substitution weight representing the sample weight was added

to the pan. This load was counterbalanced as closely as possible on loop C.
Accurate calibration of all dials was ensured by adding and removing cali-
bration weights, and adjusting potentiometers in the circuit. In effect,
during this calibration procedure, which was carried out before each rum,
the balance was being adjusted so that the recorder agreed with the cali-
bration weights and read directly in milligrams. The substitution weight
and calibration weights were then replaced by the sample. The system

was then ready for outgassing. It was noted that the vacuum zero point
differed from that in air by as much as 50 pg or more depending on the
sample and counterweight, due to the absence of air buoyancy and aero-
dynamic currents.

(ii) Having completed the calibration procedure satisfactorily, the sample
was placed on the pan and the silica glass sample tube carefully moved
into position. Using the mass dial control (potentiometer), the recorder
pen was brought onto the chart paper; the adjustments proceeding from the
coarsest to the finest recorder ranges available. The total sample weight
could then be found from the recorder reading in milligrams, the mass dial

reading on the potentiometer and the substitution weight. At this stage
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the balance measured the sample weight in air.

(iii) A1l the ground glass seals were greased with Apiezon L grease.
The whole system was flushed with nitrogen gas from cylinder for 5 - 10
minutes. All the taps and valves to atmosphere were closed, and the
gystem evacuated for 16 hours. This evacuétion, or outgassing, was
accomplished overnight, and was assisted by surrounding the sample tube
with a temperature controlled furnace set at 500°C. When the chamber
had reached a pressure of <& 1.33 x 1072 N m 2 (£ 10™* torr on the
Penning gauge), the sample was considered to be outgassed. During eva-

cuation, the trap T  was surrounded by a Dewar flask filled with liquid

2
nitrogen, to trap any mercury vapour from the manometer and also to prevent
any oil vapour from the diffusion pump getting into the syafem. When I

the sample had been satisfactorily evacuated, the furnace was removed and
the sample tube allowed to cool to room temperature. It was then surrounded
by a Dewar flask, filled with liquid nitrogen, the level of which was
maintained throughout the run. The system was left pumping for 1 hour or

so until thermal equilibrium was established.

(iv) Whilst confirming the sample chamber was leak free, the gas storage
reservoir T,l was surrounded by a Dewar flask filled with liquid nitrogen;
and the system was left pumping for ~ 15 minutes. Taps H, J were closed,‘
Pirani head P1 switched off, and nitrogen was supplied from the cylinder

to the reservoir via tap P, flowmeter Q and needlevalve R (Figure 11).
Thirty seconds was sufficient to allow enough gas into the reservoir for

4 adsorptions; more gas was condensed in the reservoir afterwards.

Some of the nitrogen from the reservoir was transferred to the storage

buldb B1, and finally a small portion of the gas was transferred to the

low pressure bulb B2.

(v) Taps S was then closed, and since the pumping system was not needed
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at this stage, it was switched off, which helped to keep vibration to

a minimun. The menometer was read, which gave the value of atmospheric
pressure, and this was numerically equated with the saturation vapour
pressure (SVP) of pure nitrogen at the temperature of the bath (i.e.

1 atmosphere, Po)' The mass dial (potentiometer) was adjusted until the
recorder pen was at the lower end of the chart on the most sensitive scale
for the selected weight range. This then yielded the weight of the sample
in vacuum at liquid nitrogen temperature, to this all subsequent mass
changes were referred. The weight was made up as follows: (selected mass
dial range x mass dial reading) + (% recorder reading x recorder range) +
substitution weight.

(vi) All the gauges were switched off, and then dry nitrogen in the line
between H and K was admitted to the sample tube in the first instance, to
increase the absorption px:'essure by 1.33 x 102 N o2 (1 torr). After
allowing 15-30 minuted for adsorption to reach equilibrium, the apparent
mass increase was read. It was usually necessary to adjust the mass dial
to bring the recorder pen back on the chart paper; and the new corresponding
pressure reading was noted (up to 1.33 x 102 N mZ from the mercury mano-
meter). During the first few introductions, only small amounts of nitrogen
were admitted such that the increase in pressure was between O - 3.99 x 102
No2(o0 < 3 torr) then on the subsequent introductions, larger amounts of
nitrogen were transferred from bulb B2 to the sample chamber whereby
producing pressure increases of 3.99 x 107 - 5.32 x 103 N m? (30 - 40 torr)
per introduction. In all 12 introductions were usually carried out for

a complete adsorption cycle, although about six are enough for a good
spread over the range of applicability of the BET equation. In some cases,
with the zeolites (which have mic-roporous structures), the adsorption was

Langmuir type (4, 5) and the BET is not applicable. In such cases,
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although V_ or M“‘had no relation to surface area, it provided
information on pore volumes.

(vii) After recording the last adsorption data, tap H (Figure 11) was
closed, and any nitrogen that had conéensed in trap T1 was venﬁed into
the atmosphere by opening tap N and removing the liquid nitrogen trap.
The rotary pump was then switéﬁed on, once more by-passing the diffusion
pump via the valve U. The Pirani head P2 was switched on, tap N was
closéd and tap J was opened. The gas admission section between H and the
rotary pump, and the bulbs B1, B2 were next evacuated, Pirani head P1 was
switched on, and when the pressure had reached around 6.65 N il (5 ; 1072
torr), tap L was closed and tap H slowly opened. A portion of the gas
was thus bled from the sample chamber to bulb B2. Tap H was closed and
tap L opened, which allowed for the section to be evacuated again.. Mean-
while a new pressure reading from the manometer corresponding to a now
decreased weight were both recorded; this gave the first point on the
adsorption curve. The procedure was repeated 10-12 times until a complete
desorption isotherm was obtained.

(viii) Finally, the isotherms were obtained by plotting weight adsorbed

against pressure.

Adsorption—deéorption isotherms of the following samples
were recorded:- |
(1) . Hydrogen mordenite - dealuminated form.
(i1) Unpoisoned conventional VQ1 detector beads.
(iii) Poisoned conventional VQ1 detector beads.
(iv) TUnpoisoned conventional VQ3 detector beads.
(v) Poisoned conventional VQ3 detector beads.

(vi) TUnpoisoned VQ1 detector beads which had been coated with
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dealuminated hydrogen mordenite.

(vii) Poisoned VQ! detector beads which had been coated with
dealuminated hydrogen mordenite.

(viii) TUnpoisoned VQ3 detector beads which had been coated with
dealuminated hydrogen mordenite. :

(ix) Poisoned VQ3 detector beads which had been coated with
dealuminated hydrogen mordenite.

2.5.2.3 Fine Points of Operation of the Cahn Electrobalance

(1) The balance and the bottle containing it had to be set as near
level as possible to prevent the pan touching the walls of the sample tube.
(ii) Silica glass sample tubes were used instead of Mex because the
samples were degaélsed at 500°C, which is the softening temperature for
Pyrex.

(iii) The adsorption pan made of aluminium foil and nichrome wire was
handled with care, otherwise it did not hang straight from the suspension
arm. The hangdown wire was 0.05 mm diameter nichrome. It was handled
as little as possible to prevent grease contamination from fingers. The
following procedure was adopted whenever a desired length was required.

A piece of the wire slightly longer than than the desired length was cut
from the spool. It was laid down on a large sheet of clean white paper
on the bench top. A sharp hook was made at one end using fine-nosed
pliers, and the wire was suspended so that it hanged freely. The wire
was straightened by attaching a paper clip to its lower end and the wire
was heated to redness along its entire length, using a bunsen flame. The
straightened wire was now cut as nearly as possible to the desired length
and new hooks were made at each end.

(iv) The sample was heated relatively slowly under vacuum, to prevent

degradation, or explosion due to entrapped gases and vapours.
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(v) The oil diffusion pump was only switched on after a backing
pressure of 6.65 x 10 N n2 (0.5 torr) was attained. The Pirani head

P, was incorporated in order to detect any leak in the lower end of the
rig (i.e. between the diffusion pump and the rotary pump).

(vi) Mode of operation of the oil diffuéion pump: the rotary pump was
switched on with backing valve W and roughing valve U opened (Figure 11).
When the pressure of the system had reached 6.65 x 10 N m™ (0.5 torr),

the water cooling system and thé 0il diffusion pump heater were turned

on simultaneously. After 15- 20 minutes, valve U was closed and the
baffle valve V was opened. The ultimate pressure reached with this
combination was 1.33 x 103N m? (107 torr).

(vii) On the first introduction of nitrogen to the sample and the first
removal of nitrogen from the sample, tap H was opened very slowly, because
a sudden prassuré increase or decrease could cause expiosion bf the
particles or 'cycloning', i.e. the particles being blown off the pan.
(viii) Although the various components of the balance were carefully set
up, in some instances they were not perfectly aligned. Then, the sample
pan was not hanging like a plumb knob, but was rather touching the sides
of the sample tube. There were several reasons for this. One of them
wag simply due to the presence of a 3ta£ic electricity charge; in such
cases the outside of the tube was éprayed with an anti-static spray. In
other cases to correct for misalignment, small adjustment was carried out
by gently tilting the balance within the bottle either forward or backward.
(ix) The balance was mounted on a rigid brick wall to reduce vibrational
noise. Electrical noise accompanying the output signal from the balance
was considerably reduced by filtering.

(x) A1 samples were degassed at the same temperature and for the same

number of hours, thereby providing comparative results.
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(xi) Spurious mass change was observed at times, but no explanation

to this effect was formulated. Disturbances in microbalance experiments
have been discussed by Poulis and Thomas (151), and others (144). These
disturbances are attributed to buoyancy, aerodynamic currents, thermo-
molecular flow and thermal transpirations. .In the present work, improve-
ment was observed when the counterweight tube was made to the same length
as the sample tube, and when the counterweight hangdown wires were made

as near identical as possible to the sample hangdown wires.

2.6 List of Experiments

As a conclusion section to this chapter, the series of
experiments performed throughout this project are listed below. Results
are presented in the same order in the next chapter.
(1)  Topographical and elemental studies of poisoned VQ1, VQ3 beads
using SEM and EDAX.
(i1) Determination of nickel as an impurity using the polarographic
technique.
(iii) Lead analyses of 0.2 mol dm3 iodine monochloride solution using
atomic absorption spectrophotometry.
(iv) Poisoning experiments performed on VQ1, VQ3, VQ1/VQ7, VQ3/vQ9,
1D, 1D1/LD7, ID1/1D%, LD1/LD¥/LD7 beads.
(v)  Topographical and element analysis of poisoned VQ1, VQ3 beads
using SEM and EDAX.
(vi) Chemical analyses of the following:-
(a) Hydrogen mordenite (prepared from ammonium mordenite) and
thermogravimetry of ammonium mordenite.
(b) Hydrogen mordenite (dealuminated form) prepared by acid treat-

ment.
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(vii) Poisoning experiments performed on VQ1 and VQ3 beads coated with
different ratios of zeolite/kaolin mixture.
(viii) Analysis for lead using atomic absorption spectrophotometry for
poisoned VQ1 beads coated with dealuminated hydrogen mordenite.
(ix) Adsorption-desorption experiments Iof dealuminated hydrogen
mordenite by the volumetric method using the Carlo Erba 1800 apparatus.
(x)  Adsorption-desorption experiments of the following samples,
carried out by a gravimetric method using the Cahn RG Electrobalance:-

(a) Dealuminated hydrogen mordenite.

(b) Unpoisoned VQ1, VQ3 beads.

(¢) Poisoned VQ1, VQ3 beads.

(d) vQ1, VQ3 beads coated with dealuminated hydrogen mordenite,

- both unpoisoned and poisoned examples.
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2.1 Topographical Study of Unpoisoned Beads Using Scanning

Electron Microscopy (SEM)

VQ3 Beads
Several VQ3 beads were examined under identical conditions.

The micrographs obtained were not representative of the same location on
each bead, but rather of different positions on the bead surfaces. A
couple of the beads showed charging effects. Generally, the surface
appeared fairly rough with large void spaces more appropriately described
as cracks, non-uniform in size, shape and length, and not following any
regular pattern. There were some intraparticle voids as well but these
were not very deep. The complex and random geometry showed that it would
not be very realistic to describe these cracks or void spaces in terms of
a cylindrical pore model. The lumps of catalyst on the surface were fairly
smooth, and large compared to the cracks. These surface features are probably
inherent in the drying process used in the manufacture of the beads. Examples
of the micrographs are displayed on Plates 3 and 4.
VQ1 Beads

Ten VQ1 beads were examined. Micrographs were obtained that
were representative of different positions on the bead surfaces. Few exhi-
bited charging effects whilst under exaﬁination, and coating was avoided.
The surface was characterised by the following features. On some of the beads,
unidentified particulate matter was dispersed over the surface, which could
be appropriately described as "snow-flake-like'", in appearance. Here again
there were void spaces or cracks, but these were comparatively small compared
to those found in the VQ3 beads. The surface also had more intraparticle
voids, which were also deeper than those found on the surfaces of fhe Q3

beads. These were comparatively more pronounced in three dimensional
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Magnification x1000, angle of tilt 3%0°

Magnification x3000, angle of tilt 0°

Plate 3 - Unpoisoned VQ3
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Magnification x1000, angle of tilt 0°

Magnification x3000, angle of tilt 0°

Plate 4 - Unpoisoned VQ3
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features, with lumps of catalyst that were smaller in size. These lumps
of catalyst looked more like 'globules' of the catalyst solution which
had dried, leaving a spherical shell, and in most cases this spherical
shell had burst open during the drying process, resulting in the greater
overall roughness of the VQl beads. A few examples of micrographs of VQI
beads are depicted on Plates 5 and 6.
Compensator Beads

In general, the surfaces were rough with many intraparticle
voids, and had more three dimensional features than the VQ1 or VQ3 beads.
There were cracks of irregular dimensions. The topography of the compensator
beads was noticeably different from that of VQ1 or VQ3 beads, which may
indicate thaﬁ the topography of the catalyst coating was probably not as
strongly influenced by the profile of the underlying alumina carrier as
might be expected, i.e. a heavy coating of catalyst existed on the surfaces
of both the VQ1 and VQ3. Examples of micrographs of compensator beads are

shown on Plates Tand 8.

