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Nomenclature

Various symbols, superécripts, subscripts and abbreviations used in this work are
summarized below. All notation is fully defined when it first arises in the text.

Symbols:

a,b,c Parameters for fractional factorial
design models

a,b,c Lattice parameters

a, bycd Molar quantities of the chemical species
in a chemical reaction

2m Area of particle per unit mass

a2, Average surface area per particle

2y Area of particle per unit volume of bed

Chemical species

A B, C Antoine Constants

C Conversion , %

C Constant for equation 2.58

Ca. Bulk concentration

Cas External pellet surface concentration



Heat capacity

Interplanar angle

reactor diameter {tubular)

Effective particle diameter

Effective axial dispersion

Effective diffusivity

Mean diffusion coefficient of component i
in a2 multicomponent system

Effective Knudsen diffusivity

Estimated random error

Electron charge

Potential difference

Energy field strength

Flow rate of feed, moles/h
Formaldehyde concentration (by weight)
Moles of formaldehyde in liquid product (Appendix D)
Splitting factor

Molal heat transfer rate per unit mass of bed
Mass velocity of fluid based on total cross section of bed
Molal mass velocity of gas

Standard free energy

Plank’s constant

Heat transfer coefficient in gas phase
Heat of reaction

The Zeeman Hamiltonian

Magnetic field strength

Heat of formation

Heat of vaporization

Defining relation as defined on page 61
Mass transfer number (Colburn factor)
Heat transfer number (Colburn factor)
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FU-WIwé'p"'"‘o,*y;P;,U:P*U'U:’:’;’E

Indicates number of operating variables
Thermal conductivity of fluid

Mass transfer coefficient

Mass transfer coefficient in gas phase of component i
Forward reaction rate constant i, from left to right
Equilibrium constants

Reactor length

Pore size distribution function

Mass of electron at rest

Momentum of electron spin

Compensating cation in a zeolite cage

Molecular weigth of gas mixtures

Methanol concentration (by weight)

Moles of methanol in the liquid product (Appendix D)
Overall rate of reaction '

Refractive index

Order of reflexion

Momentum of the particle

Partial pressure

Partial pressure of component i

Saturation pressure

Peclet number

Prandtl number

Defined as per equation 2.38

Rate of reaction

Average pore size

Initial rate

Molal reaction rate per unit mass of bed

Universal gas constant

Methanol to air flow ratio, 100 x molcy,onh™ /mol,;h=!
Defined as per equation 2.39
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XI L] X'.‘v xa
y
¥

Catalyst particle radius
Reynolds number defined as per equation 2.41

" Reynolds number defined as per equation 2.29

Selectivity, %

Electron spin operator

Entropy

Surface area per mass of catalyst

Specific surface area of catalyst

Oxidized site, active site on lattice or adsorbed
oxygen on catalyst

Reduced site of lattice oxygen or the empty site
on catalyst

Schmidt number

Temperature, °C

Defined as per equation 2.60

Temperature, I{

Total moles of liquid product (Appendix D)
Mean fluid velocity

Volume

Volume of gas adsorbed -

Volume of liquid remaining condensed

Volume adsorbed equivalent to a monolayer of gas
Total pore volume

Weight of catalyst, g

Moles of water in the liquid product (Appendix D)
Independent variable

Conversion

Conversion at equilibrium

Variables defined as per equations 3.4 to 3.6
Measured response variable

Defined as conversion for first-order model
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ty

BET

CRT
EPR
ESR
SEM

W.H.M.LS.

Defined as selectivity for first-order model
Random variable

Yield, %

Defined as per equation 2.40

Critical compressibility factor

Abbreviations

(Brunauver, Emmet and Teller) Method

for surface area determination

Cathode Ray Tube

Electron Paramagnetic Resonance

Electron Spin Resonance

Scanning Electron Microscopy

Workplace Hazardous Ma.teri_als Information System

Greek Symbols
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Number of oxygen molecules required to convert
one molecule of methanol

Electron spin states

Electron Bohr magnaton

Parameters of equations for Least Squares Estimates in

Defined as per equation 2.35
Random error estimate
Porosity of catalyst

Bed void fraction

Pellet porosity

Internal effectiveness factor
Glacing angle

Contact angle

Fraction of the catalyst surface that is covered by
adsorbed component i
\aVavelengi:h

Viscosity

Total pressure

Density

Catalyst particle density
Catalyst bed density
Constriction factor

Surface tension

Tortuosity of catalyst
Shape factor

Thiele modulus

Overall efectiveness factor
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Superscripts

Indicates selected values (for the parameters)

Indicates least squares estimates (fc. the parameters)
Reaction order

Reaction order

Indicates a transpose -



air

cat

(8)

M
0,

Subscripts

indicates a matrix

placed before a symbol means in the feed
air

catalyst

film average conditions

gas

component i

methano]

oxygen

indicates value for datum u
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Abstract

The kinetics of the vapor phase air oxidation of methanol to formaldehyde over
molybdenum oxide catalysts, antimony oxide catalyst, and their mixtures {both
supported and unsupported), at atmospheric pressure and different operating con-
ditions, has been studied in 2 fixed-bed integral reactor heated by a fluidized sand
bath. |

The effect of various process variables, namely the process temperature (T), the
ratio of catalysts to feed flow rate or space time (W/F), and the ratio of methanol
fed to air (R), on conversion and vield have been determined.

A screening study at varying operating conditions was performed to determine
the optimum composition of a 5b20,-MoO3 mixture. On the basis of this study
a catalyst containing 67% Sb204-33% MoOs; was selected for the detailed kinetic
study of oxidation of methanol to formaldehyde.

The operating conditions studied were as follows: temperatures in the range 623
to 698 K, space times from 5 to 50 &eat/molcHonh™!, and methanol to air ratios in
the range 0.04 to 0.10 moley,oxh™! /mol,;, h-1. _

This catalyst proved to be highly active and selective to formaldehyde formation,
Yields up to ~100% were obtained. Best of)erating conditions found were obtained
at a space time of 27.5 for a methanol/air ratio of 0,06 and a temperature of 98 K.

The rate equation for the oxidation of methanol to formaldehyde was derived
on the basis.of a two-stage redox mechanism

CHaOH(g) + S 1+ HCHO(y + HyOpg) + S,y
Oz(g) + Sred =% Soy

i



where S, represents an active site of lattice oxygen and S, represents a reduced
site of lattice oxygen. The rate equation for the temperature of 648 to 698 K which
correlated the data was
k, Py

- Ky Py
14 2kzPo,

where k; and k; are the {emperature dependent rate constants of steps one and

two. The equations relating k; and k; with temperature were

6.9153 x 10°
T

1.8809 x 103
T

Several spectroscopic and analytical techniques, viz, electron spin resonance

Ink; = —6.4039 —

Ink, = —3.0154 +

(ESR), x-ray diffraction spectroscopy (XRD), scanning electron microscopy (SEM),
and adsorption studies were used to characterize the catélysts. The surface area
of the catalyst used in the kinetic study was 6.1 m?/g as determined by the BET
method.

A preliminary study of the Sb-Mo oxide mixture (load of ~ 5 wt%) supported
on Y zeolite was also carried out. Maximum yield obtained was comparable to that
obtained with pure MoQj.

A new catalyst has been developed that gave nearly 100 % conversion and 100 %
yield. The industrial potencial of this catalyst is very promising.
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Chapter 1
Introduction

Chemical kinetics is the study of the factors influencing the rate of a chemical
reaction. Chemical engineering allows considerable freedom of choice in reactor
design; this could involve the adoption of a continuous or batch process, the variation
of the initial concentration of reactants or operating conditions, or the alterations
of these variables during the course of the reaction.

In a Kinetic study, the aim is to attain a high yield and good selectivity. In many
cases, the use of an empirical rate expression is adequate in order to design the
equipment for such reactions. However, it is desirable to obtain a model that would
accurately predict the reaction behaviour, since it may then be safer to extrapolate
outside the range of experimental data.

The term catalysis describes a process in which the rate of reaction is influenced
by a2 substance which remains theoretically unaffected; this substance is called the
catelyst. In 1902, Ostwald [150] defined catalyst as “any substance that alters the ve-
locity of a chemical reaction without appearing in the end product of the reaction”.
This insight provided a basis for scientific inquiry into the subject and paved the
way for widespread investigation of catalytic phenomena. Since the time of Ostwald,
the science of catalysis has progressed steadily. The scientific progress has been ac-
companied by encrmous technological advances, ranging from the Haber process for
ammonia synthesis to present-day processes for the catalytic crackmg and reforming
of petroleum fractions, to the creation of tailor-made catalysts for greater efficiency
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in a very specific process, such as those for hydrodenitrogenation of quinoline and
pyridine (10,173] or those for methane coupling [15,57,93.1 19.124,125,141}

It is handy to classify catalytic reactions according to the number of phases in
which they occur. Homogeneous reactions are those that occur when only a single
phase is involved in the process, whereas heterogeneous reactions are those that
occur when there are two or more phases involved. Heterogeneous reactions occur
at the interface between the two phases. An important group of heterogeneous
reactions, the oxidation of oxygenated hydrocarbons, is the subject of the present
investigation.

There are several methods available [97] to measure reaction rates. These involve
either a differential or an integral reactor, and yet none is entirely satisfactory. In
the differential method the reactor operates at 2 low conversion so that the reaction
rate may be assumed constant. The integral method is carried out with a steady
state process making the experimental accuracy greater. However, the latter method
presents difficulties in the integration of the rate equation since there are several
hidden parameters.

A fixed-bed integral reactor operating at atmospheric pressure is used in this
investigation. Since we are more interested in yield and selectivity, and the most
common industrial process uses a mixture of methanol and air over a heated sta-

tionary catalyst at atmospheric pressure, care is taken to minimize the drawbacks
inherent in this choice.

1.1 Formaldehyde Manufacture

Formaldehyde was discovered by the Russian chemist Butlerov in 1859 [86] as the
product of attempted synthesis of methylene glycol. It is the first of the series of
aliphatic aldehydes. At ordinary temperatures, pure formaldehyde is a colourless
gas with a pungent, suffocating odor. It is produced and sold as water solutions
containing variable amounts of methanol. It is noted for its reactivity and versa-
tility as a chemical intermediate. Formaldehyde is used in the form of anhydrous

monomer, solutions, polymers and derivatives. Physical properties are surnmarized
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in Table 1.1. Further information about its physical and chemical properties is given
in Chapter 4.