3.1.1 Statistical Analysis of Surface Features of Pellistor Beads

at x1000 Magnification

Whilst the electron microscopy work reported above revealed
some general similarities between VQ1, VQ3 and the reference beads, the
detailed structures and topographies of the three types of beads did show
marked differences, and these differences have been quantified statistically.
Due to the fairly rough surface of the beads, with large void spaces more
appropriately described as cracks which are non-uniform in size, shape,
length, and occurring in an irregular pattern, and also due-to the complex

and random geometry of these cracks, it was almost impossible to obtain
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Magnification x1000, angle of tilt 30°

Magnification x3000, angle of tilt 3%0°

Plate 5 - Unpoisoned VQ1l
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Magnification x1000, angle of tilt 0°

Plate 6 - TUnpoisoned VQ1




115

Low magnification (End view - showing whole bead
with platinum coil), angle of tilt 0°

Magnification x1000, angle of tilt 30°

Plate 7 - Unpoisoned compensator
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Magnification x1000, angle of tilt 30°

Plate 8 - Unpoisoned compensator
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a mean pore (or crack) diameter from the micrographs by direct measurement.
However the following method was used to estimate some of the surface features

of the beads. A total of seventy cracks from 10 micrographs at x1000

it

magnification (1mm = 1 Pm) were examined; diameter measurements ranged

from 0 - 20‘Pm for VQ1, and 0 - 12 pm for the VQ3 and compensator beads.
These data were then assembled in tabular form. Using conventional statis-
tical analysis, standard deviations were calculated and percentage cumulative
frequency plots were constructed (see Tables 2 - 4 and Figures 13 - 15).

From the plots it is evident that most of the cracks lie in the range of
0-28 Ay although in the case of compensator beads,~85% of the cracks lie

in the range of 0 - 6 pm. In the case of the VQ1 and VQ3 beads, around 60%
of the cracks are slightly larger in size than in the compengator beads, and
that they are fewer. Using the general classification of pore sizes of
Dubinin (152), it is apparent that we are examining the macroporous structure
of the beads and compensators, and the statistical analysis confirms the
general conclusions drawn in section 3.1, viz: that the catalyst coating,.

whether it be VQ1 or VQ3 composition, changes the nature of the macroporous

structure of the beads (cf. Figures 13 and 14 with 15).

5.2 Elemental Analysis of the Unpoisoned Beads Using Energy

Dispersive Analysis of X-rays (EDAX)

Several beads of each kind were examined under the same standard
conditions as those used for scanning electron microscopy (i.e. an accelera~
ting voltage of 40 kV, condenser aperture 3, and spotsize 3). To facilitate
comparison of the spectra, the following previocusly established standard

conditions were maintained for all analyses. The spectrum was recorded when
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TABLE 2 - VQ1 DATA

(10 mn = pm)
Class ]Jm Frec(i?;ncy gumzlative % d fd £42
requency
0- 2 4 4 5.1 =2 -8 16
2 & 9B 17 21 30.00 -1 =17 17
4 - 6 16 37 52.86 0 0 0
6 - 8 11 48 68.57 1 11 11
8 - 10 8 56 80.00 2 16 32
10 - 12 6 62 88.57 % 18 54.
12 - 14 1 63 90.00 4 4 16
14 - 16 3 66 94.29 5 15 75
16 - 18 1 67 95.71 6 6 36
18 - 20 3 70 100.00 7 21 147
< £170 <'rd:66 =£a’:404
summation -
standard deviation : o
class interval 3 2
/; fa s'fa?
o i -7 x class interval

g = 4-20



119

TABLE 3 - V@3 DATA

(10 mn = 10 pm)

Class Pm Frequency Cumulative
(£) frequency

% d f£a fa?
;A7 e = T 20
32.86 -1 -18 18
58.57 0 0 0
77.14 1 13 13
94.29 2 24 48
100.00 3 12 %6

= £d:21 = £d%:135

0- 2 5 5
2 - 4 18 23
4 - 6 18 41
6~ 8 13 54
8 - 10 12 66
10 - 12 4 70
='£:70

summation 2 S
gstandard deviation c
class interval 2

= fa

(o8 =/-é'—:-f_

2-71

< fal

'gf_ x class interval



(10 mm = 10 pm)
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TABLE 4 - COMPENSATOR DATA

class pm Frequency Cumulative

f) frequency
0~ 2 17 17
2- 4 24 41
4w 6 19 60
6 - 8 3 63
8 - 10 4 67
10 - 12 3 70
= £:70
summa tion s =
standard deviation o
class interval 2

0
v
L]
-
—
N

= fd
= £_i'.'_— -

= 2,59

< £a?

=t

12

fd

17

0
19
12
26
48

= £d:32

x class interval

= fal:132
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Figure 13

Cumulative freaquency plot — VQ1 beads
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Cumulative freguency plot — VO3 beads
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the scanning beam gave a micrograph of x1000 magnification. The spectra were
displayed in a histogram form with 80 channels along the abscissa,calibrated
in energy (keV) and a vertical scale of 2500 counts, with a maximum line
intensity of 1000 counts. The system was arranged so that the beam was
scanming the front edge of the bead surface (i.e. facing the detector); this
allowed a maximal collection of the emitted X-rays and hence a high count
rate. For comparison, some spectra were also recorded when the electron
probe was scanning the rear edge of the specimen surface; as might be
expected, these were complex, with severe background interference.
VQ3 Beads

The spectrum of a typical VQ3 bead is shown on Plate 9 together
with the corresponding "stick diagram". The peaks are. identified in Table 5.
The spectrum ghowed as expected the presence of aluminium, palladium, and
thorium, but also an unexpected component, nickel. The palladium L lines
coincide with the thorium M line at 3000 eV, (see the EDAX chart in Appendix
IV). All beads examined showed the presence of nickel. Most of the
specimens were studied with the beam incident on the front edge of the
specimen surface, angle of tilt of specimen to the detector being 30% These
gave spectra with lines of almost identical intensities, and with the number
of counts for the whole spectrum lying within a common range. The intensity
of the K line for aluminium was relafively weak compared to the palladium
and thorium lines, which again indicated a substantial amount of the catalyst
on the surface. (see conclusions drawn in section 3.1).
VQ1 Beads

The spectrum of a typical V@1 bead with its corresponding
"stick diagram" are displayed on Plate 10, with peaks identified in Table 6.
The trace showed the presence of aluminium, platinum, and palladium and again

nickel, the latter being present (as in the case of the VQ3 beads) in all



VQ3 Bead
Element Peak No. Position eV Lines
Aluminium 1 1450 KAl
14 1550 Kp Al
Palladium/Thorium 2 2800 Loy, 5B, Pdy
& M«Th
Thorium 3 12850 L«Th
3A 15500 I, Th
3B 16050 Le,Th

3C 18950 LyTh



126

) 725EC 43292INT
vS5:2508 HS: SOEV/CH

Range : 0 - 20 keV
Sample : Unpoisoned V@3 bead

Plate 9



VQ1 Bead
Element Peak No Position eV Lines
Aluminium 1 1450 K«AL
1A 1550 Ka Al
Platinum 2 2100 MaPt
Palladium 3 2800 L«Pd
3A 2950 Lg, Pd
3B 3150 Lg.Pd
Nickel 4 7450 KaNi
4A 8250 EpNi
Platinum 5 9400 L«Pt
54 11050 Lg Pt
5B 11250 LP: Pt

5C 12950 LaPt
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[ 44SEC 42447 1INT
V6:2508 HS: SOEVY/CH

1A

2A
4B 2
5A

ol

0 5 10 15

Range : 0 - 20 keV
Sample : Unpoisoned VQ1 bead

Plate 10
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L 44SEC 42447INT
v6:2500 HS: SOEV/CH

Range : 0 - 20 keV
Sample : Unpoisoned VQ1 bead

Plate 10
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the beads examined as an impurity. The spectrum also showed an intense K
aluminium line, and fairly strong platinum and palladium lines, indicating
a less heavy coating of catalyst on the surface than was observed with the
VQ3 beads. A couple of VQ1 beads showed very weak platinum and palladium
lines, which suggested a poor coating of catalyst on the bead surface.

Compensator Beads

A typical spectrum with "stick diagram" is illustrated on
Plate 11, and the peaks are identified in Table 7. The beads were examined
with the probe scanning the front edge of the bead surface and the bead
tilted through an angle of 30° to the detector as before. All spectra of
different compensator beads were very similar, with an intense K aluminium
line, and some slight variation in the K potassium line intensitf. (Potass~
jum is deliberately added to the compensator beads when they are manufactured,
to 'poison' the surface, thus eliminating as far as possible any catalytic
activity on the compensator bead surface). Apart from aluminium and
potassium, all spectra showed the presence of nickel and sulphur impurities.

Cross-Sectional Examinations

In order to allow cross-sectional examinations of the beads,
setting the bead in an 'Araldite' medium was tried initially, followed by
polishing, using the same techﬁique that is employed when preparing metallur-
gical samples for electron microscopic examination. This technique failed
because the 'Araldite! did not penetrate into the porous structure of the
bead. Thus during the polishing, the intermal part of the bead remainedl
goft and was destroyed by the grinding process. In effect the bead could not

be properly embedded. A different approach was therefore adopted as
follows. The bead was sliced into two segments with a sharp scalpel, and
although some powdering occurred in all cases, in about one in every four

attempts the bead was successfully fractured into two parts, which could
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Element Peak No Position eV " Lines
Aluminium 1 1450 K« Al
14 1550 Kp A1
Sulphur 2 2300 ) K«S
24 2450 K S
Potagsium o 3300 KxK
34 3600 KsK
Nickel 4 7450 K=Ni

44 8250 Kp Ni
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then be examined by EDAX.

The cross-section of VQ1 beads were examined with the beam
initially scanmning the centre of the bead. The count rate here was very
low, and the spectrum showed lines corresponding to aluminium, platinum,
palladium, and nickel. When the electron beam was shifted towards the edge
of the bead, the count rate increased substantially, especially in the case
of lines belonging to platinum and palladium. These observations indicated
that the catalyst was situated primarily near the surface of the bgad, an
effect which was indeed noticeable to the naked eye in terms of difference in

colour intensity from the centre to the edge of the cross-section.

3241 Conclusions from Elemental Identification by EDAX

Under the established operating conditions, qualiitative
elemental identification was carried out successfully, and reliable semi-
quantitative estimates based on the relative intensities of the K, L and
M lines of the different elements present gave an indication of the distri-
bution of catalyst on both the surface and within the beads. The sets of
beads examined showed significant variation in the quantity of catalyst
deposited on the alumina support. Sulphur was present as an impurity in
the compensator beads examined, and nickel was present in both compensators
and catalyst beads. A polarographic analysis (see Appendix V) gave a
weight percentage of nickel in the beads of 1.7%. This figure was of the
order of magnitude one would estimate from the intensity of the nickel
lines in the spectrum. Copper K lines appeared on a few spectra, but this
was later proved to be a background interference.arising from the copper

tray which contained the carbon disc on which the beads were mounted.
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3.3 Lead Analysis Using ICl Solutions and Atomic

Absorption Spectrophotometry

Atomic adsorption spectrophotometry analysis of lead

trapped in 0.2 mol mﬂa

iodine monochloride solution was carried out
using a Perkin Elmer 290B spectrophotometer. The preparation of
standard and sample solutions has already been described in section
2.2.3.1. Typical results are shown in Tables 8, 9 and Figure 16.
These results gave a measure of the amount of lead in the gas stream.

: mir » which

The flow rate of the leaded air stream was set at 100 cm
was diluted with'clean air in a ratio of clean air to leaded air of 4:1
before passing over the detector beads. This gave a resultant total
flow rate of 0.5 dm> mir! . Therefore the amount of lead getting to the
detectors was 24.2 mgm"3 , since the analysis showed a concentration in
the undiluted stream of 121 mg m > (see Table 9). This figure deviates
slightly from the expected value of 20 mg w2 obtained by tﬁeoretical
calculation (Appendix III) for the following reasons:-
(1) The correction factor for the atmospheric pressure of the day was
not taken into account.
(2) The assumption made in the theoretical calculation that the activity
coefficients of n-heptane and TML are unity was obviously an over-simpli-
fication.

Bearing these points in mind, agreement between observed and
predicted concentrations is good. Lead analyses were carried out for
each freshly prepared n-heptane/TML mixture. The results were found to

3

always fall in the range of 20— 25 mg lead m ° of leaded air stream.
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TABLE 8

Standard solution Percentage response
concentrated/pg cm > (ppm)

0 (Blank) 0
10 25
20 50
30 70
TABLE
Sample solution: Percentage Amount of lead
leaded air bubbled response collected/mg

(@ 200 cm? min! )
through ICl solution for

1 hr 7 1.4
2 hrs 15 : 3.0
3 hrs 22 4.4

Average amount of lead collected per hour = 1.46 mg. And the amount

of lead per m3 of leaded air stream = 121 mg.
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Figure 16

Calibration curve for analysis of lead

using atomic absorption sEectrophotometer
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Zeik Poisoning Experiments

Initially the pellistors were poisoned with a mixture
consisting of n-heptane, scavengers (dibromoethane and dichloroethane),
and TML/toluene. The composition of this mixture was similar to that
of commercial gasoline. The sensitivity of the pellistors dropped to
half the initial value in 3-4 hours. In order to establish whether the
poisoning action was solely due to TML, each constituent of the mixture
was separately tested as follows:-

(1) 2 sets of VQ1 pellistors were operated in an atmosphere of n-heptane
only for over 45 hours. The results are shown in Figures 17 and 18.

(2) 2 sets of VQ1 pellistors were exposed to an atmosphere of n-heptane/
gcavenger (diﬁromoethane and dichloroethane) for 16 hours. These results
are shown in Figures 19 and 20.

(3) A set of VQ1 pellistors wefe poisoned with an n-heptane/TML/air
mixture containing 20-25 mg lead m> of leaded air, (Figure 21).

From this preliminary investigation it was concluded that
only TML is responsible for the poisoning action (compare Figures 17-21
and note especially the dramatic drop in sensitivity in the case of
n—hsptane/ﬁML/air mixture as the poison in Figure 21). Consequently
the poisoning mixture used throughout the rest of this work consisted of
n-heptane and TML. After having established the optimum operating condi-
tions of the poisoning rig, a series of pellistors were then tested syste-
matically. The poisoning run consisted of exposing the beads to nrheptane/
TML/air mixtures for 40 minutes and then monitoring the sensitivity to 1%
methane for 20 minutes every hour. Since 2 pellistor blocks were incorpora~
ted in the system, each run provided 2 sets of readings. Each series of

pellistors were poisoned with nrheptanq/EML/éir mixtures containing 20-25
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Key to poisoning diagrams

Response to n-heptane air mixture - Figures 17-18
Response to n-heptane/scavengers air mixture - Figures 19-20
Response to n-heptane/TML air mixture - Figures 21-50

Response to 1% methane

Air drift, zero set with air flowing



Figure 17. Results of poisoning experiment. Specimen: 45%/VQ1, - operated in an atmosphere of n-heptane
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Figure 18

Results of poisoning experiment

Specimen: 461/VQ1, — operated in presence of

n-heptane air mixture as the poison
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Results of poisoning experiment

Specimen: 304/VQ1, - operated in the presence of

n—heptane/scavengers air mixture as the poison
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Figure 20

Results of poisoning experiment

Specimen: 306/VQ1, — operated in the presence of

n-heptane/scavengers air mixture as the poison
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ng n3 of lead as the tetramethyl compound. The results that are
quoted below are based on poisoning runs carried out involving at least
gix, in many cases eight sets of beads of a particular design or type.
It is impossible to include the results of every pellistors poisoned, so
in the following sections, typical graphs for each case are included.

V@1 and VQ3 Beads

The initial response to 1% methane always lay within the
range of 20-25 mV. After 13 hours of poisoning under the conditions des-
cribed above, the sensitivity dropped to a value between 20% and 40% of
the initial response, the sensitivity being halved after only 3-4 hours.
Figures 22 and 23 show typical losses of sensitivity. In addition poison-
ing results for a series of VQ1 and VQ3 pellistors are summarised 1n
Tables 10 and 11.

VQ1/VQ] and VQ3/VQ9 Beads

The initial response of these modified beads to 1% methane
was approximately half that of a typical VQ1 pellistor (i.e. 10-12 mV).
The sensitivity after 13 hours of poisoning, dropped to between 45% and
55% of initial value, but in a non-linear fashion. The initial response
wag halved after 4-5 hours of poisoning. Figures 24 and 25 show typical
curves for sensitivity loss as a function of time. In addition, poisoning
results of a series of VQ1/VQ7 and VQ3/VQ9 beads are summarised in Tables
12 and 13. Comparisons of data in Tables 10 and 12 show a substantial
improvement in poison resistance (average % residual sensitivity after
3 hours poisoning improves from 60.1% to 79.7%). Similarly, the VQ3/VQ9
beads are more resistant than the VQ1/VQ7, although the scatter of data is
more marked than in the VQ1 case.
LD1 Beads

The initial response to 1% methane of LD1 beads were similar to
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Figure 22

Results of poisoning experiment

Specimen: 2 1
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Results of poisoning experiment

Specimen: 910/VQ3
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Response to |Percentage
Tnitial res|Final res- |Percentage |Total hours|1% CHLaftar sensitivity
Serial No. ponse to 1%|ponse to 1%|sensitivity|of poison- |3 hours left after |Air drift
(}H‘!’/m\ir [CH /mV remaining poiso 3 hours /mV
A 5
mV poisoning
254/12/vQ1 /R(RT68) 23.5 7.0 29.7 14 16 68.0 +2.5
315,/12,/vQ1 /B(RT100) 24, 4.5 18.7 14 15 62.5 +3:5
317/11/VQ1/B(RT68) 24.5 7.5 30.6 14 15 61.2 -0.5
316,/11/VQ1/R(RT56) 20.0 2.5 12.5 14 11.5 57.5 +0.5
291/10/VQ1 /B(RT56) 29.0 12.0 41.3 8 17.0 58.6 -
292/10/vQ1/R(RT82) 29.0 9.0 31.0 8 14.0 48.2 -
303/8/VQ1/B(RT56) 20.0 15.0 75.0 3.3 15.0 75.0 +2
294/18/vQ1 /R(RT82) 16.0 7.5 46.8 3.3 8.0 50.0 +0.5
TABLE 10 - VQ1

oL



esponse to [Percentage
mitial res|Final res- [Percentage [Total hours [1% CH after [sensitivity
Serial No. ponse to 1%|ponse to 1% |sensitivity pf poison- hou.%s left after |Air drift
CH, /mV CH, /mV remaining oiso 3 hours /mV
& & \'j poisoning
910/20/vQ3/R(RT56) 20 2.0 10.0 12 7.5 37.5 +0.5
907/19/VQ3/R(RT4T) 23.5 3.5 14.8 14 10.0 42.5 +4.5
903/19/vQ3/B(RT68) 28.0 10.0 35.7 14 18.5 66.0 +2.0
906,/18/VQ3/B(RT56) 24.5 10.0 40.8 2.6 - - +1.7T
905/18/VQ3/R(RT82) 26 10.0 38.4 2.6 - - +1.0
903/17/VQ3/B(RT56) 26.5 5.0 18.8 12.6 1.0 41.5 +0.75
904,/17/VQ3/R(RT4T ) 23.0 5.0 £1.7; 12.6 8.5 36.9 -5.0
TABLE 11 - VQ3

LrL
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Results of poisoning experiment

Specimen: 981/(VQ3/VQ9)
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Response to Eercentage
Tnitial res|Final res- |Percentage |Total hours |[1% CH after |sensitivity
Serial No. ponse to 1%|ponse to 1% |sensitivity|of poison~ |3 hours left after |Air drift
CH, /mV CHa/mV remaining |ing/h poisoning/ |3 hours /mV
mV poisoning
678/15/(vQ1/vQ7 ) /B(RT-) 9 4.5 50.0 14 7 i -2.5
677/15/(vQ1/vQ7 ) /R(RT120) 11.5 5.2 45.2 14 9 78.2 =140
675/14(vQ1/va7 )/B/(RT-) 11.0 5.6 50.9 13.3 8.0 72.7 -0.5
676/14/(va1/va7 ) /R(RT-) 1.5 5.0 43.4 13.3 8.5 73.9 ~1:0
673/13/(vQ1/vQ7 )/R(RT-) 12.5 5.2 41.6 14 11.5 92.0 +2.5
674/13/(vQ1/vQ7 ) /B(RT-) 12.5 5.0 40.0 14 10.5 84.0 +1.5
672/9/(vQ1/vQ7)/B(RT-) 12.0 7.0 58.3% 15.3 9.5 79.1 -1.25
671/9/(va1 /vq7 ) /R(RT-) 12.5 " 4.5 36.0 15.3 10.0 80.0 +1.25

TABLE 12 - VQ1/vQ7

061



Response to |Percentage
nitial res-| Final res- Percentage [fotal hours 1% CHLa.fter sensitivity
Serial No. ponse to 1% | ponse to 1%| sensitivitypf poison- |3 hours left after fir drift/
CH . /mV CH, /mV remaining [ing/h poisoning/ |3 hours \

i b {mV poisoning
987/24/(VQ3/va9)/R(RT100) 7.0 4.0 57.1 12.6 5.5 78.5 ~5.5
988/24/(VQ3/VQ9)/B(RT120) 7.5 4.25 56.6 12.6 5.5 73.3 =5.0 .
985/23/(VQ3/VQ9)/R(RT4T) 7.0 2.5 35.7 11.3 3.0 42.8 -5.0
981/21/(vQ3/vQ9)/R(RT120) 9.0 5.0 55.5 12.6 5.5 61.1 -2.5
982/21/(vQ3/vQ9)/B(RT120) 8.0 4.0 50.0 12.6 4.5 56.2 2.5
98%/22/(va3/va9)/R(RT120) 8.5 3.75 44.1 13.3 5+5 64.7 5.0
984/22/(VQ3/vQ9)/B(RT120) 10.5 7.0 66.6 13.3 9.5 90.4 -2.5

TABIE 13 - VQ3/VQ9

LGL
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those found with V@1 pellistors (i.e. 20-25 mV). The sensitivity after
13 hours of poisoning dropped to 20-30% and the initial sensitivity was
halved after 3 hours of poisoning. Thus the LD1 beads behaved in a manner
very similar to the VQ1 and VQ3 beads. The loss of sensitivity as a
function of hours of exposure to leaded atmosphere as shown in Figure 26,
and the results obtained from poisoning experiments on a series of LD1
pellistors are summarised in Table 14.

LD1/LD7 Beads

The initial response to 1% methane of this series of pellistors

was ~ 50% that of the VQ1 beads (i.e. 10-15 mV), but the sensitivity after
1% hours of poisoning only dropped to 60-65% of the original, which was
a significant improvement over even the VQ1 /‘VQ;? geries. The ha.lf lives
of the LD1/ID7 pellistors were substantially greater than 14 hours in all
cases. Typical results, for one particular pellistor of the LD1/LD7 type,
is shown in Figure 27, and the results of a series of LD1/ID7 pellistors
are summarised in Table 15.
LD1/LD 21 Beads

The initial response to 1% methane was within the range
25-30 mV. After 14 hours of poisoning, the sensitivity dropped to between
10% and 25% of the original, and the half life was only about 3 hours. Thus
the behaviour observed was similar to that of the original VQ1 and VQ3
pellistors. Figure 28 shows the results for one particular LD1[LD;’1 pellistor,
and Table 16 summarises the results of a series of LD"I/LIJ% pelliatoi‘s.
LD1/1D34/1D] Beads

The initial response to 1% methane before poisoning lay in
the range 6-11 mV. After 13 hours of poisoning the sensitivity dropped to
between 40% and 55% of the initial value. Again the latter value was

halved in about 3-5 hours (consider Figure 29, allowing also for the zero
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Figure 26

Results of poisoning experiment

Specimen: 144/1LD1
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Response to | Percentage
Tnitial res|Final res- |Percentage |Total hours |1% CHka.fter ensitivity
Serial No. ponse to 1%|ponse to 1% |sensitivity|of poison- |3 hours Eeft after |Air drift
CHL/mV f.').E[l./m‘}r remaining |ing/h poisoning/ [3 hours /mV
mV poisoning
146/25/1.01 /R(RT56) 24 5.25 21.8 13.3 13.2 55.0 +0.5
144/25/1.01 /B(RT56) 26 5.5 21.1 13.3 13.5 51.9 +5.5
148/26 /101 /B(RT56) 20.25 2.0 9.8 14.0 6.5 32.0 +1.0
150/26/1D1 /R(RT56) 24.0 3.0 12.5 14.0 9.5 %9.5 +1.0
148/27/1.01/B(RT100) 23.0 7.0 30.4 13.3 12.5 54.3 -3.5
145/27/1D1 /R(RT56) 27.5 5.0 18.18 13.3 1.5 41.8 +0.5
149/28/1D1 /B(RT56) 27.0 5.0 18.5 14.6 13.5 50.0 +2.5
142/28,/10 /R(RT82) 30.0 9.5 31.6 14.6 19.0 63.3 +0.5

TABLE 14 -

LD1

129"
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Results of poisoning experiment

Specimen: 131/(1LD1/LD7)
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esponse to iPercentage
Tnitial res|Final res- [Percentage [Total hours (1% CH, after sensitivity|
Serial No. ponse to 1%|ponse to 1% |sensitivity [of poison- hours left after |Air drift
CHh/mV CH#/mV remaining | oisoning/ |3 hours /mV
\') poisoning
1%2/29/(1D1/107)/R(RT-)  10.5 6.5 61.9 14.0 8.75 83.3 +0.25
131/29/(1>1/1D7)/B(RT-) 10.0 6.5 65.0 14.0 7.0 70.0 -3.5
134/3%0/(1LD1/107)/R(RT-} 7.0 9.5 - 33 7.5 - +2.5
133/30/(1D1/LD7 )/B(RT-) 14.5 13.0 89.1 - 3.3 13.0 89.6 -0.25
136/31/(101/1D7)/R(RT-)  23.5 10.75 45.7 16.0 18.5 78.7 +4.0
135/31/(1D1/1D7)/B(RT-]  10.5 6.5 61.9 16.0 9.0 85.7 =145
n38/32/(101/LD7)/R(RT-)  14.25 9.5 66.6 12.0 12.5 87.7 +3.0
TABLE 15 - LD1/LD7

9G1L
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Figure 28

Results of poisoning experiment

Specimen: 231/(1LD1/LD3/1)
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Response to Eercentage
Initial res|Final res- |Percentage [Total hours [1% CH after ensitivity
ponse to 1%|ponse to 1% |sensitivity |of poison- |3 hours left after |Air drift
Serial No. cna/mv CHL/mV remaining |ing/h poisoni 3 hours /mV
i {mV poisoning
238/36/(1D1/1D3/1)/R(RT56) 26.5 3.0 1.3 16.5 8.5 32.0 +1.0
2%7/36,/(1D1/1D3/1)/B(RT68) 30.0 7.0 23.% 16.5 17.5 58.0 -0.5
235/35/(1D1/103/1)/B(RT82) 32.5 8.0 24.6 15.5 17.5 53.8 -4.5
236/%5/(101/1D3/1)/R(RT82) 32.5 13.0 40.0 15.5 23.5 72.3 +0.75
23%/34/(1LD1/1D3/1)/B(RT56) 26.5 4.0 15.0 15.5 10.25 38.6 -2.0
234/%4/(101/103/1) /R(RT56) 24.0 6.0 25.0 15.5 10.0 43.7 ~4.5
231/33/(1LD1/1D3/1)/B(RT56) 27.0 5.0 18.5 14.5 9.0 33,3 +1.0
232/33/(101/103/1) /R(RT56) 29.5 3.75 12.7 14.5 9.75 32.7 +3.5

TABLE 16 - LD1/LD3/1

861
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drift). The results are shown in Figure 29 and Table 17.

From the above series of poisoning experiments, the general
conclusion is that ID1/LD7 pellistors showed greatest resistance to poison-
ing, with the next best being the VQ1/VQ7 and VQ3/VQ9 series. ﬁl three
types of beads has an initial response to 1% methane (10-15 mV) which
was markedly less than their corresponding unmodified analogues (i.e. the
VQl, VQ3 and ID1). An undesirable quality of all the pellistors tested
to this point was the large zero drifts observed during poisoning runs,

ranging from -5.0 to +4.0 mV.

5.5 Topographical Study of Poisoned VQ1 and VQ3 Beads Using SEM

The surfaces of both pellistor types appeared rough, with
large void spaces which were non-uniform in size, shape and length, and
not following any pattern. Comparing with unpoisoned VQ1 and VQ3 beads,
it was apparent that no special features such as growths, or deposits of
any kind were observed that could be solely attributed to the presence of
lead on the surface. Although more globular features could be detected on
the surface of some poisoned beads, these were also observed in some un-
poisoned beads, so no special significance could be placed on their pre-
sence. A series of micrographs of poisoned VQ1 and VQ3 are assembled on
Plates 12-19.