There are two stages of practical importance in the pyrolitic decomposition of
methanol:

CHj- OH(g) — H- CHO(g) + H» AH @ 298 K = 21 kcal
H- CHO(S) — CO+ H; AH @298 K = 2 keal

and three stages of importance in its pyrolitic oxidation:

'12'02 + CHj; - OH(g) — H- CHO(g) + Hzo(g) AH @ 298 I = -37 keal
30:+H- CHO(g) — CO+ Hzo(g) AH@ 208 KK = -56 keal
302+ CO — CO, AH @ 298 K = -68 keal

It is to be noted that the dehydrogenation reactions are endothermic and the
oxidation reaction exothermic. Consequently, if one aims to manufacture formalde-
hyde by the dehydrogenation of methanol, heat must be supplied at a rate of 21
keal per mole of formaldehyde; if one chooses the oxidation process, provision must
be made for the removal of 37 keal of heat per mole of formaldehyde. It would then
be obvious that if the two reactions could bz combined in such a way that there
would not be heat generated or absorbed, i.e. zero heat reaction, the temperature
would be independent of the throughput, and the only factor limiting output would
be the reaction rate.

At ambient temperatures, the rates of these reactions are insignificant, so steps
must be taken to accelerate them. Since the rate of a chemical process is normally an
exponential function of the temperature, the logical course is to operate at elevated
temperatures. Unfortunately when this happens new problems show up. The first
and second stages in the pyrolitic decomposition of methanol, and the first and
second oxidation stages, occur in temperature ranges which overlap; the result is
that, under ordinary operating conditions, the formaldehyde is destroyed almost as
quickly as it is formed. To freeze the formaldehyde, a way must be found to induce
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Table 1.1: Properties of Monomeric Formaldehyde

Property

Value

density, g/cm?
at 193 K
at 253 K
boiling point at 101.3 kPa, K
melting point, K
vapor pressure, Antoine constants, Paj
A
B
c
heat of vaporization, AH,
at 292 K, kJ/mol
at 164 to 251 K, J/mol *
heat of formation, AH% at 298 K, kJ/mol
std free energy, AGY at 298 K, kJ/mol
heat capacity, Cp®, J/(mol-K)
entropy, S°, J/(mol-K)
heat of combustion, kJ/mol
critical constants
temperature, K
pressure, MPa,
fammability in air
lower /upper limits, mol%
ignition temperature, K

0.9151
0.8153
254

135
9.28176

959.43
243.392

23.3

7,234 + 14.56 T -0.1207 T?

-115.9
-109.9
35.4
218.8
561-571

410.2-414.2
6.784-6.637

7.0/73
703

tlogio Pea = A — B/(C + t);t = [°C]
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the primary decomposition, or the primary oxidation, of methanol to take place at
a lower temperature level. This calls for the use of a catalyst.

Subject to the reservation that the size and depth of the catalyst in the reactor
are adjustable parameters, the problem of producing formaldehyde from methanol
seems capable of solution by thermodynamic methods. Jones and Fowlie [80] ana-
lyzed this possibility which is summarized in Appendix E.

From this analysis and the knowledge that methanol decomposition starts at
T73 K, it is seen that the tendency towards dehydrogenation increases rapidly with
rising temperature and will be virtually complete at or above 1000 K. This means
that if there was only one stage in the pyrolysis of methanol, formaldehyde could
be produced simply by heating methanol vapour at some temperature above 1000
K, and, to avoid methanol regeneration, rapidly condensing the formaldehyde.

However, analyzing the second stage one finds several d-awbacks. As its equi-

librium constant has values between 10° and 10° the reaction is highly irreversible
-and will go virtually to completion. It is also known that formaldehyde vapours
start decomposing at 573 K, so that at 1000 K, the formaldehyde would be liable
to be destroyed almost as quickly as it is formed. Thus, straight dehydrogenation
is not attractive and experience has also proven so.

In the straight oxidation method, the aim is, with the aid of a catalyst, to induce
the primary stage in the oxidation of methanol to take place rapidly at temperatures
below those at which the second stage occurs at an appreciable rate. This is possible
because the primary stage becomes a heterogeneous reaction whereas the second
stage remains homogeneous.

After performing the thermodynamic analysis using air (20 vol% O,), Jones
and Fowlie found that the temperature range 573-673 K corresponds to working
mixtures in the range 5.5-8 % of methanol, ie. R of 5.8 to 8.7. The straight
oxidation method is subject to a wide number of patents [32,49,91,92,113,117]. Its
working temperatures are given as 523-723 K and the gas composition as 5-10 %
of methanol in air.

The conclusion drawn by these researchers exclusively from this thermodynamic
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analysis, is that a ‘composite’ method (dehvdrogenation and oxidation) would oper-
ate more efficiently near the upper explosive limit and the straight oxidation method
would do it in the region of the lower explosive limit of methanel vapour/air mix-
tures.

Production in Canada reached an estimated level of 99.8S x 10% metric tons in
1980 [156]. In that same year world production was estimated at about 12 x 10¢
metric tons [§6]. The U.S. is by far the largest producer, 3.055 x 10° metric tons
were produced in 1988 [132]. From January to April 1990 Canada exported. mainly
to the U.S., 4,166,971 kg valued at $ 1,613,000 [1]. It imported 371,318 kg valued
at $260,000 [2].

Though formaldehyde is mainly produced today by the partial oxidation of
methanol, it is also manufactured from the direct oxidation of hydrocarbon gases.
Unfortunately this method requires an energy-intensive plant. This makes it more
expensive [43,86}. Because of its relatively low cost, higher purity and variety of
chemical reactions, formaldehyde has become one of the world’s most important
industrial and research chemicals.

1.2 Oxide Catalysts

-

For years, several metal catalysts had been used for the production of formaldehyde.
However, metal oxide catalysts have proven to give better yields. Further details
about metallic catalysts can be found in a comprehensive bibliographic review on
formaldehyde research until 1963 published by J. F. Walker [164].

Initial studies with oxide catalyst mixtures were performed by Adkins and Pe-
terson [7]. They investigated the ;Dzdda.tion of methanol to formaldehyde using ferric
trioxide and molybdenum trioxide and mixtures of the two. The most satisfactory
catalyst was found to be an equimolar mixture of both oxides. Conversion reached
91 % at 646 K and R of 7.5. Jiru et ol. [79] carried out a very extensive study on
the oxidation of methanol to formaldehyde. His catalyst was composed of 17.5 wt%
ferric trioxide and 82.5 wt% molybdenum trioxide. Based on this study, Jiru and

co-workers [78,79} have postulated a two-stage oxidation reduction mechanism.
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Klissurski and Bliznakov [89] extended the investigations by E. Fields [49] fur-
ther and studied the effect of manganese dioxide-molybdenum trioxide ratios on
conversion. They found that a catalyst containing 20 wt% of MnQO, to S0 wt%
MoOj; gave the best results. Later Bliznakov et al. [24] investigated the rate mecha-
nism of the oxidation of methanol to formaldehyde. over this catalyst. They derived
an expression similar to that obtained by Jiru et al. [79] for a Fea03-MoOQ; cata-
lyst. However they did not study the effect of the process varables. Mann and
Hahn [107,108] carried out 2 kinetic analysis based on this catalyst (MnO2-MoQ3)
as well. They analyzed the effect of process variables, temperature (T), space time
(W/F), methanol-air ratio (R), and methanol feed rate, and found the best re-
sults (conversion 84%, selectivity ~100%) at 638 K, W/F of 22 and R of S. They
also confirmed that the model that correlated the data more satisfactorily was one
derived from a two-stage irreversible redax process.

Mann et ol [109] investigated the catalytic oxidation of methanol over molybde-
num trioxide-tungsten trioxide catalyst. From a preliminary study by Dosi [76,103),
a 45 wit% WO3-55 wt% Mo, catalyst was found to give maximum vield. After an-
alyzing process variables, operating conditions that gave highest yield were found.
A 94.9% selectivity and a 95.6% conversion were obtained at 699 K with W/F of
48 and R of 10. Again a two-stage redc: mechanism was found to fit the data
satisfactorily.

Several other catalysts have been studied in the catalytic oxidation of methanol
to formaldehyde. Bliznakov et al.[26] used BiQ-MoO, mixtures as catalysts. Max-
imum selectivity was obtained for a catalyst containing Bi»03-4MoQ;. Selectiv-
ity increased up to Mo-Bi oxide ratio of 1:1; beyond which no change was ob-
served. Fedevich and Zhiznevskii (47] performed experiments using TeQ,-MoOs,.
They found that these catalysts were not suitable for obtaining a very high yield
of formaldehyde. Koval et gl [96] utilized V205-Cr;0Q5 in their catalytic studies.
They suggested that the reaction mechanism depended upon the oxide catalysts
composition. The activity of the catalyst increased with decrease in the strength
of the oxygen bond on the catalyst surface. Oxides in which an exchange of lat-
tice oxygen with Ox(g) was slow were found to be more selective. Bhattacharyya
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et el [22] used pure V05 as catalyst. It was found that V,Os gives about 60%
formaldehyde vield at about 625 K, but as temperature increases selectivity de-
creases increasing CO production. Mann and Dosi [109] studied the kinetics of
vapor-phase oxidation of methyl alcohol on vanadium pentoxide-molybdenum tri-
oxide catalysts. They found that a two-stage redox mechanism fitted the data
satisfactorily for these catalysts. Bliznakov and co-workers [24,25] studied such
catalyst mixtures finding similar results as well. Recently more complex mixtures
have been tried out. Bliznakov et al. [24,25] studied the activity and selectivity of
V205-MoQO3-TeO, catalysts. They found that the selectivity of V205 catalyst for
conversion of methanol to formaldehyde was increased by adding TeO, and MoQj.
The binary system V20s-TeO: gave an unsatisfactory degree of conversion, while
the three-component V205-MoQ3-TeQ, catalyst had a stable activity and oxidized
methanol with a specific rate comparable with industrial iron-molybdenum catalyst.
It must be noticed that the difficulties already found in analyzing a two-component
catalyst are multiplied when analyzing a three-component catalyst. A complemen-
tary survey of the effect of metal oxide catalysts in oxidation reactions in the last
few years is given in Section 2.2,

1.3 Motivation

It is known that there is abundant literature regarding the use of MoQj as catalyst
for the oxidation of methanol to formaldehyde [7,35,63,88,101,1 15,116,128]. Several
mixtures of MoO; with other oxides [7,22,25,26,78,79,96,107] have been tried out.
However, little information is available regarding antimony oxide as a catalyst for
this reaction. Its characteristics as such have been studied by Abadzhieva and Klis-
surski [6]. They concluded that Sb,O; was 2 very selective catalyst but its activity
was one order of magnitude less than that of MoQ,. Information on the use of
mixtures of antimony oxide with molybdenum trioxide as a catalyst is even more
scarce. Antimony oxide often promotes the activity of catalysts used for selective
partial oxidations and for related reactions such as oxidative coupling. Although

various starting materials can be used, the calcined catalyst will usually contain the
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most stable oxide, i.e. Sh.O,. Normally, the tetroxide appears in the orthorhom-
bic a-form, but in the presence of molybdenum, vanadium or iron it can undergo
transformation to monoclinic 3-Sb20, [62]. It has been shown [18,19,20,123] that
there is a synergistic effect between Sb20, and Sn0;. The Sb,0, seems to trap O,
and generate ions, and then “spill” these ions so that remote centres on the SnQ,
become activated. Similar effects have been observed for Sbo0,-MoQ3 mixtures.

Several researchers have used mixtures of Sb-Mo oxides as catalysts for oxidation
and dehydration reactions. Ruiz et al.[138] studied the catalytic effect of mechanical
oxide mixtures of Sb;Q; and MoOj; in two reactions: N -ethyl formamide dehydration
and isobutylene oxidation. They propose that the former reaction is controlled by a
remote control mechanism that included the formation of active sites and a catalytic
cycle. It was also found that 2 synergetic effect is obtained on utilizing a mixture
of these oxides in both reactions. Such findings were latter confirmed by Zhou et
al.[174]. Wang and co-workers [163) studied the oxidative esterificaiion of ethanol
on a mechanical mixture of the same oxides mentioned above, which is not selective
for the ester formation. However, in the course of the oxidation of ethanol, some
reduced phases such as SbyMo,003; were formed in the catalyst, accompanied with
an increase of ester formation. As part of a broader study on oxidation of alcohols,
Fedevich et ¢l[48] used mixtures of Fe-Sb-Mo catalysts. They found that primary
alcohols effectively oxidized to the corresponding aldehydes. There is no reference
to any possible mechanism or kinetic study on the effect of Sh-Mo catalyst in such a
reaction. Some studies on surface characterization have been carried out iz the last
few years [115}, but with a broader base of molybdenum oxide mixtures, and with
only 2 specific study in mind. There is no reference to the effects of any spec:lﬁc
support on the behaviour of the above mentioned catalyst.

In order to understand the changes that occur on the catalyst surface several
analytical techniques and spectroscopic analyses were carried out, namely, electron
spin resonance (ESR), x-ray diffraction spectroscopy (XRD), scanning electron mi-
croscopy (SEM), and adsorption and surface arez analyses. These studies have
helped in determining some of the changes that occur on the catalyst surface due
to the activation itself as well as those due to the interactions between the oxide



CHAPTER 1. INTRODUCTION 10

catalysts and the support. They have helped to shed some light on the postulation
of a possible mechanism for this specific reaction.

The purposes of the present investigation were: (1) to study the effect of operat-
ing variables, i.e. temperature, space time (W/F), methanol to oxXygen in air ratio
(R), 2ir flow rate and catalyst composition, on yield and selectivity of formaldehyde
production; (ii) to characterize some of the changes that occur on the surface of the
oxide catalyst (both supported and unsupported) that give the highest vield and
selectivity, through surface studies; (ili) to study the kinetics and postulate a pos-
sible mechanism for the oxidation of methanol to formaldehyde over an improved
oxide catalyst and (iv) to develop a suitable rate expression, which would represent
the data satisfactorily.



Chapter 2
Theoretical Aspects

In order to properly perform a kinetic analysis on a specific chemical reaction one
has to consider a broad variety of theoretical aspects related with the science of
catalysis, from the how and the why of selection of the catalyst used in this inves-
tigation, to its mass and heat transfer related properties, to the way it affects the
reaction mechanism, to its interaction with its support and how it differs from the
unsupported catalyst, and finally to the theory behind the techniques used to study
the phenomena that occur on the catalyst surface.

2.1 Basis of Catalyst Preparation

Chemical composition is clearly the major factor in determining the catalyst prop-
erties. However, with a constant chemical composition, the catalytic characteristics
may vary over a wide range depending on the conditions and methods of catalyst
preparation, owing to the change in the nature of interaction of catalyst compo-
nents, dispersion, pore structure, crystallochemical changes and other factors which
may greatly influence catalytic reactions.

The catalytic properties of a catalyst are measured by the following character-
isties [28] :

1. Catalytic activity determined by the amount of a substance reacting per unit
volume of the catalyst per unit time under given conditions.

11
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to

Selectivity characterized by the ratio of the formation rate of the required
product to the overall rate of conversion of the initial product at a certain

temperature and reaction mixture composition.

Stability (thermal stability, resistance to poisoning, stable operation over a
long period of time).

Mechanical strength.

Hydrodynamic characteristics determined by the size, shape and density of
the catalyst grains.

The task of the theory of catalyst preparation is to find out:

1.

o

What properties of a catalyst other than its chemical composition influence
these basic characteristics?

What are the optimum values of these properties, or more exactly, what is
the optimum combination of these values that will provide high quality of a
catalyst for a particular reaction?

- How can these properties be varied during the catalyst preparation in order

to achieve their optimum value?
h )

2.1.1 Components of the Catalyst Formulation

In general, the catalyst formulation (be it a pellet, extrusion or grain) consists of: (a)
the support, usually porous Al;03, S$i0., or $i0;~Al,0a, upon which is deposited;
(b) the catalytic agent; (c) promoters. Andrew [12], and Boreskov [28] give some
guide about scientific steps to follow in heterogeneous catalyst preparation.

Supports

Since catalytic activity may be proportional to the concentration of active sites,

supports of high area are commonly employed. Porous solids provide areas ranging
from one to several hundred square meters per gram. In the silica-alumina catalyst
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the active site is formed when one aluminum atom shares four oxygen atoms which
in turn are shared by four silicon atoms. An acidic hydrogen ion is thought to
be associated with the four oxygen atoms surrounding the aluminum atom. The
catalytic activity is ascribed to this acidic hydrogen [158].

Thermal deactivation is a sintering process; i.e. the deposited crystallites grow
in size, with the consequence that the number of surface atoms per unit mass of
deposited metal decreases. This sintering is minimized with high dispersion, hence
the advantages of high area supports. A high area support is characterized by pores
of small diameter, which invites diffusional intrusions. In general, a porous support
is desirable, but the absolute magnitude of total area sought depends upon the
particular reaction and operating conditions.

The support should not be assumed to be inert in the catalytic process for it may
endow the deposited catalyst with certain properties (state of oxidation, valence)
and may exhibit the ability to adsorb reactants and/or atomic species dissociated
by the deposited cztalytic agenté. Some of these effects are discussed by de Beer
[38], and Lo Jacono and Schiavello [100]. Also, an overall review on this subject is
given by Topsceet al.[160].

Catalytic Agents

Usually deposited agents are metals and semiconductors, while insulator catalysts
are unsupported. The supported catalytic ingredients are generally deposited upon
the support from solution. It is to be noted that total impregnation of the support
by the catalyst bearing solution is not readily realized, nor, in Jact, is it always de-
sirable [31]. Kotera et al.[94] found that, in the preparation of Co/Mo supported on
alumina catalyst, impregnated catalysts exhibited higher catalytic activities than
kneaded ones and that a different optimum Co/Mo ratio existed for both prepara-
tion methods.

Promoters

Promoters are classified as physical or chemical. Additives which serve to maintain
the physical integrity of the support and/or deposited catalytic agent are termed
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physical promoters. Chemical promoters ace those which increase the intrinsic ac-
tivity of the crystallites, and are also those which inhibit undesirable products
formation. Thus promoters can be added during catalyst preparation or during re-
action. Dosi [43] studied the oxidation of methane to formaldehyde using a catalyst
of palladium supporfed on alumina. This catalyst was modified by a constant and
continuous supply of small amounts of chlorine, bromine and iodine compounds.
These promoters enhanced, each one differently, the reaction vield.

2.1.2 Carbon Formation

Carbonaceous deposits (coke) can be formed on catalysts under a wide variety of
conditions in a reducing environment. The factors involved in carbon formation on
nonmetallic catalysts, such as acid catalysts, are substantially different than those
involved with metals. On non-metallic catalysts the deposit may contain consid-
erable hydrogen, represented by an empirical formula CH, in which z may vary
between about 0.5 and 1. Carbon deposits on metals generally contain little or no
hydrogen, depending in part on the reaction temperature. Many reactions can cause
carbon deposits, but the process can be visualized in terms of the decomposition of
CO (2CO — C + CO,), of CHy (CH; — C + 2H,), or of other gaseous reactions
(for example, 2H, + CO; — C + 2H,0).

The thermodynamic equilibrium conditions under which solid carbon forms as-
sume that the carbon is present as 8-graphite. This has been questioned by Ma.nning
and co-workers [111] in a study of carbon deposition using nickel and cobalt catalysts
where they postulate carbon deposits as a metastable metal-carbide intermediate.

Carbon is often formed as filaments that appear in some cases like hollow tubes,
termed filamentous cerbon. The carbon deposition mechanism causes attack on the
metal and disperses it through a mass of finely divided carbon, which thus becomes
very catalytically active because the metal is finely divided. With time the fibrous
carbon structure may sinter and become more compact, whereupon it becomes less
reactive. This phenomenon is a mechanism of attack on bulk metal and supported
metal catalysts that can have serious consequences, such as rapid deactivation of
the catalyst. Recently Klingman and Lee [87] have proposed 2 kinetic model of
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catalyst deactivation by multilayer coking.

2.2 Development of Metal Oxide Catalysts

Recently the oxide catalyst process for formaldehvde production has assumed in-
creased importance. This process differs from the ‘classical’ procedure in that it em-
ploys lower temperatures, leaner methanol-air mixtures, and can produce formalde-
hyde that is virtually free of methanol. Manufacturing, yields are said to be higher
with metallic oxides than with pure metals -silver, copper [86]. The ‘classical’ pro-
cess is described in texts, such as those by Walker [164], Hartley [65] and Tatarvn
[156]. Nonetheless there are still several plant sites worldwide where formaldehyde
is still produced from methanol using metallic catalyst and several improvements in
performance and equipment have been attained [81,95,99,122,130,135,136,146,153].
Economical reasons are mentioned as the main factor on why these facilities still
operate with metallic catalyst.