The fact that the same detector bead cannot be used for
microscopic examination twice (i.e. before and after poisoning) makes it
difficult to assess if there has been any change in the surface structure
of any particular bead on treatment with the poison. However, by comparing

several micrographs of quantities of both poisoned and unpoisoned beads,
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Figure 2

Results of poisoning experiment

Specimen: 683/(LD1/LD3/1/LD7)
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Response to |Percentage
Tnitial res|Final res- |Percentage |Total hours|1% CH after |sensitivity
Serial No. ponse to 1%|ponse to 1%|sensitivity|of poison- (3 hours left after |Air drift
CH, /mV cak/mv remaining |ing/h poiso % hours /mV
“ mV poisoning
683/37/(LD1/103/1/107 ) /R(RT-) 10 5.25 52.5 12 6.5 65.0 =5.5
684,/37/(LD1/1D3/1/107 ) /B(RT-) 9 5.0 55.5 12 5.0 5545 ~9.0
685/38/(LD1/LD3/1/107 ) /R(RT-) 6.5 3.5 53.8 12 3.5 53.8 -7.0
686,/38/(1D1/1D3/1 /107 ) /B(RT-) 10.25 5.0 48.7 12 8.0 78.0 -5.0
688/39/(LD1/103/1/107 ) /R(RT-) 8.5 4.5 52.9 14 5.0 58.8 -4.5
687/39/(LD1/103/1/107 ) /B(RT-) 9.0 4.25 47.2 14 6.25 68.0 ~3.5
682/40/(11/1D3/1 /107 )/R(RT390)[ 9.5 4.25 44.7 14 5.5 52.6 -6.75
681/40/(1m /1.03/1 /107 ) /B(RT-) 10.5 4.5 42.8 14 7.0 66.6 -5.75
' TABLE 17 - LD1/1D3/1/1D]

191
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Magnification x3000, angle of tilt 30°

Plate 12 - Poisoned VQ1 (441)
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Magnification x300, angle of tilt 30°

Plate 13 - Poisoned V@1 (537)
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Magnification x1000, angle of tilt 0°

Plate 14 - Poisoned VQ1 (316)




Magnification x1000,
angle of tilt 30°

Magnification x1000,
angle of tilt 30°

Magnification x1000,
angle of tilt 30°

Plate 15
Poisoned VQ3 (907)
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Magnification x1000, angle of tilt 0°

Plate 16 - Poisoned VQ3 (905)
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Magnification x1000, angle of tilt 30°

Plate 17 - Poisoned V@3 (905)
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Magnification x1000, angle of tilt 30°

Magnification x300, angle of tilt 30°

Plate 18 - Poisoned VQ3 (903)
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Low magnification,
angle of tilt 0°

Magnification x300,
angle of tilt 30°

Magnification x1000,
angle of tilt 30°

Plate 19
Poisoned V@3 (907)
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one can draw a general conclusion that the presence of lead on the
surface does not influence the structure and topography of the catalyst

surface in any significant way.

3,6 Elemental Analysis of Poisoned Beads Using Energy

Dispersive Analysis of X-rays (EDAX)

The spherical shape and surface roughness of the bead made it
difficult to carry out quantitative analysis, but by comparing line inten-
gities of different elements present, an estimate of the amount of lead
as a comparative percentage of other element present on the surface was
obtained.

VQ1 Beads

Several poisoned beads were examined; a typical spectrum of a

specimen which had been poisoned for 14 hours with a leaded air stream

containing 20-25 mg m-3

lead as TML, is shown in Plate 20, together with
the corresponding "stick diagram". The lines are identified iﬁ Table 18.
By comparison, the ratio of the intensities of L« Pb and Lo« Pt for a flat
specimen of standard composition (i.e. containing equal amounts of lead
and platinum) at 40 kV accelerating voltage and 30° angle of tilt was
(0.50/0.56). The ratio of L& Pb/L« Pt observed by EDAX in the specimen
was (781/568), hence the ratio of lead to platinum was 1.22:1. In effect,
there was roughly 1.22 parts of lead to every part of platinum on the
surface of the poisoned VQ1 (316) specimen (Plate 20).
VQ3 Beads

A typical spectrum of a poisoned VQ3 bead is shown on Plate 21,
together with the corresponding stick diagram. The lines are identified

in Table 19. This bead had also been poisoned for 14 hours with the usual



TABLE 18

Poisoned VQ1 (316) Bead

Element Peak No. Position eV Lines Integral
Aluminium 1 1450 Kahl 673
1A 1550 KAl 806
Platinum 2 2100 M« Pt 509
Lead 3 2350 M«Pb 686
Palladium 4 2800 L«Pd 373
4A 2950 Lp, Pd 401
4B 3150 La,Pd 179
Nickel 5 7450 KaxNi 378
5A 8250 KpNi 188
Platinum 6 9400 L«Pt 568
6A 11050 L Pt 278
6B 11250 Lp, Pt 249
6C 12950 LvPt 169
Lead 7 10550 LaPb 781
TA & 12600 LA & 488

7B Lg,Pb

70 14750 LaPb 131
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8 625EC 3
v5:250@8 HS: SOEV/CH

22 12 76

;
14,3 6
24 7A & TB
423 6A
- 6B 7€
‘ 5A 6C |
| I
5 10 15 20
Range : 0 - 20 keV
Sample : Poisoned VQ1 (316) bead

Plate 20
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Sample : Poisoned VQ1 (316) bead

Plate 20



Poisoned V@3 (907) Bead

Element Peak No. Position/eV Lines Integral
Aluminium 1 1450 Ko Al 0 Intensity same a
background
1A 1500 KpAl 0 interference
Lead 2 2350 M«Pb 1596
Palladium/ 3 2800 Latyp, ofs 2059
Thorium Pb,M«Th
Lead 4 10450 L«Pb 2357
4A & 12500 Lg, & Lp, 2439
4B Pb
4C 14650 LPb 177
Thorium I 12850 L«Th 4181
5A 15500 Lp, Th 1518
5B 16050 Lg,Th 1703
5¢ 18950 L¢Th 399
Palladium 6 21000 ExPd 113

6A 23750 KgPd 46



e 102SEC 64140INT
vS5:2508 HS: SOEV/CH

10 20 30 |40
77 #4908 419_EDAX

Range : 0 - 40 keV
Sample : Poisoned VQ3 (907) bead

Plate 21
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leaded air stream composition. The ratio of intensities of L« Pb and
L« Th for a flat specimen of standard composition (i.e. equal amounts
of lead and thorium) at an accelerating voltage of 40kV and angle of
tilt of 30" to the detector was (3/2). The spectrum shown was observed
to have a L« Pb:L« Th ratio of (2357/4181). Therefore the ratio of
amount of lead to thorium on the poisoned beads surface was 0.84:1. Im
effect there were 0.84 parts of lead to every part of thorium on the

surface.

Although both the VQ1 and VQ3 beads under discussion were exposed to

lead for 14 hours, the amount of lead on the surface cannot easily be
compared either directly or indirectly. This would have been possible

if the amount of lead on the surface had been obtained relative to another
element appearing in both spectra. In the above cases, the lead and
palladium lines which éppéar in both the VQ1 and VQ3 spectra would have
been ideal except that in the case of VQ3, the L« Pd line coincides with
the M« Th line at 3000 eV, giving an intense peak which affects the result
considerably. A very general conclusion that can be drawn from these
measurements is that the lead is present on the surface in sufficient quan-
tities to deactivate the bead by at least 80% in each case.

Spot Analyses

In order to find out whether the lead was evenly dispersed oxr
segregated on the surface, several spot analyses of the surface were carried
out. These consisted essentially of focussing the scanning beam to a fine
spot on the surface and obtaining a spectrum of the elements present at
that spot on the surface only, whilst keeping all other parameters constant,
(i.e. the angle of tilt of the specimen to the detector, the accelerating

voltage and spotsize). This techmique gave spectra which were similar to
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those obtained when the beam was scanning a large area of the surface,

which implied that the lead was very evenly dispersed over the surface.

Cross-sectional Analyses of Poisoned V@1 and VQ3 Beads

These spectra showed comparatively small traces of lead inside
the bead, which implied that very little lead was diffusing into the bead
and most of it is being deposited on the surface, at the openings of the
pore mouths (or cracks). It is conceivable therefore that the decrease in
activity may be partly due to the onset of diffusion limitation of reactant
to the remaining active sites through pore mouth poisoning (72), rather
thanljust by a destruction of available catalytically active sites through

adsorption of lead.

S| Chemical Analyses of Zeolites

Analyses were carried out in duplicate as outlined in section
2.4.6. In the case of ammonium mordenite, a thermogravimetric analysis
of the sample was undertaken in the presence of nitrogen in order to
determine the temperature at which ammonia was removed to yield hydrogen
mordenite. Results of the chemical analyses are shown in Tables 20 and 21
and the thermogravimetric data are depicted in Table 22 and Figure 30.
The chemical analyses show that the acid treatment (section 2.4.3) had
produced a mordenite sample that was ~30% deficient in aluminium as

compared to the original sodium mordenite.

3.8 Poisoning of Zeolite Coated Pellistors

VQ1 and VQ3 beads were coated with different ratios of

zeolite : kaolin mixture (as described in section 2.4.4) and then poisoned



Component
(NE, ) ,0
HZO

SiO2

493

Average SiOZ:Alzoaratio

% w/w
5.12

10.48

T73.81 ,

10.34

99.75

Ammonium Mordenite

177

TABLE 20

I

mol hg™'
.0985
.582
1.230

.1014

12327 3

Average % exchange for HH;.- 98.9%

% wi/w
5.29
9.47

74.58

10.33

99.67

II

mol I'zgj"1
L1017
.526
1.243
.1012
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TABLE 21

Hydrogen Mordenite (Dealuminated Form)

I II
Component % w/w mol hg-! % w/w mol hg!
HZO 16.83% 935 15.91 .884
5102 71.83 1.197 72.29 1,205
A1203 T.24 071 T+358 072
95.90 95.58

Average Si02=A.1203 ratio = 16.80 : 1
Since the sample was prepared from sodium mordenite, there is also

0.07 mol hg! of Na .0, which is 4.34 % - this is 2 maximum value.



Tnitial Weight

Main weight

Weight loss reaction

loss reaction loss reaction due to NH3
Weight fraction volatilised 1.04 8.10 1.16

(% of dry weight)
Temperature range/°C 25-32 32-240 240-354

Maximum rate of - 4.23% 6.53
volatilisation/% min’
Temperature of maximum - 101 313

rate/ °C
Potal moisture/ - 9.14 =

% of dry weight

TABLE 22 - Thermogravimetric Analysis of Ammonium Mordenite in Presence of Nitrogen

6LL
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with n-heptane/TML/air mixtures containing 20-25 mg m3 of lead as TML.
Photographs of some zeolite coated beads are shown on FPlate 22. The
results of the poisoning experiments are shown in Figures 31-42 and
summarised in Tablt?;s 23-26.

The zeolite-coated beads showed substantial improvements over
the other types of coated beads (i.e. the VQ1/VQ7, VQ3/VQ9, and LD1 series
coated with a layer of alumina) for the following reasons:

(1) Their initial response to 1% methane lay in the same range as the
uncoated beads, (20-30mV).

(2) A percentage drop in sensitivity of only 20% was observed in most
cases ai‘lter 12-15 hours of poisoning.

By comparing the results obtained using different ratios of
zeolite:kaolin mixture, it seems that the 60:40 ratio tends to exhibit
the greatest resistance to poisoning. This is not a suprising conclusion,
as the requirement for effective poison resistance must be that the maxi-
mal amount of zeolite be incorporated in the bead which is consistent
with sufficient kaolin being present to maintain good binding properties
in the pellistor.

Further experiments were undertaken to examine relative
effectiveness of binder and different forms of mordenite as resistors to
lead poisoning. First, beads coated with 100% kaolin were poisoned, in
order to see if the clay exhibited any resistance; the results in Figures
43 and 44 show only a slight increase in resistance against poisoning as
compared to the original VQ1 beads,which indicates that kaolin was acting
merely as a binder. Then secondly, series of VQ1 and VQ3 beads coated
with different ratios of sodium mordenite to kaolin were poisoned, with
results depicted in Figures 45-50 and Tables 27 a.nd 28. With sodium

mordenite, a greater degree of inconsistency was observed with large zero



Conventional
V@1 bead

V@1 coated
with 60:40
H-Mor (NHZ):
kaolin

H-Mor
DHEM

V@1 coated VQ3 coated
with 60:40 with 40:60
H-Mor (DHM): H-Mor (NEA):
kaolin kaolin

Hydrogen mordenite
Dealuminated hydrogen mordenite

Plate 22

V@1 coated
with 40:60
H-Mor (DHM):
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Results of poisoning experiment

Specimen: 965/V@1 coated with 6:4 dealuminated

hydrogen

mordenite : kaolin
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Results of poisoning experiment

Specimen: 962/VQ1 coated with 8:2 dealuminated

hydrogen mordenite : kaolin
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Results of poisoning experiment

Specimen: 695/VQ1 coated with 4:6 hydrogen mordenite

(from NH! form) : kaolin
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Results of poisoning experiment

Specimen: 740/VQ1 coated with 6:4 hydrogen mordenite

(from NHf form) : kaolin
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Figure %6

Results of poisoning experiment

Specimen: 735/VQ1 coated with 8:2 hydrogen mordenite

(from NEHY form) : kaolin
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Figure 37

Results of poisoning experiment

Specimen: 615/V03 coated with 4:6 dealuminated

hydrogen mordenite : kaclin
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Figure 38

Results of poisoning experiment

Specimen: 667

/Y03 coated with 6:4 dealuminated

hydrogen mordenite : kaolin
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Results of poisoning experiment

Specimen: 811/VQ3 coated with 8:2 dealuminated

hydrogen mordenite : kaolin
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Results of poisoning experiment

Specimen: 446/VQ3 coated with 4:6 hydrogen mordenite

(from NEY Form) : kaolin
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Results of poisoning experiment
Specimen: 444/VQ3 coated with 6:4 hydrogen mordenite

(from NHY form) : kaolin
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Figure 42