As previously mentioned in Section 1.2 the first comprehensive study on a metal
oxide catalyst, MoQO3, Fe:03 and their mixtures, for the oxidation of methanol to
formaldehyde was carried out by Adkins and Peterson in 1031 [7]. Since then several
other researchers have studied, in more or less depth, the use of other metal oxides as
catalyst for the manufacture of methanol from formaldehyde. Table 2.1 illustrates
the development of this field of research since 1931. It relates the researcher with
the catalyst - as a single metal oxide or as 2 mixture of two or more components.
It is observed that MoQj; has proven to be an extremely good catalyst with high
selectivity for this reaction. The other metal oxide added to it in most cases acts as

a promoter. Its purpose is to enhance conversion without sacrificing the selectivity
' gained by the MoQ;. In most cases the mixtures have a synergetic effect, sometimes
due to the formation of 2 new phase between the oxides. Popov et al.[131] studied
the physicochemical properties of Cr,03-MoQs catalysts for methanol oxidation.
They found that two phases are formed during the catalyst preparation, Cry(MoO,)a
and MoOj3. Gasser and Baiker [56] using amorphous V.05 as catalyst found that
after thermal activation the final catalyst exhibited 2 crystalline structure consisting
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of V205 and V,40-.

Bliznakov et ¢l[26] studied the selectivity of VaOs catalyst and its mixtures
with TeO; and MoOj; for conversion of methanol to formaldehyde. The selectivity
of V20s was increased by adding TeO, and MoQs. In most cases it reached 100%
for temperatures between 573 and 673 K. The reason for the high selectivity of
V20;5-MoO3-TeO, catalyst could be associated with the increased surface concen-
tration of V** ions in the tellurium-containing catalysts. It is generally accepted
that the V4* sites are the catalytically active centres of VaOs-containing catalysts.
Khulbe et al[85] found that the increase in concentration of V++ ions, which play
the role of lattice defects, affects the activity of a catalyst, enhancing its selectivity.
The modifying effect of TeO. consists in stabilization of the surface concentration of
vanadium in the V4+ valence state which is probably maintained during the process.
Unfortunately Bliznakov and co-workers provided little information regarding con-
version of methanol to formaldehyde. The highest conversion achieved was 63.8 %
at 613 K fora V,05-10% TeO: catalyst. Noinformation regarding conversion is
given for the three-component catalyst making comparisons difficult.

Estévez et ¢l.[46] experimented at mild temperatures with iron-molybdenum
oxide catalysts in which chromium was added as promoter. They found that the
addition of Cr in even small quantities produces a significant rise in formaldehyde
vield surpassing that of the industrial catalyst used for comparison. At 548 I the
catalyst doped with Cr gave a yield close to 35% whereas the industrial catalyst
reached only 20%.

2.2.1 Reaction Mechanisms for MoOj;

The effect of MoQO3 on the oxidation of methanol to formaldehyde has been, as
already mentioned, subject of great study. Most of the information concerning
the mechanism of reaction with such a catalyst has been extracted with a vari-
ety of infrared spectroscopy, mass spectroscopy, and kinetic isotope studies. The

following concepts are generally accepted regarding the oxidation of methanol to
formaldehyde over MoQs;.
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(2) The first step consists of dissociative adsorption of methanol to vield

surface methoxy and surface hydroxyl species.

(b) The rate-determining step is the breaking of a C-H bond of the surface
methoxy species.

(¢) The activation energies for oxidation of methanol over MoQj and Fea(MoOy)a
are in the range 16-20 kecal/mol [61].

(d) The catalysis by both supported and unsupported single crystals of
MoQj crystals having a variety of geometries indicated that the basal
crystal face[(010) surface] of MoO; is responsible for forming formalde-
hyde, while the side surface [(100)] and apical surfaces [(001) and (110)]
lead to methylal and dimethyl ether, respectively (9,101,115,1186).

(e) Mo=0O centres have been identified by a number of workers as possi-
ble dehydrogenation centres believed to be important in mild oxidation
(35,101}

Allison and Goddard [9] found that surface diozo sites

\//

AR

are critical to activating methanol. They concluded that an important catalytic
site involves two adjacent surface dioxo units, with each dioxo site extracting one
H in a sequence of steps. The required dual dioxo site exists on the [(010)] surface
of MoOj; but does not exist on the other low index surfaces.

Chung et al.[35] propose that the oxidation of methanol to formaldehyde over
MoOQj3 can be represented by a2 mechanism involving methoxy intermediates chemisorbed
on oxygen vacancy sites. Formaldehyde and CO are mainly produced from methoxy
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o

on terminal oxygen (Mo=0Q) vacancy sites while bridged oxygen (Mo-0-Mo) va-
cancy sites are responsible for the production of dimethyl ether, dimethoxy methane,
and methyl formate. The bond strength of chemisorbed methoxy is greatly affected
by the electronic state of the oxygen vacancy. Reduced oxygen vacancy sites weaken
the C-H bond but strengthen the C-O and chemisorption bonds in the methoxy,
resulting in tue formation of more hydrogen-abstracted products. They also found
that the decrease in the formation of high-order products, dimethy! cther, dimethoxy
methare, and methyl formate, at high reaction temperatures is caused by the de-
crease in the concentration of bridged oxygen vacancy sites by formation of shear
planes in the surface layers of McQ;.

Louis and co-workers [101] studied two types of MoOj3 on SiO. catalyst for the
oxidation of methanol -one prepared by the classical impregnation method, the other
by the grafting method. They found that there is a dependence of the formation of
formaldehyde and methyl formate on the molybdenum content for grafted catalysts,
with higher selectivity for methyl formate. This could not be clearly found for the
impregnated catalyst. For this catalyst they proposed a mechanism which involves
the formation of formaldehyde from methanol on Mo sites, followed by its migration
on silica, where it further reacts with methoxy groups to form methyl formate via
hemiacetal intermediate.

It is clear that the [(010)] face of MoQj is highly selective for the formation of
formaldehyde, also that the sites on other face ought to be deactivated in order to
keep high selectivity. What is not clear vet is the effect of some other oxides, other
than Fe;Q3 and V05, on the Mo=0Q sites. Gasser and Baiker [56] confirmed, in a
study of methanol oxidation on vanadium oxide catalyst, that the active sites were
considered to be the V5*=0 species located on the [(010)] face, in accordance with
what was said in the previous section.

2.3 Theory of Kinetic Analysis

The relationship between reaction rate and operating variables is a very important,

factor in the design of any catalytic process. In heterogeneous catalysis it is generally
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Table 2.1: Development of Metal Oxide Catalysts for the Oxidation of Methanol to
Formaldehvde

Author Catalyst Year Reference
Adkins & Peterson MoQ;-Fe, 05 1931 (7]
Jiru et al M003—Fe203 1964 [79]
Klissurslki & Bliznakov mo:-Fezos 19635 [89]
Bhattacharyya et al. V205 1967 [22]
Mann & Hahn MnOQ-M003 1969 [107,108]
Fedevich & Zhiznevskii Te0,-Mo0; 1970 [47]
Bliznakov et al. BiO-MoO3 1973 [26]
Koval et al. V205-Cr203 1974 [96]
Mann ef al. V20s5-MoQ3 1973 [106]
Mann et al. MOO;;-"V03 1977 [109]
Bliznakov et al. V.205-M003-T302 1987 [25]
Gasser & Baiker V20sg 1988 [56]
Louis et al. MoQ3/510, 1988 [101]
Chung et al. MoQ, 1988 [35]
Estévez et al. MoQy-Fe,03/Cr 1989 (46]
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desired to derive rate expressions based on the Langmuir-Hinshelwood theory [97]
which may ultimately be used in the design of reactors.

2.3.1 Steps in Heterogeneous Catalytic Reactions

The sequence of physical and chemical steps which occur in an heterogeneous reac-
tion are [151]:

1. Transport of reactants from the bulk fluid to the finid-solid interface (external
surface of catalyst particle)

o

- Intraparticle transport of reactants into the catalyst particle (if it is porous)
3. Adsorption of reactants at sites of the catalyst particle

4. Chemical reaction between adsorbed reactants to produce adsorbed products
(surface reaction-the intrinsic chemical step)

.CJI

Desorption of adsorbed products

6. Transport of products from the interior sites to the outer surface of the catalyst
particle (if it is porous)

7. Transport of products from the fluid-solid interface into the bulk-fluid stream

The rate of reaction is generally a function of temperature, pressure, and com-
position of the reactants. The actual kinetics may sometimes be hidden by several
factors, e.g. catalytic activity of the reactor system, stability of the catalyst, dif-
fusion, and catalyst surface temperature effects. In order to derive a “true” rate
equation, the preceding factors, which may affect the mechanism significantly, must
be minimized as much 2s possible.The importance of the resistance of the various
steps varies greatly, depending upon operating conditions. Steps 1 and 7, being
physical processes, can be minimized by having highly turbulent flow and by mak-
ing active sites easily accessible to reactants. The effects of steps 2 and 6 can be
reduced by having a small particle size thereby making the effectiveness factor ~1.
Therefore, in most cases only steps 3 to 5 are considered to offer resistance. Usually

only one of these steps is rate controlling.
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2.3.2 Langmuir-Hinshelwood Mechanism

This mechanism is based on the concept of monolayer chemisorption on the surface
of the catalyst. The theory assumes that adsorption and desorption processes are in
equilibrium at constant pressure, and that the reaction takes place between either
an adsorbed molecule and a gaseous reactant molecule, or between two chemisorbed
molecules on adjacent sites.

A rate equation is derived by assuming a rate mechanism and selecting one of the
reaction steps as rate controlling. The slowest step controls the reaction. Further
details are given by Smith (151], Yang and Hougen [168] and by Hahn [83]. This
mechanism is not favored for oxygenated hydrocarbons.

2.3.3 Modified Langmuir-Hinshelwood Mechanism

The assumption of adsorption equilibrium in the original Langmuir-Hinshelwood
theory is not valid if the rate of adsorption of reactants offers significant resistance.
The modified theory considers that reactants adsorbed on the surface increase by
adsorption and decrease by reaction. The equilibrium conditions are established
when the two rates are equal. Mechanisms following this are generally termed
Redoz Mechanisms. Oxidation of oxygenated hydrocarbons can be treated as an
irreversible two or three stage oxidation-reduction reaction. Two and three stage
redox mechanisms are briefly described here. Further details can be found elsewhere
[31,61,76,98,143,151,168)].