Results of poisoning experiment

. Specimen: 443/VQ3 coated with 8:2 hydrogen mordenite

(from NH form) : kaolin
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L\ esponse to |Percentage
zeolite: |Initial res Percentage [Total hours [1% CH!.a.fter sensitivity
Serial No. | kaolin ponse to Final res- |sensitivity |of poison~ [10 hours left after |Air drift/|
ratio 1% CH Q/m'\f ponse/mV  |remaining |ling/h oisoning/ |10 hours mV
to 1% CH" \'j poisoning
966 40360 22.5 22.0 97.8 16 22 97.8 -5.0
967 40:60 295 . 22.5 95.7 16 21.5 91.5 +0.5
968 40:60 22.5 19.0 84.4 13 20.5 91.1 ~0.5
963 60:40 : 275 23%.5 85.5 14 24.0 87.3 +1.0
964 60:40 27.5 25.0 90.9 13 24.0 87.3 -1.5
965 60:40 24.0 21.5 89.6 13 22.5 93.8 0.0
960 80:20 22.0 12.5 56.8 28 12.5 56.8 -6.5
961 80:20 18.0 12.5 69.4 28 14.0 7.8 0
962 80:20 21+5 19.5 70.9 15 21.5 78.2 4+0.5
TABLE 23 - VQ1 Coated with Dealuminated Hydrogen Mordenite

G61L



Response to|Percentage
zeolite: | Initial req Final res- | Percentage |Total hours 1% CHLafter sensitivity]
Serial No. | kaolin ponse to ponae/hN gsensitivity|of poison~ |10 hours left after | Air drift
ratio 1% CH,’/mV to 1% CH, |remaining |i poison 10 hours | /mV
mV poisoning
700 40:60 23.0 18.0 78.3 14 20.0 87 -1.0
695 40:60 24.0 22.0 91.7 16 23.5 97.9 -0.5
737 60:40 22.0 14.0 63.6 15 18.0 81.8 +4.0
740 60:40 20.0 17.5 87.5 17 19.5 97.5 +1.5
739 60:40 22.0 18.0 81.8 17 16.0 T2.7 -0.5
732 80:20 24.5 14.5 59.2 13 15:5 63.3 0
T34 80:20 24.0 17.0 70.8 13 19.0 79.2 -2.0
735 80:20 26.0 19.5 75.0 13 21.5 82.7 +2.0
179 100% 23.5 12.0 51.1 15 12:5 5362 ~-7.0
kaolin
TABLE 24 - VQ1 Coated with Hydrogen Mordenite (from NH,form)

4

961



Response to |[Percentage
zeolite: |Initial res|Final res- |Percentage |Total hours [1% CH, after |sensitivity
Serial No. | kaolin ponse to ponse to 1%|sensitivity!of poison- |10 hours left after [Air drift
: ratio 1% CHQ/mV CHL/mV remaining poisoning/ [10 hours  |/mV
mV poisoning
675 40:60 23.5 19.5 83.0 13 19.0 80.9 -1.5
614 40:60 22.0 13.5 61.4 12 13.0 59.1 -1.5
667 60:40 26.5 24.0 90.6 12 26.0 98.1 -1.0
662 60:40 27.5 22.5 81.8 16 24.0 87.3 +1.0
666 60:40 27.0 22.0 81.5 16 22.0 81.5 -1.0
811 80:20 27.0 20.5 76.0 16 23.0 85.2 0
812 80:20 28.5 13.0 45.6 16 15.0 52.6 -4.0
' TABLE 25 - VQ3 Coated with Dealuminated Hydrogen Mordenite

L6L
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Response to| Percentage
zeolite: | Initial red Final res- | Percentage | Total hours 1% CHLafter sengitivi
Serial No. | kaolin ponse to ponse to 1% sensitivity] of poison- | 10 hours left after Air drift/
ratio 1% CHL/hV CHL/hV remaining | ing/h poisoning/ | 10 hours |mV
mV poisoning
445 40:60 28.5 26.0 91.2 14 26.5 93.0 +3.5
447 40:60 28.0 16.0 571 15 17.5 62.5 -4.5
446 40:60 30.5 18.5 60.7 15 22.5 73.8 +1.5
450 60:40 27.5 19.0 69.1 15 21.0 T76.4 =1.5
444 60:40 30.5 23.0 75.4 15 24.5 80.3% +2.0
426 60:40 29.0 23.5 81.0 14 24.5 84.5 ~-2.5
443 80:20 31.5 20.0 63.5 14 22.5 71.1 +1.5
442 80:20 29.5 16.5 56.0 14 19.5 66.1 -2.0
100%
523 pate 24.0 12.0 50.0 15 11.5 47.9 -7.0
TABLE 26 - VQ3 Coated with Hydrogen Mordenite (from NH, form)

g6l
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Results of poisoning experiment

Specimen: 179/VQ1 coated with 100% kaolin
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Results of poisoning experiment

Specimen: 523/V03 coated with 100% kaolin
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Results of poisoning experiment

Specimen: 170/VQ1 coated with 4:6 sodium mordenite : kaolin
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Figure 46

Results of poisoning experiment

Specimen: 136/V01 coated with 6:4 sodium mordenite : kaolin
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Results of poisoning experiment

Specimen: 538/?Q1 coated with 8:2 sodium mordenite : kaolin
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Specimen: 170/V03 coated with 4:6 sodium mordenite : kaolin
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Figure 49

Results of poisoning experiment

Specimen: 165/VQ3 coated with 6:4 sodium mordenite : kaolin
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Resulis of poisoning experiment

Specimen: 157/VQ3 coated with 8:2 sodium mordenite : kaolin
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Eesponse to |Percentage

zeolite: Initial red Final res- [Percentage |Total ho % CH after |sensitivity

Serial No. | kaolin ponse to ponse to 1Y%sensitivity | of poison- [10 hours left after |Aix drift/

ratio 1% CH, /uV | CH, /mV remaining | ing/h poisoning/ [10 hours  |mV
mV poisoning
170 40:60 17.5 19.5 11.4 12 18.0 102.9 -8.5
176 40:60 17.5 18.5 105.7 12 18.5 105.7 -5.5
160 60:40 18.5 19.0 102.7 10 19.0 102.7 ~T.5
136 60:40 24.5 24.5 100.0 1 25.5 104.1 ~T7.0
135 80:20 19.5 4.5 23.1 11 5.0 25.6 +5.5
538 80:20 24.5 20.0 81.6 13 20.0 81.6 ~-5.0
TABLE 27 - VQ1 Coated with Sodium Mordenite

Lozg



Response to|Percentage
zeolite: |Initial res|Final resp- |Percentage [Total hours [1% CH after|sensitivity
Serial No. | kaolin ponse to onse to 1% |sensitivity |of poison- |10 hours left after |Air drift
ratio 1% CH, /mV |CH, /mV remaining poisoning/ [10 hours |/mV
mV poisoning
170 40:60 18.0 16.0 88.0 1 16.0 88.9 -2.0
169 40:60 19.0 12.5 65.8 1 12.0 63.2 -2.0
165 60:40 25.0 19.0 76.0 11 19.0 76.0 +1.0
162 60:40 21.0 13.5 64.3 13 14.5 69.1 -7.0
157 80:20 25.0 8.5 30.0 13 11.0 44.0 +1.0
159 80:20 26.0 8.0 30.7 13 11.0 42.3 -1.0
TABLE 28 - VQ3 Coated with Sodium Mordenite

80¢
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drifts.

In conclusion, beads coated with dealuminated forms of
hydrogen mordenite in the ratio of zeolite : kaolin of 60:40 showed the
greatest resistance to poisoning, and also the least zero drift. Hence
for the remaining studies, most of the effort was concentrated on using

and investigating dealuminated hydrogen mordenite.

3.9 Further lead Analyses

Six VQ1 beads coated with 60:40 ratio of dealuminated form
of hydrogen mordenite to kaolin were poisoned in pairs for 2%% hours with
n-heptane/TML/air mixtures containing 20-25 mg lead per cubic metre of air.
The beads were then dissolved in a platinum crucible for analysis. Two
drops of concentrated sulphuric acid were added followed by 10 cm? of
hydrofluoric acid, and the mixture was slowly evaporated to complete dry-
ness on a hot plate. 10 cm3 of 0.1 mol dm3 hydrochloric acid were next
added, and the mixture was again slowly evaporated down to ~ 3 cm3 .
Finally, the solution was diluted to 100 cm3 with 0.1 mol dmi? hydrochloric
acid. The amount of lead in this solution was determined by atomic absorp-
tion spectrophotometry using a Perkin Elmer - model 370 spectrophotometer.
The absorption line for lead occurs at a wavelength of 283.3 nm. A con-
centration of lead of 6.3 yg cm> (6.3 ppm) was obtained, which corresponds
to an average uptake of lead per bead of 105 pg ( 0.1 mg). This figure
may be compared with the total amount of lead that had passed over the

beads in the poisoning process (38.07 mg).

3.10 Adsorption and Desorption Experiments

Even using the highly sensitive Cahn sorptiometric balance,
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the determination of the surface area of an individual pellistor is

is a very difficult task, as the maximum weight change occurring due

to the sorption of a vapour may only be of the order of micrograms.

This weight change should be compared with the stated maximum sensiti-
vity of the microbalance (0.1 pg). Because of their-hi@ internal pore
volume, the attainment of reproducible Type I isotherms was a much easier
task in the case of pellistors containing zeolites (e.g. Figures 56 and
57)-

A1l the work dg‘.scuased in this section should be assessed in
the light of these foregoing comments.. The adsorption and desorption were
performed in order to find out whether the deactivation of the catalyst,
brought about by the lea.t_i alkyl, was in any way affecting the adsorption
characteristics of the sample. All adsorption and desorpti.on isotherms
of a series of unpoisoned and poisoned VQ1 and VQ3 beads were carried out
by the gravimetric method using the Cahn Vacuum Electrobalance (section
2.5.2.1). The sample was degassed at 500°C for 16 hours to a final vacuum
of 1.33 x 102 N m? (107 torr). Figures 51 and 52 show the isotherms of
unpoisoned VQ1 and Figure 53 shows that of poisoned VQ1. They all have a
similar profile, corresponding to a Type II isotherm (5). Hence applying
the BET equation the surface area can be calculated. The isotherms of
unpoisoned and poisoned VQ3 beads are shown in Figures 54 and 55 respective-
ly. Here again the isotherms are of Type II. From these results a preli-
minary, and rather surprising, deduction is that the poisoned samples tend
to have a greater surface area than the unpoisoned ones.

Figure 56 shows a typical adsorption isotherm obtained from
a large sample of dealuminated hydrogen mordenite. This isotherm was
determined by the volumetric method using the Carlo-Erba 1800 instrument.

Figure 57 shows the adsorption and desorption branches obtained from a
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Adsorption - desorption isotherm

Sample : 12 VQ1 beads - unpoisoned
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Figure 53

Adsorption - desorption isotherm
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Adsorption - desorption isotherm

Sample: 11 VO3 beads - unpoisoned
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Adsorption - desorption isotherm

Sample: 7 V@3 beads - poisoned

150

Weight/pg

Pressure/mm of Hg

o0 : adsorption; x : desorption
Sample weight 10.886 mg
Surface area 21.12 mZ g-1

50

75



Vblume/bm3

50

25

Adsorption isotherm - volumetric method
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Figure 56

Sample: dealuminated hydrogen mordenite - unpoisoned
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Adsorption - desorption isotherm

Sample: dealuminated hydrogen mordenite - unpoisoned
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o0 : adsorption; x : desorption
Sample weight 4.806 mg
Surface area 500.31 m? g’
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sample of only ~ 4 mg of dealuminated hydrogen mordeﬁite (determined,

of course, by the gravimetric method). These isotherms are both Type I,
which is characteristic of a microporous adsorbent. The values obtained
for the "monomolecular equivalent surface area" in both cases are in good
agreement (~ 500 ng;“| ). Isotherms were also obtained from samples of
dealuminated hydrogen mordenite that has been exposed to leaded atmospheres
for 4 hours and 6 hours. These are shown in Figures 58 and 59. The profiles
of the isotherms are markedly different from the unpoisoned samples. Finally
adsorption/&esorption experiments were carried out on samples of VQl, VQ3,
beads coated with dealuminated hydrogen mordenite before and after poison-
ing had occurred. Figure 60 shows the isotherms of a single unpoisoned VQ1
bead coated with a ratio of 6:4 of dealuminated hydrogen mordenite:kaolin.
The adsorption isotherm resembles a Type I. In Figures 61 and 62 are shown
isotherms for single poisoned VQ1i beads (i.e. a total sémple weight of ¢ 1
mg) coated with the same ratio of dealuminated hydrogen mordenite to kaolin.
These beads were deactivated to ~ 85% of the original activity and the
igsotherms show a marked difference from the corresponding unpoisoned one.
The isotherm show a large uptake of adsorbate at the low pressure range,
and the curve then flattens out to Type I isotherm. Similarly, Figures

63 and 64 show isotherms obtained for unpoisoned single VQ3 beads coated
with a 6:4 dealuminated hydrogen mordenite, and as expected, the isotherms
are Type I, typical of zeolites. On poisoning, the profile changes, Figure
65 shows the results obtained for one such single poisoned VQ3 bead, again
coated with 6:4 dealuminated hydrogen mordenite:kaolin. Once more, the
profile of the adsorption isotherm does not strictly fit any of the five

types mentioned in the classification (5).
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Figure 58

Adsorption - desorption isotherm

Sample: dealuminated hydrogen mordenite — poisoned for 4 hours
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Adsorption — desorption isotherm

Sample: dealuminated hydrogen mordenite -

poisoned for 6 hours
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Figure 60

Adsorption - desorption isotherm

Sample: single VQ1 bead, coated with 6:4 dealuminated

hydrogen mordenite : kaolin, - unpoisoned (426)

250

200 [ /

Weight/pg
A

150 ||

e
LY

0 25 50

Pressure/mm of Hg

o : adsorption; x : desorption
Sample weight = 3.684 mg

75



222

Figure 61

Adsorption — desorption isotherm

Sample: single VQ1 bead, coated with 6:4 dealuminated

hydrogen mordenite : kaolin, — poisoned (965)
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Adsorption - desorption isotherm

Sample: single VQ1 bead, coated with 6:4 dealuminated

hydrogen mordenite : kaolin, — poisoned (963)
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Adsorption - desorption isotherm

Sample: single VQ3 bead, coated with 6:4 dealuminated

hydrogen mordenite : kaolin, - unpoisoned (372)
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Adsorption - desorption isotherm

Sample: single V@3 bead, coated with 6:4 dealuminated

hydrogen mordenite : kaolin, - unpoisoned (371)
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Adsorption - desorption isotherm

Sample: single V@3 bead, coated with 6:4 dealuminated

drogen mordenite : kaolin, - poisoned (666)

200

150 . o

Weight/pg

O,

100 H

1 1

25 50 75

Pressure/mm of Hg

o : adsorption; x : desorption
Sample weight = 3.786 mg



CHAPTER 4

DISCUSSION




4.1

4.2

4.2.1

4.2.1.1

4.2.1.2

4.2.1.3

4.2.2

4.2.2.1

4.2.2.2

4.3

4.4

4.5

406

CHAPTER 4

General Introduction: The Mode of Deactivation

The Poisoning Process: General Evidence alsie

Physical Aspects ... ele's v S A

Boundary lLayer Diffusion ses cee se
Pore Mouth Poisoning ois's oo o'y oo
Heat Transfer Effects B il "t pen £ wea

Chemical Aspects ... cee coe coe )
The Dual Nature of the Poisoning Process ...