Two stage redox mechanism

A steady state is assumed between the following two steps, with the equilibrium
shifted to the right side.

mCH30H + S = mHCHO(g) +mH20 + Seq (2.1)
| 202(g) + Sred —2> S (2.2)

The rate of reaction for relations 2.1 and 2.2 are:

n =kPHo (2.3)



CHAPTER 2. THEORETICAL ASPECTS 22

r2 =kP3 (1-9) (2.4)

Qary =1 (2.9)

where © is defined as the fraction of catalyst surface covered by adsorbed or lattice
oxygen and « is the number of oxygen molecules required to convert one molecule

of methanol, i.e. 0.5 in the present case. Based on equations 2.3, 2.4 and 2.5, the
following expressions can be derived:

il

where r is the rate of oxidation of methanol to formaldehyde. The integrated forms

of the rate equation with different values of m and n are given in Table 2.2, where

Py = oPu(1 —x)

) 1
POg = oPO: - goPMx

Three stage redox mechanism

The oxidation of methanol to formaldehyde taking place by a threc stage redox

mechanism, can be visualized to occur through the following sequences:

1. Methanol in gaseous state is adsorbed on the catalyst surface at an oxidized
site. It is then decomposed to yield gaseous formaldehyde, water and a reduced
site. Oxygen reacts with the reduced site to yield an oxidized site.

)

Metbanol in gaseous state reacts on the catalyst surface with an oxidized site
to produce water and adsorbed formaldehyde. The adsorbed formaldehyde
desorbs and it then yields gaseous formaldehyde and a reduced site. Oxygen

reacts with the reduced site to yield an oxidized site.
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Table 2.2: Two-Stage Redox Mechanism

No. Reaction Integrated Rate Equation
gr: q
Order
m n
.| CHsOH 0O,
—_—_———— ]
W Py 1 _ 4o (aPo.—=0.5x,Py )0
1 1 0.5 Fio(l=x) = "k ks In{1=x)
Wi _ 1 lafl-x o
N 0 | Fi=—g"2+2
= Wi1_ _20-x0% o
3 0.5 0 Fx= "ot
W Py _ 1 _ 20In(ePos~0.5,Pyx)
4 1 1 Fin(l—x) — "k In{1—x)
- w .PD::..S 1 20 (oPon -O-SOPMX)O""
o 0.5 Oua ?2(1-—:]0‘5 - _‘kT - ;.:2_ up(ﬁS(l_x)'a:
= 2 o P - -
6 |2 05 | FPR(l—x) =& — f2Buli( p 05 p, )0
T |2 1 | ¥ PH(1-x)= L 2—°"—P~;-(1211"—"11n(°Po, — 0.5,Ppx)
8 2 0 | W1_ 1 + =
= | Fx = kioPLx(l=x) T kg
w1 _ 1 a
9 |15 0 | Fx = nopmars + 2
E- Yot K.Y -
10 {15 05 | F,PI(1—x)2% = L ~ 2eBEAa®? (b 0.5, Pyx)0S
0.5 79 _.10.5
11 |15 1| FoPM (L~ %) = L - 2Bl ) b, — 0.5,Pygx)
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3. Methanol in gaseous state reacts on the catalyst surface with an oxidized site
to produce gaseous formaldehyde and adsorbed water. The adsorbed water
subsequently desorbs to yield gaseous water and a reduced site. Oxygen reacts
with the reduced site to vicld an oxidized site.

4. Methanol in gaseous state reacts on the catalyst surface with an oxidized site
producing gaseous formaldehyde, water and a reduced site. Oxygen is then

adsorbed at the reduced site, reacting with it to form an oxidized site.

5. Methanol in gaseous state reacts on the catalyst surface with an oxidized site
forming water and adsorbed formaldehyde. The latter enters in equilibrium
with the reduced site and the desorbed formaldehyde. Oxygen reacts with the
reduced site to yield an oxidized site.

The rate equations, with their respective m and n values for the above mentioned
three-stage redox mechanism for various sequences are shown in Tables 2.3 to 2.5.

The rate equation for the first case of the three-stage redox mechanism can be
derived as follows: Methanol in gaseous state is adsorbed on the catalyst surface on
an oxidized site to produce gaseous formaldehyde, water and a reduced site. Oxygen
then reacts with the reduced site to give the oxidized site. The rate equations for
this mechanism can be derived as follows:

mCH;OH(g) + Sox ~2 (CHzOH)m — Sox (2.8)
(CH30H)y, — Sox =+ mHCHO(g) + mH,0(g) + Sreq (2.9)
Sred + 002(g) = Sox (2.10)

From these relations we can write the rate equations as:
r, = k,0,PR (2.11)

Iy = ky O, (2.12)
rs = kyO;P%, (2.13)

rl — r2 (2- 14)
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Table 2.3: Three-Stage Redox Mechanism (a)

No.

Reaction
Order
m n

CH;0H O,

Reaction Mechanism

mCH30H(g) + Sox =+ (CH3OH )y — Sox
(CH3OH)m — Soc 2+ mHCHO(g) + mH20(g) + Seea

Sred + O3(g) =2+ Sox

Rate Equation

_ k, P
- k key P
1+3EPR +o.s,‘a—,,g:

to

mCH;OH(g) + Sax =+ (HCHO)m — Seea + mH0(g)
(HCHO)m — Spea 2+ mHCHO(g) + Seed

Sred + 202(g) =2+ S,

Rate Equation

kPR

I=— om 1Y
1.-+-;2L u+0-5h—l,g§-
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Table 2.4: Three-Stage Redox Mechanism (b)

No. Reaction
Order
m n

CH;0H O,

Reaction Mechanism

3 1,2 0.5

mCH;0H(g) + Soc = mHCHO(g) 4 (H20)w ~ Seea

(H20)m — Srea =% mH,0(g) + Seea

Sred + 002(g) = S,

Rate Equation

r= ki PT

k k) P
1+;—;-Pﬂ+o.s-——;?‘-ka ¥,

mCH;OH(g) + Sex ~4+ mECHO(g) + mH>0(g) + Sred

Sred +202(g) =2 (O2)n — Sped

(02)n - Srcd i” Sox

Rate Equation

r= ki P2

1405 2PR 405

ki P

Ty
lt:l“o2




CHAPTER 2. THEQRETICAL ASPECTS

Table 2.5: Three-Stage Redox Mechanism (c)

No. Reaction Reaction Mechanism
Order

m n
CH;0H O,

—— —e—e—,™§™S

[SV]

5 1,2 0.5 | mCH3OH(g) + Sox —% mH,0(g) + (HCHO),, ~ Sy
(HCHO)m — Sred = mHCHO(g) + Soog

Sred + 005(g) =25 S,

Rate Equation

k; P&
K P P

r= Mo
14+0Sopl 40 st
3 Og 2%3 Oy
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@g = klelp.\l () 15)
ks
ITn = ?.I';; (‘) 16)

So=1 (2.18)

Where 0, , ©2, and O; represent the fractions of the catalyst surface that are bare,
covered by methanol, and the reduced sites respectively, and ©; is the fraction of
the surface covered by the ith species. Combining equations 2.11 te 2.18 we obtain:

1
O, = (2.19)
YRR . AT
If r; is the rate-controlling step then,
k .
r=n = klPlP“ —— (2.20)

1 + k2 + 2hpn

Similarly if r; or r3 are rate controlling steps then,

r=1Is = klele{} (2.21)
and o
r=rz= 510, P (2.22)

2.4 Initial Reaction Rate

In a steady state flow system, the relationship between conversion, flow rate and
reaction rate is given by the equation

Fdc=r dW (2.23)
which on integration yvields
e w_ / *dx (2.24)
F J r -

where
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r = Moles of reactants couverted per (unit time) (unit mass of catalyst)
F = Flow rate of feed, moles per unit time

w = Mass of catalyst

x = Moles of reactant converted per mol of feed

Values of the reaction rate should be correlated against the conditions of com-
position and temperature which prevail at the surface of the catalyvst where the
catalytic reaction actually takes place. From equations for mass and heat transfer
(see Section 2.5) the film gradients for partial pressure of each component gas and
temperature can be evaluated. If the rate of catalytic reaction is plotted against
mass velocity the rate increases progressively from a certain value at zero mass
velocity to an asymptotic value at high mass velocity. It is desirable to operate at
sufficiently high mass velocity so that film gradients become negligible. The value
of r at zero mass velocity is the reaction rate obtained in a nonflow system.

After the effects of heat and mass transfer, diffusion, fouling and deactivation
have been minimized, eliminated or accounted for, selection of the rate-determining
chemical step is in order. For gaseous reactions catalyzed by solid surfaces each sep-
arate molecular change usually consists of one or two rate-controlling chemical steps
such as chemisorption with or without association of one or both reactants; surface
reaction between adsorbed reactants and products, and impact of a noradsorbed
reactant with one that is adsorbed..

Mathematical expressions for rate equations can be derived by considering the
principles mentioned earlier. In general these rates may be expressed by a com-
bination of three terms; the kinetic term, the potential term and the adsorption
term. Detailed expressions for these general rate equations can be found in 2 paper
by Yang and Hougen [168]. In the same paper one finds several curves that in a
general way show the effects of total pressure and feed composition for zero per-
centage conversion. To show the effects of conversion each of these curves would be
replaced by a family of curves, one for each percentage. Each curve would be of 2
similar shape to the parent curve at zero conversion but would drop progressively

with increase in percentage conversion and reach a zero rate curve at equilibrium.
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In general where adsorption is controlling, the rate curve plotted against conversion
at constant pressure and temperature is concave downwards and where surface re-

action is controlling is concave upwards. For reversible reactions the same effects
are observed but the falling off in rate is more marked.

2.5 Heat and Mass Transfer Effects

In the rate equations for reactions catalyzed by solid surfaces the partial pressure
and temperature changes at the gas-solid interface should not be necessarily as-
sumed to have negligible effect in the interpretation of the catalytic reaction-rate
data. It is usually assumed that the surface conditions are the same as those of the
ambient gas stream. If this assumption is not verified there can be an erronecous
interpretation of the reaction model.

The values at the gas-solid interface can usually be calculated from measure-
ments of the bulk-stream values. Because of resistances imposed by heat and mass
transfer, the interfacial and bulk-stream values are different. It is desirable to elim-
inate these transfer resistances to simplify the correlation of experimental data on
reaction rates. The effect of heat and mass transfer can be seen from the following
relations:

Ima = kgaam@(Pa — Pas) (2.25)
gma = TmalH, = hgand(T — T)) - (2:26)

where

TmA = Molal reaction rate of component A per unit mass of bed

Molal heat transfer rate of component A per unit mass of bed

I

Molal heat of reaction of component A
Mass transfer coefficient in gas phase of component A

Heat transfer coefficient in gas phase

Area of particle per unit mass
Shape factor, assumed to be 0.9 for irregular granules

CPEFRT
Il

P, = Partial pressure of component A in ambient fluid
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P = Partial pressure of component A at catalyst surface
T =  Temperature of the ambient stream
T; = Temperature of catalyst surface

The transfer coefficients hg and kg, can be calculated from the dimensionless
Chilton-Colburn j factors [34].