The Mechanism of Poison Resistance Using
Mordenite

L LR LR L] L] LR

Comparison Between Effectiveness of Alumina,
Kaolin, and Zeolite Coatings ... e

Comparisons with Other Work see vio s oo

Suggestions for Further Work ... - oo

Conclusion AT T o S 2.8 S

Page No.

229
229
231
231
232
233-
235

236
238

239
241
241

243



229

4.1 General Introduction: The Mode of Deactivation

The three general classes of deactivation processes are:-
(a) poisoning,
(b) fouling, and
(c) aging.
The preliminary results of this work showed that only small quantities
of tetramethyl lead were required to reduce the activity of the catalyst
geverely. The small quantities of poison used show that fouling is not a
significant process and life-tests in the absence of poison similarly
rule out aging as being a significant contributory factor. Hence the
present deactivation process is that of type (a), concerned with individual
system, cataiyst-reaction-poisén. Such a selective poisoning may, however,
be due to site selectivity in the absence of diffusion effects, or due to

diffusion control, or a combination of both.

4.2 The Poisoning Process: General Evidence

The studies of the poisoning effect of tetramethyl lead
on catalytic detectors described in this thesis have primarily centered
on the microscopic scale and have involved a variety of techniques. The
information obtained through this programme has enabled a partial evalua-
tion of the nature of the interaction between the poison and the active
catalyst sites. Coking may be ruled out as a significant factor, as the
bead did not lose any sensitivity after prolonged operation in an atmos-
phere of n-heptane (Figures 17,18). Furthermore, neither of the scavengers
(i.e. ethylene dibromide and ethylene dichloride) seemed to affect the

sengitivity of the catalyst bead toward 1% methane. The initial results
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showed however that only very small quantities of lead were required to
reduce the activity of the catalyst bead drastically.

Comparisons of the topographies of the surface of poisoned
and unpoisoned beads revealed no physical growth or particulate deposit
of any kind that could be attributed to lead or compounds of lead; micros-
copically the physical characteristics of surface appeared virtually
unchanged. In addition, elemental analysis using EDAX showed that lead
was evenly dispersed on the surface. Cross-sectional examinations of beads
by EDAX revealed in addition that hardly any lead had diffused into the
central portions of beads. Thus the elemental and topographical studies
showed together that the poisoning process is primarily an external
surface effect. A drawback of this study of the surface has been that
the same bead cannot be used for topographical and elemental examination
both before and after poisoning, because the technique by its very nature
is a destructive one. Hence only through examinations of series of
poisoned and unpoisoned beads was it possible to draw the above conclusions.
In effect, the poison was plugging the pores close to the external surface,
thereby preventing reactant from reaching the active sites. This matter
is discussed further in section 4.2.1.2.

Surface area measurements carried out on the poisoned and
unpoisoned samples showed that there was a difference in the profile of
the isotherms obtained, especially when zeolite coated beads were compared,
(see Figures 56,57,61,62). This difference was especially noticeable when
comparing isotherms of dealuminated hydrogen mordenite (DHM) that had
been exposed to tetramethyl lead for different times, (see Figures 57,58
and 59). Although the technique used (gravimetric) is a very sensitive
one, more samples are needed to carry out a really detailed study. The

sorptiometric measurements provided no help in elucidating the mechanism
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of the poisoning process (i.e. whether pore mouth or uniform poisoning

was occurring (72)).

4.2.1 Physical Aspects

The rate-determining step in the catalytic detection of
methane using the pellistor is the transfer of reactant through- the gas
phase to the catalyst surface (boundary layer diffusion control). Hence
the rate will be strongly influenced by any changes in the inert or
active porous structure surrounding the catalyst if these changes result
in an outer porous layer around the catalyst in which transport processes
or chemical reactions occur which are slower than diffusion in the gas

phase. This matter is considered in the following section.

de2ati Boundary layer Diffusion

Modified pellistors were surrounded by either a layer of’
inert alumina or a zeolite/kaolin mixture. The possibility therefore
arises with these beads of the rate-controlling step no longer being
diffusion through the boundary layer of gas close to the bead surface,
but rather through this outer inert layer. The initial sensitivity of
the alumina coated beads was around 50% of the original pellistors; this
change was probably due to the rate-controlling step shifting from bulk
diffusion in the gas phase to Knudsen diffusion through this outer layer
(the small size of the samples precluded pore-size distribution measure-
ments which would have been able to confirm this postulate).

The sensitivity of zeolite coated pellistors hardly changed
from that observed with the originals. Diffusion in zeolites is an

activated process (153) and an estimate may be obtained of the diffusion
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coefficient for methane in mordenite at the operating temperature of

14

= 3 x 10 m? g7
Hh
at 300 K and the energy of activation was found to be 8500 J moI4 . Thus

the bead (viz. 873 K). From literature data (153) D

2 2 10 axp [~ Bt = 1

R 873 7373

D.y (873)
CH,

= 1.45 x 1013 n? g’

This value is much smaller than typical bulk diffusivities for molecules

of molecular weight similar to methane at 873 K (typically, Dg 2 x 1074

m2 §' ). Thus if the rate controlling step is diffusion through the zeolite
pores a very marked drop in initial sensitivity would be expected. This

is not observed, and it is therefore concluded that transpcrt of methane

to the active sites below the zeolite layer in the zeolite-coated beads

is not primarily through the microporous zeolite layer, but rather between
the crystallites. This conclusion is further confirmed by the fact that
pure kaolin coated beads also showed no drop in initial activity.

4.2.1.2 Pore Mouth Poisoning

It is convenient at this stage to summarise the theories of
the effect of diffusion on the poisoning of heterogeneous catalysts in
terms of two limiting theoretical models: p;re mouth poisoning and
uniform poisoning (72). The two limiting cases are a function of the
strength and rate of adsorption of the impurities. The uniform poison-
ing model visualises the poison as adsorbing slowly, and to be highly
mobile. Thus it will distribute itself uniformly throughout the bead.
In other words, the activity of the catalyst will decrease uniformly at
all points within the bead according to this model. At the other

extreme, in the pore mouth poisoning model, the poison is considered to
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be so strongly adsorbed that attachment to the surface occurs before the
molecules have diffused any distance into the bead. The periphery (and
hence the pore mouths) of the bead becomes completely poisoned while the
interior maintains its initial activity. The poisoned region advances
as more impurity diffuses to the active sites.

Considering the electron microscopic evidence (section 4.2),
it is of interest that the poisoning curves obtained for all the
specimens tested here have similar profiles to those proposed by Wheeler
(72) for selective poisoning at pore mouths (see curves C & D in Figure 8
and compare with Figures 21,22,23). In the above comparisons it is
implicitly assumed that the fraction poisoned % is proportional to time
h. The comparison of curve shapes in itself is no# gsignificant, but since

the EDAX measurements indicate that the lead contaminant was only present
to a significant degree on the peripheries of bead cross-sections, the
curve similarities.confirm that pofe mouth poisoning was occurring.

4:2:005 Heat Transfer Effects

The foregoing assumes that the bead itself is isothermal.
If this is not true, the situation becomes considerably more complex,
with the effectiveness of the catalyst (see section 1.6.2) no longer
restricted to values{ 1, but able to reach values, greater than unity
by orders of magnitude under certain conditions (154). . The simple
models of Wheeler for poisoning (section 1.6.3 and 4.2.1.2) are also
modified.

Simple calculations are able to establish that in the case
of the pellistor as used in the work described here, it is safe to
assume isothermicity. Plate 7 (Chapter 3), shows that in a typical
bead, the diameter of the coil is 0.8 mm and this is set within a bead

of approximate diameter 1 mm, leaving a layer of catalyst around the
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coil of 0.1 mm only. If the temperature of the coil is assumed to
be 600°C, the following (admittedly simplified) calculations are
possible..

Heat Transfer Estimates

% 1 -1 .
05 Ky = 0.31 JK' n™' s
1

Let thermal conductivity of nitrogen K, = 0.036 J k' o7l g over

Let thermal conductivity of Pt/Al

temperature range of 0 - 600°C.

Models

For pellistor, from Plate 7 of thesis, it can be regarded as a cylinder.
Heat conducted out from the wire, radius 0.4 mm to surface, radius 0.5 mm.
Length of cylinder (L) 1 mm. A x = r, - r; = 0.1 mn. TFor static air
surrounding the bead, the thickness depends on the flow of air passed

the system. A depletion layer of 0.1 mm has been quoted, but for heat
loss a layer of 1 mm, or 3 mm which may be more realistic, will be
assumed here. Also assuming a sphere of air radius 0.5 mm ( = R1)

to a sphere of either radius 1.5 mm ( = R,, first case) or 3.5 mm ( = R,

gsecond case. A x therefore is either 1 or 3 mm.

Generally L T 3

dx

AT

Ax

As heat moves out the area of cross section is changing. So consider
the change in heat flux with radius. Since the area is expanding as

r increases, J is a function of cross-sectional area. To a first

approximation.
ag-x AT @
A x
For pellistor a7 =x (22 =1y 4 (Fe1)

0.0001
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l:ﬂ) a(4x r?)

For air boundary aJ = K, (
Ax
air

Under steady state, flux out of pellistor must be equal to flux out

of air boundary.

s r2

i.e. J =K, (B13-T )| a(errn) -, (2=298) | a(s7r?)
0.0001 A x
-

r 1
1
Substituting X, , Xy, 5, 1y and for case 1 where the boundary layer

is 1 mm, Ry = 0.5 mm, R2=0.6mm, Ax=1mm
T = 872.86 K

For case 2 where the boundary layer is 3 mm, R1 = 0.5 mm, R,z = 3 mm,

Ax = 2.5 mm, then
T = B72:7T K

Hence, it is acceptable to assume isothermicity.

4.,2.2 Chemical Aspects

The kinetics of gas phase oxidation of methane have been
studied extensively. The reaction proceeds by a radical chain mechanism
(155,156), in which formaldehyde is an intermediate. The reaction

scheme is arranged as follows (157):-

*
CH HO (1) Initiation

CH

A% ]
-+
no
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* *
CHy + 0, = CEO0 + OH (2) ; Propagation
of
< " g main reaction
OB + CE, —= CH; + KO (3) )
0, + CHO0 —= HCOX  + BOZ (4) Branching
reaction
* *
B0+ 0, T 000 el HOL (5)
Propagation of
formaldehyde
* * oxidation
HO, + CH,0 —= E,0, + HCO (6)
HO,, Bl —eroms i E,0 (7)  Induced oxi
+ : + -
% 4 5 2 dation of
methane
8 + CHO —= HO  + E,0 (8)  Induced oxi-
dation of
formaldehyde
0O + wall —e  end (9)  Termination

This oxidation scheme is discussed in the following sections.

4.2.2.1 The Dual Nature of the Poisoning Process

Hoare and Walsh (158,159) have examined the effect of
surfaces on the rate of methane oxidation at 500°C, and they have
considered specifically the inhibition effect of lead oxide. They
suggested that the reactions of HOZ and H202 at the surface are impor-
tant. The inhibiting_effect of lead monoxide on the oxidation of both
methane (158) and ethers (160) led Walsh and co-workers to propose a
detailed mechanism for the anti-knock action of tetraethyl lead (TEL)
(160,161). According to this theory, the anti-kmock action is a conse-
quence of the destruction of free radicals such as HOZ and H202 when
these molecules impinge on the surfaces of lead oxide particles formed
from lead alkyl. When TEL is heated in the presence of oxygen to a

temperature greater than ~ 180°C, it forms lead monoxide (160) which
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is first produced as a colloidal fog of solid particles, and is then
deposited as a lead monoxide film. The actual inhibiting effect is exer-
ted by the lead monoxide surface rather than by gas phase molecules of
lead monoxide (160,162).
In the presence of a catalyst, the mechanism of methane

oxidation is somewhat similar, and has been outlined by Firth (42).
The oxidation of methane to carbon dioxide and water vapour occurs through
a series of reaction steps involving partially oxidised intermediates
adsorbed on the catalysts. It is, therefore, probable that tetramethyl
lead (TML) acts as an inhibitor in the present system by virtue of its
formation of lead monoxide through a similar mechanism to that proposed
by Walsh et al (159,160), and that the inhibition persists because of
the 65position of involatile oxide on the surface of the catalyst. The
gradual accumulation of lead monoxide on the surface gives rise to an
even spread which eventually coats the pore mouths and cracks. It must
be true therefore that deactivation of the beads involves two processes:-

(i) The availability of active sites (i.e. Pd, Pt atoms or crystallites)
for the competitive adsorption of methane and oxygen molecules are reduced
due to lead oxide deposition.

(ii) The lead monoxide itself not only blocks off catalytic sites)
but also provides a surface for the active destruction of HOZ radicals

by reaction with H202 molecules to form water and oxygen (158,159):

*
2HO

5, H202 _— 2HéO + 202

(The postulates above assume, of course, that TML is readily oxidised to
lead monoxide under the conditions used, which is realistic because the

bead surface is maintained at ~/ 600°C to promote the oxidation of methane).
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These two processes operating together readily poison the catalyst,
and therefore only a very small quantity of TML present in the feed stream
is enough to deactivate the detector bead.

In the case of combustion engines, 1,2-dichloroethane and
1,2-dibromoethane are also added to the leaded gasoline in order to
scavenge the lead oxide out of the combustion chamber (after it has
accomplished its purpose of suppressing "kmock") as lead chloride and
lead bromide. Consequently the lead that is present in the atmosphere,
is most probably to be found in halogenated forms. However, these com-
ponents are readily oxidised to lead monoxide again on the surface of
the bead and thus the Aeactivation process which is brought about by
halogenated airborne lead probably also follows the two schemes outlined
above.

4.2.2.2 The Mechanism of Poison Resistance Using Mordenite

Results show that zeolite-coated beads substantially
improve poison resistance. This is probably partly due to the fact that
the zeolite coating has a large "surface area" (~ 500 n?g-1 ). Thus
surrounding the catalyst bead with such a zeolite/clay coating in effect
restricts the deposition of iead monoxide on the active catalyst centres
by trapping it in the zeolite micropores whilst still allowing the
methane and oxygen molecules to diffuse through to the active sites. How-
ever, this is only part of the explanation. Dealuminated hydrogen morde-
nite (DHM) is known to chemisorb molecules by reaction with hydroxyl
"nests" within the structure (163). It is highly likely that the espe-
cially high effectiveness of this zeolite in improving poison resistance

is partly due to such reactions as



239

C
Ckﬁ‘ébf Ha
g :
CH CH ’
S — . CH
/ N

0

+ oxidised products

Thus the tetramethyl lead molecules are chemisorbed within the zeolite
crystallites, and then further reactions take place to finally give
non-labile compounds of lead. Small molecules such as methane, which
would not be chemisorbed, and whose diffusivities are higher (153), pass
through the molecular sieve crystallites without reaction and thus

reach the catalyst surface.

4.3 Comparison Between Effectiveness of Alumina, Kaolin,

and Zeolite Coatings

Beads coated with alumina did prove to be slightly more
resistant to poisoning than the original ﬁellistors, but these had their
initial sensitivity to 1% methane (as evidenced by the mV readings)
reduced to only about half that of the corresponding uncoated beads.
This reduction in initial sensitivity was probably due to a transfer of
diffusion control from the boundary layer of gas (section 4.2.1.1) to
the porous alumina surrounding of the bead. The final coat of alumina

was deposited by an impregnation method of "dip and heat" cycles. Thus
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this alumina coat effectively obstructed access of both poison and
reactant to the active sites simultaneously. Another series of beads
were coated with a final homogeneous mixture of alumina and a small
quantity of the catalyst, again by an impregnation method, but in
this case the outer layer was alumina plus catalyst, and not just
inert alumina.

In general, results indicate that both types of mordenite
used (i.e. hydrogen mordenite prepared from ammonium mordenite, and
dealuminated hydrogen mordenite (DHM) prepared by acid treatuent of
sodium mordenite) were very effective at improving poison resistance,
and of these two forms, samples coated with DHM showed the best resis-
tanqe to poisoning, in addition to the least zero drift. Among the
different ratios of DHM: kaolin tested, the 6:4 ratio was the most
effective. Comparing Figures 43, 44 & 38, 39, it is evident that the
poison resistance originated from the zeolite rather than the kaolin
clay binder. Accurate and rigorous comparisons of the results for
different ratios are difficult as the amount of zeolite/binder mixture
deposited on the bead was not easily reproducible. Howevér the observed
optimum ratio of 6:4 DHM: kaolin is a value which seems consistent with
the need to maximise the zeolite content (and hence poison resistance)
whilst also seeking to maximise the binder content (and hence obtain
a catalyst bead with good mechanical properties).

The extent of coverage of the bead by the zeolite/kaolin
mixture also affects the degree of poison resistance. The thicker the
coating of zeolite/kaolin, the lower is the initial response and the
greater is the poison resistance. Therefore, again, another compro-
mise, this time one involving the coating thickness, is needed to give

a pellistor with a maximal poison resistance. Sodium mordenite was
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not as effective at improving poison resistance as the two hydrogen

forms.

4.4 Comparisons with Other Work

Firth et al (51,52,64) carried out some early investigations
involving zeolites in an attempt to produce poison resistant catalysts.
They maintained that by enclosing the ions that are responsible for
catalytic activity within the micropores of a zeolite, it should be
possible to prevent access of large poison molecules to the catalytic
jons while smaller reactant molecules still had easy access. However
in this project, the sorptive rather than the molecular sieve properties
of a zeolite are being used, by incorporating into the conventional
support catalyst zeolite crystallites as selective sorbents. The reason
behind using zeolites as a means to improving the poison resistance of

gas detectors has already been discussed in section 1.7.

4.5 Suggestions for Further Work

The experimental difficulties associated in working with
the very small bead sizes that were encountered in this work could be
overcome by using the microcatalytic reactor as detailed by J.G. Bucknell
(104), although modifications of his set-up would be necessary. Here
the sample needs to be in a powdered form and packed into a bed. Further-
more, if the chromatographic technique (104,142) for measuring surface
areas was adopted instead of the gravimetric method used here, the
microreactor containing the catalyst bed could then be conveniently

transferred from one instrument (for monitoring catalyst activity)
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to another (for measuring surface area) without the catalyst bed
itself being disturbed, or impurities being inadvertently introduced.

A further approach toward elucidating the mode of poison-
- ing could be a kinetic study coupled with active surface area measure-
ments using carbon monoxide as adsorbate (164). Such an analysis would
give a quantitative relationship between the observed rate (i.e. the
activity left) and the number of active sites remaining for different

levels of poisoning. Since

F = = Ble, (see section 1.6.3)

1 + £h

where F = fraction of activity left,

« = fraction poisoned, and
h = Thiele modulus (=L —‘?5—),
rD

the relationship of F and & should (hopefully) further confirm the
mode of poisoning as being in conformity with the pore mouth model
rather than the homogeneous one (see sections 1.6.3 & 4.2.1.2).

As a final suggestion for further work, poison resistance
could be further increased by improving the method of preparation of
the detector beads, and then for a given method of preparation, finding
the combination of conditions that maximise the improvement in resistance.
For instance, the development of other methods for coating the beads
with the zeolite/clay mixture, such as spray drying, or a hot-pressing
technique, both of which should give rise to a more reproducible bead,
could then be followed by a more detailed program examining many diffe-
rent zeolite:binder ratios, thus optimising resistance of the beads to

both decay and poisons.
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4.6 Conclusions

In summary, the deactivation of the catalyst bead is
brought about by the deposition of lead oxide on the outer surfaces
which renders the active sites further in the catalysts partially
inaccessible to reactant molecules through pore mouth poisoning, and
also severely inhibits methane oxidation reaction on the outer surfaces.
On coating the bead with a zeolite, especially dealuminated hydrogen
mordenite (DHM), the poisoning action is markedly delayed. The initial
loss of activity seen in mordenite coated beads occurs through the
inhibitive action of lead oxide, which is 'trapped'! within the zeolite
lattice, and as a result of greater diffusion limitation, slowing the
transport of methane molecules to the active sites. After prolonged
operation in a poisoned atmosphere a large amount of lead oxide accu~
mulates in the zeolite lattice, and deactivation then occurs by a
three-fold process:-

(i) the inhibitive action of lead oxide on methane oxidation;

(ii) a serious obstruction of reactant and product to and from the
active sites; and

(iii) lead finally penetrating through the zeolite layer and reaching
the active sites within the bead.

Improved poison resistance in the form of an external
zeolite layer arises from a combination of both physical and chemical

transport and adsorption phenomena.
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APPENDIX I

Relationship between Qut of Balance Voltage and

Concentration of Fuel

The fundamental equation for the Wheatstone bridge is

T - o)
3 [N

at balance conditions. Also the difference in potential between the

arm AB due to R, + AR and the arm AD due to Rz is equal to AV, the

out balance voltage i.e. «o. (see Figure 4)
I, (R, + AR) - IR, = AV (2)

but the potential drop across arm ABC must be the same as that across

ADC, whence
I, (B, + AR+R) = I,(R,+R) (3)
Rearranging equation (3)
2 I, (R,2 + R_"Z_ W
1 R, + AR + Ry

and substituting equation (4) into equation (2) gives

I, (R, +R,) (R, + AR)
. i o ®)

Simplifying equation (5) further gives

I, (R1RI,' -RR + 8 AR) = (R1 + Ra) AV + AR AV (6)
But R,R = R R from equation (1). Thus
LR, AR = (31 +I{3) AV + AR AV (7)

and assuming AR AV—0

IR AR = (111 + R3) AV (8)



246

AR (R1 + Ra)
or S i LF, 9)

AV can be replaced by V since AV is the difference between the
voltage at balance conditions (V = 0) and V; therefore equation (9)

AR (R1 2y 33)

becomes = (10)
v IZRL

Now AR is brought about by a small rise in temperature AT in
resistance R1; AR as a function of temperature can be expressed by

R, =R, (1+ DT + B1?) (11)

1
where R, is the resistance of the catalytic calorimeter at 0°C, T is

the temperature of the catalyst (°C), D and B are constants in the
platinum resistance thermometer eguation and RT is the resistance at T°C.

Differentiating equation (11) with respect to T gives

dR
37 = Ro (D +28T) (12)

or, for a small finite change AR for AT

AR
R, (D + 2BT) (13)

AT =

Substituting AR from equation (10) into equation (13) gives

vV (R, + R3)

8% = TR®E, @+ 20 (14}

Equation (14) describes the relationship between the voltage V produced
across the bridge due to a temperature rise (AT). If the temperature

dH
rise AT is produced by a small increase b(ﬁ) in the rate of supply

of heat, then

aH aH V(R +R) &H
Al - aaw (g T = I,ZR“R:(D ?QBT) * aT.at (15)
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where (%%—) is the rate of supply of heat to the catalyst at T°C. If

the increase .A(g%J is brought about by oxidation of the fuel and the

catalyst, then the rate of oxidation of the fuel‘gigggll-is given by

d (Fuel) V (R, +Rj) &x
& - IRE, (D+28) A o & (16)

where AH is the enthalpy of oxidation of the fuel and « is the fraction
of the heat of oxidation given to the catalytic element.

Equation (16) can be rewritten with V as the subject of the expression:-

LR R, (D + 2BT) « A HA -
V=TT @ +8) (@5/amat) * (17)

where 3} is the rate of reaction of the fuel on unit area of catalyst,
and A is the area of that catalyst.

When the reaction rate on the surface is fast compared
with the rate of diffusion of the fuel to the catalyst surface, and
oxygen is in excess, ensuring complete oxidation of the fuel, then the
rate of reaction 6} is controlled by the rate of diffusion of the fuel
to the catalyst surface. In a binary gas mixture, the rate of diffusion
of gas 1 into gas 2 is given by the molal flux N1,

a(c)
N, = D12 e : (18)

Hzis the inter-diffusion coefficient of gas 1 into gas 2 and
aC) 5 tn i
—ax 1s the concentration gradient with respect to gas 1. TFor the

system under consideration, this latter function becomes just the
concentration gradient of the fuel F across a depletion layer surrounding
the transducer.

Thus the out of balance bridge voltage V, is obtained by combining
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equations (17) and (18) to give

IRR (D + 2BT) x AE A o a(F) (19)
(R, + Ry (a%m/ar. at) ax

where .Qé%l_ is the concentration gradient of the fuel across the

depletion layer surrounding the element. When the catalytic element is
maintained at a constant temperature and the total pressure remaining
constant then a number of parameters in equation (19) remain substan-

tially constant irrespective of the natﬁie of the fuel. Thus under

: a’y
these conditions, I, is fixed, (dT dt) is almost constant for the

2
dilute fuel-air mixtures encountered up to the lower-explosion limit,
« is constant and the resistances are of fixed values. The surface

area of the catalyst is fixed. In addition, dgz)

will be proportional to

(F) since the thickness of the depletion layer is then constant. Then

under these conditions equation (19) reduces to

V=K AED, (7) (20)

where K is a constant.
Equation (20) thus predicts that for a given fuel, the out of balance
voltage is proportional to the concentration of the fuel, and for
different fuels V is proportional to the function AH DTZ(F) .

In this appendix reference has been made to the following
two papers - references (42) (67) :-
(1) ref. 42 : Firth, J.G., Trans. Faraday Soc., 62, 2566, (1966).

(2) ref. 67 : Firth, J.G., Jones, A. and Jones, T.A., Combustion Flame;
June 1973, 20, 303.
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APPENDIX ITI

Reaction Rates in Porous Catalyst: Derivation of

Equations for a Spherical Catalyst Pellet

Diffusion of reactant across the differential spherical

anmular shell of radius r is given by Fick's first law as

dc

v, = -4 r? p, =& (1)

where De is an effective diffusivity. The fundamental equation for
reaction within a spherical shell of radius r and thickness dr must
be equal to the difference between the flux entering the shell at ,
(r + dr) and that leaving at r, viz:-

-av, = 4T rldr S k Cp (2)

where S is a surface area per unit volume. dﬁA is also obtained by

differentiating equation (1) with respect to r as a product.

&
+41ErDEFA

A,

dﬂA
E ] R
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ac alc
4 A } ar (3)

5 5 T ~Sls T p?
d?’A [8 rDe e - 4 z De—d—r_z_

Assuming a first order reaction (n = 1) in equation (2), and equating

equations (3) and (2) gives

ac, : dch
|8 rD = + 4T rlD F5~|= 4T IZSkCAdJ:'
2 4C ac Sk C
or __A_'__..ﬁ. B____& (4)
r dr dre D

It h = R géjivwhere h represents a Thiele modulus, then

e

= = 6

2 2
a%c 2 dc h
A W e 2
v e e Bl YR (6)
To simplify let C, = = (7)

where v may also be some function of r.

Differentiating equation (7) with respect to r gives

A v 1 dv
&= - "EtTEw 8)

Differentiating equation (8) again yields the second differential:-

s
Bl

¢, ov 1 av 1 &v
= CISE - et et T (9)
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2v 2 av 1 &v
T w TT TRE tral (10)
2 3 2 dc s
Multiplying equation (8) by-f-to g1ve-5-afﬁ which forms part of

equation (6) gives

TE " " tIFEE (11)

Finally, summing equations (10) and (11) results in an alternate form

of equation (8):-

a%c, 2 dC, 1 &v . :
= trTEe TTam C Y% A2y
Equation (12) may be written as
av y
B L (13)
and since from equation (7), C, =-;?,
&v zv
F T i I‘b? = bzv (14)
av
or oy ok W (15)

Thus equation (6), is transformed into a form of the auxiliary equation
m? - v?2 = 0 where m = + b
The solution to equation (15) is

v = C, el 4 c, gbr (16)
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where C4 and C , are constants of integration.