2
in = s (B (227)
keaPra [ & \°
Io == (ppm), _ (2.28)
where
ju = Heat transfer number
Ip = Mass transfer number
Cp = Heat capacity per unit mass at constant pressure
Gm =  Molal mass velocity of gas based on total cross section of bed
7 Viscosity of fluid
k Thermal conductivity of fluid
QEE = Prandt] number (Pr)
Pea = Film pressure factor, defined by equation 2.34
P = Density of fluid
Dia = Mean diffusion coefficient of component A in a multicomponent system
B = Schmidt number (Sc)
f _ = Properties evaluated at flm average conditions

The j factors can be evaluated from expressions developed by Gamson et al.[55)
and by Wilke and Hougen [167] in different ranges of Reynolds number. Such
modified Reynolds number is defined as

(2.29)
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where G is the mass velocity of fluid based on total cross section of bed, and D,
is the effective particle diameter. The effective particle diameter is. as well . defined
as yfap/m; where a, is the average surface area per particle.

For Re > 350 jy and jp can be obtained from [35]:

jn = 1.0GRe™%" (2.30)

ip = 0.99 R0+ (2.31)
For Re < 350 the heat and mass transfer numbers are obtained from [167]:

ju = 1.95Re=05 | (2.32)

jp = 1.82Re™0%1 | (2.33)
The film pressure factor for component A, Py, in equation 2.28 is defined by:
P = (II 4+ 0sPA) — (L + 64P4;)
A=

(2.34)
N45,P,
In (ﬂ+5APAl)
where II is the total pressure and §, is
5A=r+s-r...—a—b... (2.35)
a
wherer, s, ...a, b, ...are the coefficients of components R, S, ... A, B, ..., respec-

tively, in the reaction
aA +bB+ ... =rR+sS+...

It is observed that Py, is the log-mean value of (Il + §,P4) across the gas film.
Similar equations can be obtained for components B, S, etc.

Based on the above equations Yoshida et ¢l[172] developed a method for calcu-
lating drops in temperature and partial pressure between the bulk gas stream and
the exterior surface of the catalyst. This method can be used as well for surfaces
on the inside of the catalyst.

Pressure (AY) and temperature (AT) gradients can be determined from charts -
and equations proposed by Yoshida et ¢l.[172]. Such charts make use of calculated
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values for constants and dimensionless numbers for a given system. The equations
developed follow:

AT = Q(jn) " (Pe)f (2.36)
T = AV = (o) Y (S0} (2.37)
where " rmadHy
Q= m (2.38)
= &:t';ém (2.39)
Yo = % (2.40)

'For ease of calculation the velues of j factors can be correlated with a modified
Reynolds number, Re. This modified Reynolds number i sa Tunction of the shape
factor and the area of particle per unit volume:

G
avpp
where a, is the area of particle per unit volume of bed, which is defined as
a, = ayp,, Where p, is the catalyst bed density.
The values of j factors to be associated with Re are [172]:

Re =

(2.41)

For 0.01 < Re < 50
jp = 0.84Re™""! (2.42)

For 50 < Re < 1000
ip = 0.5TRe ! (2.43)

And for both cases
ju = 0.076jp (2.44)

The gradients are found to fall in a narrow band either on a AY, versus Ror
a AT versus Q plot, which indicates that the parameters R and Q are the most
important factors in this method in controlling the pressure and temperature drops,
respectively. .

From Yoshida’s mathematical development it can be inferred that both the
temperature and partial pressure differences across the film are proportional to
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raDJ+ G™=!. Since m is either 0.51 or 0.41, by decreasing the particle size and in-
creasing the flow rate, heat and mass transfer resistances are practically eliminated.
Several other researchers have arrived at similar findings [45,67,68,69,139,143).

A sample calculation based on the method of Yoshida et al.[172] that estimates

the temperature and pressure drop from the bulk phase to the catalyst surface is
shown in Appendix F.

2.3.1 Axial Dispersion and Channeling

Deviations from plug flow may be caused by one or more of several effects. The
void fraction of a packed bed next to the wall is higher than in the center. Because
of the lower resistance at the wall, the linear velocity near the wall is greater. The |
contribution of wall flow to the total fiow may be significant for low ratios of g:,
for example 10 or less. The extent to which this may affect reactor performance,
however, depends on several factors such as the value of Re, the bed length, and the
conversion. At low Reynolds numbers, molecular diffusion may cause a significant
axial dispersion. Regardless of the cause, axial dispersion, also called back-mixing,
is usually represented by a Peclet number, Pe = %’:-, where D, is the effective axial
dispersion and # the mean fluid velocity.

Usually, axial dispersion is of negligible importance, except for very short beds
and high conversions at low flow rates. Since this can usually be overcome by
lengthening the bed, the following criterion [143] is presented for the minimum
reactor length necessary to avoid a significant dispersion effect.

L2 G

2.4
d,” Pe (G (2.45)

Here n is the order of reaction, and %-f- is the fractional conversion. The Peclet
number is about 2 for gases at Reynolds numbers above about 2 if the ratio g—:
is sufficiently large that wall bypassing is not serious. According to this criterion,
for axial dispersion effect on reactor performance to be less than 5 %, the reactor
length to particle diameter ratio ( Etf,' ) should be more than 350.
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[31]

Almost all the information on the effect of the Revnolds number on the Peslet
number has been obtained from nonreacting, isothermal systems. At low values of
Re, convection effects in laboratory reactors may be a far more important source of
deviation from plug-flow than is generally recognized; for example, if an exothermic
reaction is studied in a down-flow reactor, convection effects may be suspected,
especially in short, squat types of configuration. It is difficult to predict such effects,
but experimentally, if a fairly coarse catalyst is being studied and dispersion by
convection is suspecte.., filling the void with an inert material may be an effective
diagnostic procedure. If dispersion by convection is indeed significant, this would
reduce convection and likely increase conversion.

2.6 Diffusion

When catalysts are porous their external surface area constitutes 2 small fraction of
the total surface area on which the reaction takes place. The diffusion of reactants
into and that of products out of the pores could become an important factor in
controlling the reaction rate. Depending on whether the mean free path between
intermolecular collisions is small or large compared with the pore radii, either one
of the two kinds of diffusion, molecular or Knudsen, in pores is possible. If the
mean free path of the diffusing molecule is small with respect to the pore radius, ‘
the collisions between molecules control diffusion and the unusual molecular or
bulk diffusion is applicable. On the other hand, if the pore size of catalyst is small,
collisions between molecules and pore wall control the diffusion process and Knudsen
diffusion prevails.

2.6.1 Molecular Diffusion

It predominates with all catalysts -porous and nonporous- at very high pressures
(> 101.3 MPa) or at atmospheric pressure with very large pores (> 50um radius).
The effect of molecular diffusion is minimized by using high velocity of gas stream
passing through the catalyst bed, and its extent can be evaluated by varying the
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feed rate while the space time is kept counstant.

2.6.2 Knudsen Diffusion

The Knudsen diffusivity depends on the molecular velocity and the pore radius,

and it is independent of pressure. Since the mean free path for gases is of the

order of 10 um at atmospheric pressure, diffusion in micropores of catalysts will be

predominantly of the Knudsen type. Some restrictions apply, though, when zeolites

are used as supports for metal or oxide catalysts, as explained in Section 2.7.2.
The effective Knudsen diffusivity is given as [143]

gt /T
. = — 24
Dy, = 19400 sV M (2.46)
where
€ = Porosity of catalyst
T = Tortuosity of catalyst
Sg = Specific surface area of catalyst
Pp - = Catalyst particle density
T = Absolute temperature
M = Molecular weight of gas mixture

The effect of Knudsen diffusion is evaluated from the knowledge of the cffec-
tiveness factor of the catalyst. This factor is defined as the ratio of actual reaction
rate per unit mass of catalyst to the rate which would exist if the concentration at
all interior interfaces were the same as those at the exterior surface. Details of the
effectiveness factor are described in Section 2.6.3.

Although several researchers [43,76,83] have correlated effectiveness factor with
physical properties of sjstems such as the one here investigated, there is still much
work to be done in this field. An estimate of the effectiveness factor for cata-
lysts such as the ones used in this study can be calculated using a modified Thiele
method {143).
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2.6.3 Effectiveness Factor

The magnitude of the effectiveness factor -generally ranging from 0 to 1- indicates
the relative importance of diffusion and reaction Emitations. The internal effective-
ness factor, 7, is defined as the ratio of the actual overall rate of reaction to the
rate of reaction that would resulc if the entire surface were exposed to the external
pellet surface concentration Cy,. ‘

After performing the proper substitutions and assuming a first-order reaction
(see Fogler [51] and Smith [151] for the general case) one obtains

n= (%(@1 coth @; ~ 1) (247)

where @, is the Thiele modulus for a first-order reaction. The Thiele modulus is
defined as

0.5
& =R (L—lgz—sa) (2.48)
where
R = Catalyst particle (pellet) radius
k,; = Rate constant for a first-order reaction
Sa = Surface area per mass of cataiyst
D, = Effective diffusivity

The effective diffusivify, D,, is related to either the molecular or Krudsen diffu-

sivity as follows

I 4 (2.49)

where &, is the pellet porosity and o is tbe constriction factor.

When the particle diameter becomes very small, & decreases, so that the effec-
tiveness factor approaches one and the reaction is surface reaction limited. On the
other ha.nd, when @ is large (~30), the internal effectiveness factor 7 is very small,
(i.e. <1), and ike reaction is diffusion limited within the pellet. Consequently, fac-
tors influencing the rate of external mass transport will have a negligible effect on
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the overall reaction rate. For large values of the Thiele modulus. the effectiveness
factor can be rewritten as

—

Al e

12 5o = & (Dkip S (2:50)

Therefore, in order to increase the overall rate of reaction, M . for a specified
mass of catalyst one might

1. decrease the radius R, i.e. make pellet smaller,
2. increase temperature,

3. increase the concentration of reactants,

4. increase internal surface area.

It is obvious that these are general guidelines and might not necessarily apply

in all cases. For reactions of order n, when generalizing equation 2.4S one obtains
g2 = ST Sanp Ry (2.51)
. D,

If there happens to be 2 situation where exte.nal and internal resistances to
mass transfer and within the pellet are of the same order of magnitude the internal
effectiveness factor alone will not describe completely the effect of mass transfer
to the surface of the catalyst. In such 2 case it is convenient to define an overall
effectiveness factor that is based on the bulk concentration. This overall effectiveness
factor, 2, is the ratio of the actual overall rate to the rate that would result if the

entire surface were exposed to the bulk concentration C,_. Both effectiveness factors
are related as follows

7 .
Q= = (2.52)
R
where
ke = Mass transfer coefficient
ac - 8(1—ep)
- podp

" Ep = Bed void fraction
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Several treatises deal with this subjéct in much more detail (see Fogler [51],
Smith [151], Carberry [31], and Chen [33]).