Substituting for v = C, r from equation (7) gives

e br -br
C,T = C e + C,e (17)

Rearranging equation (17),

C Cc
- 1 br Z _br
Cpu = =8 + —e _ (18)

then differentiating equation (18) as a product with respect to r

results in
i br sbr
dCA be 1 -bé
TR =¥ i P
B bl TE Sl vt YT = ¢ (19)

Multiplying equation (19) throughout by r?

dc
rZEA- = C4 [bebrr - e"":|+c2 [e'br (-b)r - e'brjl (20)

Solving equation (20) first of all with the boundary condition

%:0 atr.=oyields

o = -C, - C, (21)
Then, expressing equation (18) in terms of C, and C4 only,
ha

which is equivalent to

2C, ebr N e—br .
Oy == 2 (24)
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0. = =21 ginh br (25)
s

If the second boundary condition that CA = Cg at r =R is now

introduced, equation (25) yields

Q
Il
w | &

sinh bR (26)

Dividing equations (25) by (26) gives

_EA k) R sinh br (27)
Co r sinh bR
and since b = h/R (equation 6),
C, _ R sinh (hr/R) (285
Co r sinh h
Rearranging equation (28) then yields
c, = Co B 11 sinh (hr/R) (29)
sinh h|r
Next, differentiating (29) with respect to r as a product function
yields
WBp = Lo B |8 oeh (ie/R) - Lainn (br/B) (30)
dr ginh h{ rR 2
or dC, _ C, R/r b/R cosh (hr/R) - C B/r’sinh (hx/R) (1)

dr sinh h
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Taking %—common factor and transferring to the denominator gives

&, _ G, h/R cosh (hr/R) - C, 1/r sinh (hx/R)

dr r/R sinh h

g;é at r = R describes the concentration gradient at the outer

(32)

surface of the pellet, so that equation (32) becomes under these

conditions

dr R/R sinh h

Rearranging

'Jgﬂiw _ So h/R cosh (hR/R) - C, 1/R sinh (hR/R)
ri= B

{dce‘ _ Coh/Rcoshh - C,1/Rsinhh
dr = R sinh h

Taking the common factor.gﬂ outside yields

R
dC, g _E:E[h coshh - sinh hjl
dr bal R sinh h

Equation (35) can be further simplified to

ac, o Wt
dr |r = R R tanh h

dCy _ Goh e
ar r =R R

(33)

(34)

(35)

(36)

(37)
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It is now desired to obtain the total reaction rate throughout the
single catalyst pellet, corresponding to the concentration gradient

of equation (37). The overall rate of reaction equals the rate of

mass . transfer into the pellet.
Rate of mass transfer into the pellet = 4TC R De[ggéi (38)
Substituting [-gA] from equation (37) into (38) yields
Rate = 4T R%D, coh[ e, 1} (39)
R tanh h h

Equation (39) describes the rate of reaction throughout one spherical
porous pellet. However, if the internal surface of the porous pellet

were all exposed to reactant of concentration C,, the rate would just be

Rate = L+ 7CR3K S C,Q (40)
3

The effectiveness factor f (or fraction of surface available as it is

sometimes called), is obtained by dividing equation (40) into (39) to

yield
e 2B s S @)
RZ k S I_tanh h h
2
Substituting EP.E_ . —i—z— from equation (5) into equation (41)
S

f =_2[_1__-L] (42) °
h| tanh h h
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The fraction of surface available f is defined by equation (42) for

a first order irreversible reaction in a sphere.
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APPENDIX III

Theoretical Calculation for the Concentration of Lead in the Gas Stream

In this appendix, the procedure for estimating by theore-
tical calculation the concentrations of lead in a gas stream resulting
from bubbling air through TMI/hrheptane solutions is described.

Tests were originally carried out with TML in n-heptane
in the presence of 'scavengers', and Associated Octel supplied the following
specified solution: concentration of TML = 0.79 emd a3 . In later work,
scavénger—free TML in n-heptane was used. The solutions supplied had to be
furthar diluted with n-heptane to give the desired concentration of lead inl
the final gas stream. An example of the calculation of the dilution factor
for a solution of 0.79 em3 dm 3 TML with scavengers in n~heptane is given
below; similar calculations for other scavenger-free solutions were carried

out.
DATA

Specification of TML (with scavengers) as Supplied by Associated

Octel Co. Ltd.

Component % w/w Specific gravity  Volume/cm3
TML 50.87 1.995 25.4736
Dibromoethane 17.86 2.179 8.1956
1, 2-dichloroethane 18.81 1.235 15.2295
Toluene 12.45 0.861 14.4599

Dye 0.06 - =
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Volume TML x 100
_=_ Volume

% v/v TML in TML with scavengers = = 40.205

Molecular weight of TML 267.3% g mol” (i.e. TML is 77.5% lead)

Molecular weight of n-heptane 100.2 g mol~’

Specific gravity n-heptane 0.687

Calculations

Let vapour pressure of TML at room temperature be @ mm Hg.

Let atmospheric pressure at room temperature be p mm Hg.

Let volume of TML with scavengers be Vf cm 3.

Let volume of n—heptané be VL cm 3.
2 V+ x 40.2

The volume of TML in V. em3 of TML with scavengers is ( 700 ), and

40.2 x 1.995
100 x 267.33

amount of TML present = [ ]V& ml = 3x 107> V. mol (1)

Similarly, the moles of n-heptane in VL em3 of heptane liquid is

0.687

i) -3
[100.2] V = 6.856 x 10 ° V, mol (2)

From (1) and (2), the mole fraction of TML is

3Vt
na = . + 6.856 vL (3)

Assuming the TML in n-heptane liquid mixture behaves ideally, Raoult's

Law is obeyed, i.e.

Partial pressure of TML = ﬁXTML (4)

and the volume of T™L (in m3) per m3 of gas at equilibrium will be

P,

P

(5)

Changing units to a concentration of TML, expressed in terms of mg m3 of gas,
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1000 (#/p) Xy X 267.33 x 10°
22400

1.1934 x 107 (#/p) Xy mg w> - (6)

But the T™L is only 77.5% lead by weight, thence the concentration of

Concentration of TML in mg m™~° =

lead per cubic metre of gas = 1.1934 x 10’x 0.775  (#/p) X,

Therefore mg of lead m3

9.249 x 10° (#/p) Xy (1)

With equation (7), a solution dilution factor for the solution supplied

by Associated Octel Co. Ltd. may be calculated. Since the leaded gas

stream was diluted with 4 parts air to 1 part leaded gas stream, if the

final lead concentration required is x, then the original supplied solution
mst be diluted such that a vapour concentration of 5x is in equilibrium with
the liquid. For example, if 20 mg m™3 of lead is required in the final gas

stream, then equation (7) must be equated to 100, as follows: .
100" = 9.249 x 10%(#/p) X

Substituting for #, p, and X,

100 = 9.249 x 106(33.5/760)[WT ivgsssg }
(assuming V.= 1000)
So that V.= 0.5607 cm 3 (8)
Now the solution sent by Associated Octel Co. Ltd. contained
0.79 cm3TML with scavengers per cubic decimetre of n-heptane. TFor this
volume of n-heptane, the above calculation showed that 0.56 cm3 of TML
were required. The supplied solution was therefore diluted from one cubic
decimetre to 1.410 dm 3 with n-heptane to ensure the correct concentration
of lead in the gas stream. Two assumptions are implicit in the above
calculation. These are:-
(i) +that the atmospheric pressure is 760 mm Hg, and
(ii) that the activities of n-heptane and TML approximate to their

concentrations.
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Assumption (i) can be allowed for easily, by applying a correction factor
of 760/% to equation (8) where p is the actual atmospheric pressure on
the day of experiment. Assumption (ii) is difficult to allow for, since
the activity coefficients of TML are unknown.

The air/lead concentrations were checked by direct analysis
of the gas stream using 0.2 mol dm> ICl solution to trap the lead, and
atomic absorption spectrophotometry was used as the means of quantitatively
determining the lead.
In the case of scavenger free TML/toluene,.the composition of the solution

was as follows:

Components % w/w Specific gravity Vblume/bm3
TML 80 1.995 40.100
Toluene 20 0.861 23%.228

Volume TML x 100
<. Volume

and the % v/v TML - = 63.3204

4.7254 x 1073 V. mol

6.856 x 107 V, mol

Amount of TML

Amount of Heptane

4.7254 V.
4.7254 ?} + 6.856 VL

Mole fraction TML ( Xpp )

Assuming ideal behaviour of TML in n-heptane, Raoult's Law is obeyed,

P,

1.1934 x 10?(-'%-) Xy, 08 13 and TML

go that partial pressure of TML

]

Therefore concentration of TML

is 77.5% lead.

Therefore concentration of lead in the air/gas mixture =

1,193 x 107 x 0.775 x (2) Kppyg, T€ T 9)
P
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Using a dilution ratio of 4:1 of air to leaded gas stream, and
assuming the amount of lead required in the final gas stream is 20 mg m3

then (9) must be equated to 100, as follows:

100 = 1.1934 x 107 x 0.775 (%—) A,

(Assuming v, = 1000 em3), so that

V} = 0.356 cm3 at 760mm. Hg pressure,
correcting for atmospheric pressure of the day when the solution was

prepared yields

760

L 3
VT = 0.356 x TAT 0.36 cm

The solution supplied by Associated Octel in this particular case
contained a concentration of TML in heptane of 1.58 em? dm™3,
To bring the concentration to 0.3%6 cm3 am3 , it was therefore necessary

that the overall solution be diluted from 1 dm3 to 4.39 dm? with n-heptane.



Appendix IV - Elemental Identification by
Energy Dispersive Analysis of X-rays

(EDAX) (p. 262)
removed for copyright reasons
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APPENDIX V

Determination of Nickel as an Tmpurity in the Unpoisoned

Beads Using Polarographic Technique

Preparation of Stock Solutions

(1) "AnalaR" grade nickel chloride hexahydrate was dried in an oven

at 80°C for 24 hours to give the anhydrous yellow form, molecular weight
129.616. 2.2077 g of anhydrous nickel chloride were dissolved in 1 m3

of deionized distilled water, giving solution A, containing ig dm3 nickel.
(i1) 0.1 mol dm™ potassium chloride solution was used as the background
medium. 14.910 g of "AnalaR" grade potassium chloride were dissolved in

2 dm3 of deionized water, (solution B). :

(iii) 5 cm3 of solution A were diluted to 250 cm3 using the 0.1 mol dm™>
potassium chloride solution, to give solution C (containing 20 ppm nickel
(20 pg em3)).

(iv) 5 cm3 of solution C were diluted to 250 cm3, again using 0.1 mol dm3
potassium chloride solution, to give solution D (containing 0.4 ppm nickel
(400 ng cm3 or 400 ppb)). z

(v) ©Preparation of the sample solution: Twelve compensator beads with
the end platinum wires cut off were weighed in a platinum crucible. The
beads were then dissolved as follows. Two drops of concentrated sulphuric
acid were added, followed by 10 em3 of hydrochloric acid. This mixture
was evaporated very slowly on a hot plate. After six hours of slow

evaporation, only 3 em 3

of the resultant solution were left,and this was
diluted with 15 cm3 of 0.5 mol dm™3 HCl. The whole solution was again

evaporated down very slowly with occasional additions of 0.1 mol am3
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potassium chloride solution B. After 18 hours of slow evaporation,
the solution left was diluted to 50 cm3 with solution B.

Polarographic Analysis

The polarogram of 50 cm3 of the original solution was recorded. The

settings of the instrument were as follows:

Mode of Operation Differential Pulse

Initial Potential : =0.9%V
Potential Range YT
Scan Rate : 2oV &
Modulation Amplitude ¢ 50
Current Range : 0.5 mA
Filter : 0.3 mV s

External Cell Switch ON Position

2 s

Droptime

Sensitivity on X-axis (40 x 1.5) mV cm™

Sensitivity on Y-axis

(40 x 4) mV cm”

The above settings were kept constant throughout the investigation. The
~height of the mercury reservoir was also kept fixed, to avoid changes in
drop size with time.

The "doping technique'" was used to calculate the amount
of nickel in the original solution. For this, the original solution
was doped with 1 cm3 of nickel chloride (solution A). containing 1 g dm™>;
a marked increase in peak height was observed. From literature values
(Rubber Handbook), the half-wave potential of nickel in 0.1 mol dm3 pota-
ssium chloride occurs at -1.1 V. The polarograph of the original solution

and the doped solution showed the half-wave potential of nickel to be at
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~-1.05 and -1.15 V respectively, which were in good agreement with the
literature value. This was futher confirmed by recording the polarogram
of the standard solution C containing 20 ppm (20 pe cm3 ) nickel, where

the half-wave potential was -1.12 V. The peak of the original solution
was a double one, due to the high concentration of aluminium, which has

a half-wave potential of around -1.3 V. Since this effect was not observed
in either the polarogram of solution C or the doped solution, it could

only have been due to the aluminium present. This was further confirmed
by other experiments.

The potassium chloride solution used was "AnalaR'", and
contained nickel as an impurity, listed under heavy metals. Ideally, the
potassium chloride should have been recrystallised to remove'the nickel,
but instead a polarograph of 0.1 mol dm™3 potassium chloride blank solution
was run using the same sensitivity settings, and no nickel was picked up.
However, increasing the sensitivity on the Y-axis to (0.4 x 8) mV cm™ gave
a peak due to nickel. At this sensitivity the amount of nickel present
was in the region of parts per billion (10%).

Throughout this work, triply distilled mercury was used,
and deionized water for making up solutions. All glassware was thoroughly
cleaned with chromic acid. It was important that the system was thoroughly
cleaned and that all variables were kept as constant as possible (i.e. drop-
size, droptime, cell conditions, and electrical connections). All solutions
had to be shaken vigorously before running the polarograph, alsc nitrogen
gas was bubbled through each solution for about 3-4 minutes before record-
ing the polarogram, to remove dissolved oxXygen.

Results and Calculations

Two polarograms were recorded:—

(i) The original solution was doped with 20 joat (FdRTB) of solution A,
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and with sensitivity on Y-axis set to (40 x 1.0) mV cm™ .
(ii) The original solution was doped with 1 cm3 of solution A, and with
sensitivity on Y-axis set to (40 x 4) mV cm” .

The amount of nickel was calculated from the expression

1i.v G
u 1 s
u iv + ( i, - P

where V

original sample volume,
v = volume of standard solution added,
i, = peak height of sample solution,
i2 = peak height of doped solution,
C., = concentration of original solution,
C; = concentration of standard solution added.
Results were : (i) 1.8% (w/w) nickel per bead.
(ii) 1.7% (w/w) nickel per bead.
These data are in conformity with the level of nickel expected from

the EDAX measurements.
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