2.7 Zeolites

Zeolites are highly crystalline, hydrated aluminosilicates that upon dehydration
develop into an ideal erystal having a uniform pore strr..ure having minimum
channel diameters (apertures) of from about 0.3 to 1.0 nm. The size depends
primarily upon the type of zeolite and secondarily upon the cations present and
the nature of treatments such as calcination and leaching. Zeolites have been of
intense interest as catalysts for some two decades because of the high activity and
unusual selectivity they provide in a variety of acid-catalyzed types of reactions. In
many cases, but not all, the unusual selectivity is associated with the extremely fine
pore structure. This permits only certain molecules to penetrate into the interior of
the catalyst particles, or only certain products to escape from the interior. Further
descriptions of zeolites are given by Bolton [27], Scott [148], Gottardi [64] and Jacobs
(75).

Zeolites are of practical interest for a variety of reasons. The fine pore structure
permits adsorption separation to be carried out on the basis of molecular size and
shape, so-called molecular sieving, as in the separation of n-paraffins from isoparaf-
fins. The ability to alter zeolite properties by ion exchange permits the synthesis
of adsorbents of unusual selectivity, even when all molecules have free access to the
interior pores of the zeolite. The ion-exchange properties also allow a high degree
of flexibility in synthesizing catalysts, for example the ability to produce a highly
dispersed metal. From the catalytic point of view zeolites are of special interest in
that they exhibit unusual high activity for various acid-catalyzed reactions such as
cracking, the ability to combine a molecular sieving property with catalysis, and
_ unusual selectivity behaviour. /
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2.7.1 Structure

The structure of a zeolite consists of a three-dimensional framework of Si0, and
AlQq tetrahedra, each of which contains 2 silicon or aluminum atom in the centre.
The oxygen atoms are shared between adjoining tetrahedra. which can be present
in various ratios and arranged in a variety of ways. Zeolites may be represented by
the empirical formula

Mafa » Al2O3 - xS5i0- - ¥H20

or by the structural formula

NIxt[n{(A.lOﬂxl(SiOz)yf} - ngO

where M is the compensating cation for the net negative charge that is the result of
isomorphic substitution of Si by Al, and the bracketed term is the crystallographic
unit cell. The metal cation (of valence n) is present to produce electrical neutrality,
since for each aluminum tetrahedron in the lattice there is an overall charge of -1.
Access to the chanmels is limited by apertures consisting of 2 ring of oxygen atoms
of connected tetrahedra. There may be 4, 5, 6, 8, 10, or 12 oxygen atoms in the
ring. The largest apertures occur in the faujasite-type zeolites (types X and Y)
and mordenite, which are of high current interest as catalysts. Zeolites are often
prepared in the sodium form; the sodium can then be replaced by various other
cations or by hydrogen ions.

Pore Structure

During dehydration some movement of cation may occur; the cation may also move
by interaction with adsorbed species and thus alter the structure. Hence the ef-
fective pore size of dehydrated zeolites cannot be directly inferred from that of
the hydrated form. The effective pore diameter may also vary with the nature of
the cation present, for example Na, Ca, H or the dehydroxylated form, and with
other treatments. For use in reactions, such as catalytic cracking, high temperature

stability is important, which is generally increased by minimum sodium content.
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Zeolites Type X and Y

Types X and Y are structurally and topologically related to the mineral faujasite
and frequently referred to as faujasite-type zeolites. They have three-dimensional
intersecting channels in which the minimum free diameter is the same in each di-
rection. They consist of an array of cavities having internal diameter of about 1.2
nm. Access to each cavity (also termed supercage) is through six equispaced necks
having a diameter of about 0.74 nm. The X and Y zeolites have among the largest
minimum aperture restrictions of any zeolite, and the bighest void fractions. Their
structure may be visualized by the line drawings of Figures 2.2, 2.3 and 2.4. In
the foreground of Figure 2.2 is one of the necks, consisting of a ring of 12 oxygen
atoms, through which may be seen slight portions of the three other necks. The
rows of necks comprise an array of passageways perpendicular to one another in
three dimensions.

2.7.2 Properties

In this section the properties of zeolites related to their use as catalysts are reviewed.
Their ion-exchange capability, diffusion, thermal stability and molecular sieve effect
are also described.

Ion-Exchange Capability

Owing to the isomorphic substitution of silicon by aluminum, the chree-dimensional
oxygen framework carries an excess negative charge, compensated by cations. The
cations can be exchanged with other cations of different nature and valency, which
permits the introduction of catalytically important elements. By changing the na-
ture of the cation and the degree of exchange, a whole family of single cations can be
exchanged, as well as complexes of cation such as Cu(NH)2* and Pt(NH;)2*. The
only limitation to the nature of the cations that can be introduced by ion-exchange
is the acid stability of the zeolite. Generally the zeolite is more stable in acidic
solutions when the Si:Al ratio is higher. However, when the exchange solution is

strongly acidic, one should bear in mind that, in addition to a given cation, protons
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Figure 2.2: Zeolite X and Y (Faujasite) Structure



CHAPTER 2. THEQRETICAL ASPECTS

SODAUTE .|
A CAGES
}
[}
lu-
)
v
s &'z .l
" g SUPERCAGE kG
2 Le _
! "G
I R
?.ﬂ '. -~
: .
sy
1
i HEXAGONAL
o PRISMS

43

Figure 2.3: () Schematic of faujasite framework showing oxygen type (o) and non-

framework () locations.

(B) Adamantanoid pore structure in faujasite.
change/functionality

(C) Basic unit of cation ex-

Figure 2.4: (A) Geometric representation of sodalite cage as a truncated octhedron.
(B) Sodalite cage complex containing four rare earth cations.

(-)=Si,AL; (0)=oxygen; (s)=rare earth
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are also exchanged in the zeolite. In this way, a solid with strong acid sites in the
pores is created.

Diffusion

Diffusion in zeolites is more complex than Knudsen diffusion or bulk diffusion, and
the activation energy is usually substantially greater than that for Knudsen or bulk
diffusion. Diffusion in zeclite pores of roughly 1 to 5 nm diameter, in which Knudsen
diffusion merges with configurational diffusion, is essentially unexplored, but surface
diffusion may well play a significant role under these circumstances.

In the configurational diffusion regime, the increase in diffusivity with change
in zeolite generally parallels the increase in pore size, as determined by sorption
measurements with different-sized molecules. For a specific zeolite, the activation
energy generally increases with increasing molecular size of diffusing species, within
a series of similar types of molecules. However, adsorption phenomena and the
interaction energy between diffusing molecules and pore walls are also significant
variables.

Unlike Knudsen diffusion, in whi~h the fluxes of oppositely moving molecules
are independent of one another, the diffusion in zeolites is such that the flux in
one direction is markedly hindered by the opposing flux. Such counter diffusion
is inevitable in catalytic reactions. Diffusivities can also be markedly affected by
slight variation in zeolite structure, including the nature of the cations and the
presence of impurities, and by the size and polarity of counter-diffusing molecules.
The apparent activation energy for zeclite diffusion is greater than that for bulk or
Knudsen diff::sion. The few values that have been reported are relatively uncertain
because of the limited temperature range covered and other difficulties such as
deviations from Fick’s law, sorption effects, and questions concerning the difference
between unidirectional and counter-diffusion. Generally, the smaller the diffusion
coefficient, the higher the activation energy.

In their commercial form zeolite catalysts are incorporated into a gel matrix, but
diffusivities are much greater in the pores of the matrix than in the zeolite pores.

Diffusion limitation inside the zeolite pores may not be significant in commercial
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catalytic processes. However, it depends on the feedstock, amount of carbon present
on the catalyst, and several other factors.

Haynes et al[66] investigated the effects of hydrocracking mixtures of two-,
three-, and four-ring structures over a nickel-tungsten sulfide ultrastable zeolite
Y catalyst. They found that when diffusion is in the configurational zone, differ-
ences of the order of several picometers in molecular size can have drastic influences
on the zeolite diffusivity.

Thermal Stability

"The structural stability of the less stable zeolites (X and Y) is increased after ex-
change with polyvalent ions such as Ca, Mg and La. The thermal stability of hydro-
gen zeolites, obtained by proton exchange or after decomposition of the ammonium-
exchanged form, is several hundred degrees lower than that of the parent zeolite.
For high-temperature reactions catalyzed by these acidic forms of zeolite, it is neces-
sary to stabilize the zeolite structure; one way is by prior exchange with polyvalent
cations. In this way, rare earth-exchanged NH, Y-zeolites after dehydration are
suitable cracking catalysts in terms of thermal stability and acidity of the solid.
Thermal stability is also increased after gradually leaching out aluminum atoms
from the lattice.

The practical use of zeolites as catalysts also requires a high hydrothermal sta-
bility. The structural resistance against steam treatment is also higher for zeolites
with higher thermal stability and lower aluminum content.

Molecular Sieve Effect

Sieving of one type of molecule out of a feed containing a mixture of molecules with
different shapes and/or sizes is possible as the free apertures of the zeolites have
molecular dimensions. From the catalytic point of view, such a system constitutes
a very selective catalyst if the sites responsible for the catalytic action are located
inside the cavities or pores. The zeolite component is expected to be more selective
than the matrix for the desired product. Similarly, the matrix may be considered
more selective for other products [36].
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2.7.3 Acid Sites

The discovery that silica-alumina catalysts were active for cracking reactions stim-
ulated research to elucidate the nature of the active sites on the surface. It was
found that acid sites were responsible for the cracking activity. The existence of
those sites is readily demonstrated by the affinity of basic molecules such as ammo-
nia, pyridine, or quinoline for the surface of silica-alumina. Further description of
such structures can be found elsewhere [17,75,150].

Both Bronsted and Lewis acid sites are found in zeolites. The former are protons
attached to lattice oxygen atoms, while the latter can be the charge-compensating
cations or triagonal aluminum atoms at oxygen-deficient sites or at cation positions.
Protons can be introduced into the structure through ion exchange, thermal decom-
position of the NH;-exchanged form, hydrolysis of water of hydration of cations or
reduction of cations to a lower valency state. If these structures are further dehy-
drated, this results in dehydroxylation and the formation of Lewis acid sites.

The ratio depends, then, on the temperature of pretreatment prior to the deter-
mination. As it is increased, the ratio of Lewis to Bronsted sites increases. A more
in-depth study about zeolites as acidic catalysts is given by Barthomeuf [17).

2.7.4 TUses in Catalytic Processes

In the early 1960s, crystalline aluminosilicates or zeolites were introduced in cat-
alytic cracking. Their use has been responsible for the dramatic improvement in
cracking processes. The industrial use of these solids as heterogeneous catalysts has
been nonetheless limited. Their use in industrial processes implies that they exhibit
higher activity and/or selectivity than existing catalysts. Their major applications
as catalysts are found in the petroleum industry and are related to two important
zeolite properties: the molecular sieve effect and the extremely high acidity of these
solids [75]. Both characteristics have already been described above. More recently,
wide-pore zeolites have been used as supports for highly dispersed metals. Com-
mercial catalysts are of the faujasite type (X and Y) or are synthetic mordenites
and zeolites T (erionite type).
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The most important industrial applications of zeolites up until now are in cat-
alytic cracking, hydroisomerization, selective forming, hydrocracking and transfor-
mations of aromatic hydrocarbons [162]. A 100-10000 times improved activity
(40,75], for zeolite was claimed as compared to amorphous silica-alumina. This fact,
coupled with an improved hydrogen transfer capability (presumably a consequence
of hydrogen mobility between cracked molecules), was indicative of important po-
tential of zeolitic materials for increasing conversions to gasolines with low coke
yields [39]. The activity of modern zeolite cracking catalysts has improved to the
point where for the most part only 1 to 4 seconds of contact time are required to
effect substantially complete conversion of the non-aromatic portion of the feed.

Results obtained by 2 variety of methods indicated that the density of Bronsted
acid sites was much higher for the Y-type zeolites in hydrocracking than for amor-
phous silica-aluminas. The higher selectivity to aromatics and isoparaffins indicates
that hydrogen-transfer reactions occur more readily with zeolites as catalysts.

The tendency of metals to induce nonselective cracking in amorphous catalysts
has been extensively studied [37,143,160]l. Zeolite cracking catalysts have excellent
resistance tc contamination by vanadium, nickel, and other heavy metals, and ap-
pear to be superior to amorphous catalysts in this respect. This is evidenced by the
lower carbon producing factor of a given metal loading for zeolites. The faujasite
catalysts are also more resistant to poisoning by organic nitrogen compounds.

The study of applications of zeolites to enhance the activity of catalysts contin-
ues. Examples of these are given by Goddard and Ruthven [59}, who studied the
adsorption of Cg aromatics on Na Y-zeolites and by Kallo et al{82] who studied
the hydrosulfurization of the C=C bond on Me**-zeolites. Scott [148] updates until
1980 all the advances and developments of zeolite technology and its applications.

- Swabb and Gates [154] studied the rates of dehydration of methanol to dimethyl
ether catalyzed within the straight tubular pores of H-mordenite crystallites. They
found that the rates of catalyst activity loss were independent of crystallite size,
also that the diffusion of methanol appears to be hindered more by interaction with
pore walls than by interference with counterdiffusion reaction products. Novikovi
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Table 2.6: Details of Zeolite Material

Description : Type Y, molecular sieve
rare-earth exchanged

Composition : SiO, - 65 %
AlLO; - B%
NagO - 2 %
Rare-earth - 11 %
Form : Grains (0.246 to 0.175 mm)
Surface Area : Approx. 550 m*/g

Catalogue no. : 14-8910
Manufacturer : Stermn Chemicals U.S.A.

et al.[121] studied the transformation of methanol to olefines on several types of zeo-
lites. Schults and co-workers [147] made studies on coke formation during methanol
conversion on zeolite catalysts. Inui et al.[T3] investigated the catalyst deactivation
caused by coking in methanol to aromatic conversion on Ga- and Zn-ion-exchanged
H-ZSM-5 zeolite. Nishizawa et ¢l.[120] and Aparicio [13] have studied, indepen-
dently, the catalytic activity of several cation-exchanged zeolites as catalysts for
redox reactions.

2.7.5 Zeolite Used in this Study

The rare-earth exchanged Y-type zeolite is the one of the best options for hy-
droprocessing applications. It has also proven efficient in several other processes
[13,120,147]. This material was obtained from a commercial source. Some details
of the zeolite material used in this study are listed in Table 2.6.

2.8 Surface Chemistry

Spectroscopy is the study of the interactions of electromagnetic radiation with mat-

ter. When light or electromagnetic radiation impinges on a material, it will be
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absorbed if the energy of the light coincides with the energy required to excite some
transition of the sample. The exact nature of this transition can range from changes
in rotational energy to high-energy electronic transition, and beyond. In the sim-
plest sense, spectroscopy provides a record of the amount of electromagnetic energy
absorbed by a material as a function of the energy of the radiation employed. This
record, termed the spectrum, is unique to the sample and can be utilized to identify
or quantify constituents, establish or follow changes in structure, or perhaps providé
insight into mechanistic and kinetic details of a chemical reaction (126].

2.8.1 Electron Spin Resonance

Those atoms, molecules, and solids which have unpaired electrons and exhibit some
magnetic properties are termed paramagnetic. The unpaired electrons are most
conveniently detected by electron spin resonance, or ESR. This technique employs
both external magnetic fields and radiofrequency photons. The substance to be
studied is placed in the magnetic field and absorption of electromagnetic energy,
Le. the radiofrequency photons, is observed. This is much like any other type of
spectroscopy except that the energy levels are strongly modified by a magnetic field.

With electron spin resonance, also called electron paramagnetic resonance (EPR),
one can identify modified crystal structures, free radicals which are naturally or ar-
tificially produced, conduction electrons in metals and acceptors or donors in semi-
conductors. ESR detects the type of radiation that classifies as microwave, that
is those radiations with frequencies between 10° and 10! Hz and wavelength of
30 cm to 3'mm. Detailed information on ESR can be found in several treatises
[8,21,90,115].

The Zeeman Effect

When a paramagnetic material is placed in 2 magnetic field, the degeneracy of the
two possible spin states of the unpaired electron is removed. This interaction, called
the electronic Zeeman effect, is described by the Zeeman Hamiltonian.

H=gBH S (2.53)
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where 3 is electron Bohr magnaton. H is the applied magnetic field strength, and $

is the electron spin operator. The g-value. also termed splitting factor, is a unitless

ratio of the magnetic moment to the total angular moment of an unpaired electron.
The Bohr magnaton is defined as

8= f_% (2.54)

where

Electron charge (4.083 x 10~ statcoul)
Planck’s constant (6.625 x 10=*" erg-sec)
Mass of electron at rest (9.108 x 10~ g)
=  Bohr’s constant (0.9273 x 10~ erg/G)

w3 &0
|

The electronic Zeeman Hamiltonian operating on the electron spin states, e and
B, yields the energies of these states as represented in Figure 2.5. In a magnetic
feld, the B state (ms = —1) has its moment along the field, and is therefore of
lower energy than the « state (mg = +%), the moment of which opposes the field
direction. The magnitude of the energy difference between the two states is dircctly
proportional to the applied field strength.

AE = gfH (2.55)

Electromagnetic radiation corresponding to this energy difference can be ab-
sorbed by a paramagnetic centre, promoting the unpaired electron from the lower
energy f state to the a state. In a magnetic field of several thousand gauss the spin
system absorbs radiation in the microwave region.

The Spin Hamiltonian

Although the Zeeman interaction provides the basis for ESR, other energies of
greater or lesser magnitudes affect the experiment. The total Spin Hamiltonian
describes the energy of a species interacting with a magnetic field.

H =H. + Her + His + Hss + Hz + Hus + Hq + Hx (2.56)



CHAPTER 2. THEORETICAL ASPECTS 51

+1/2 gfH
a
“a B8
d -1/2gBH
—_—
H=0 inc. M

Figure 2.5: Electronic Zeeman Hamiltonian Operating on the Electron Spin States

The subscript notation indicates contribution from electronic effects, interactions
with crystal field, spin-orbit coupling, spin-spin coupling, Zeeman interaction, hyv-
perfine coupling, and nuclear quadrapolar and spin energies, respectively.

Anisotropy

The spin angular moment vector of an unpaired electron in a magnetic field is aligned
with the field. Therefore, the electronic Zeeman Hamiltonian is determined by the
direction of the field. However, other interactions which perturb the energy of the
unpaired spin, such as spin-orbit coupling and hyperfine coupling, are referenced to
the coordinate system of the molecule or to the lattice.

Different orientations of the orbital motion of the electron, relative to the applied
magnetic field, yield variations in the magnitude of the orbital angular momentum.
The spin-orbit interactions which result varv with the orientation of the molecular
- coordinate frame relative to the magnetic field direction. “-

Similarly, for the hyperfine interaction, the nuclear spin moment aligns not with
the applied magnetic field, but with the effective field that is the vector of the applied
field and the local field induced by the electron orbital motion. The magnitude of
the hyperfine coupling constant then also depends on the orientation of the molecule
relative to the applied £eld.

In practice, however, some of the interactions perturb the unpaired spin only
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slightly and can be neglected in an interpretation of results.

2.8.2 X-Ray Diffraction

All erystalline substances have a characteristic atomic structure with three-dimensional
periodicity. In consequence of this and of the similarity in magnitude between
inter-atomic distances and x-ray wavelengths, a crystal can function as a three-
dimensional diffraction grating for x-rays and produce diffruction maxima in di-
rections depending on the structural periodicities and x-rays wavelengths. When
2 beam of ‘white’ or polychromatic x-rays is diffracted by a stationary crystal, a
characteristic Laue diffraction pattern is obtained, which, for certain special orien-
tations, shows directly the symmetry of the crystal structure about the direction of
the x-ray beam.

This method of analysis was first suggested by Bragg and may be expressed by

the Bragg equation, which gives the requirement for a diffraction maximum as [152]

nA = 2dsiné (2.57)
where
n is the order of reflection,
A is the x-ray wavelength,
d is the interplanar angle,
8

is the glancing angle between the incident beam and the reflecting phase.

2.8.3 Scanning Electron Microscopy

PRI S

In 1924 e Broglie proposed that with a moving particle was associated a wavelength
N X

A=

e

where -7 is Plank’s constant, and p the momentum of the particle.
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Electrons, being charged, may be accelerated through a potential difference E ,
and the resulticz wavelength is

. 12.26 1
~ E(1+0.9788 x 10-SE)1/2°

where E is in volts.

The second term in the denominator is a relativistic correction, which becomes
important at high voltages (>50 kV). At 100 kV, the operating voltage of most
modern commercial instruments, A = 3.7 pm. Thus, accelerating electrons provide
a source of short-wavelength radiation capable of resolving small objects provided
a lens system of sufficient quality can be provided.

The first scanning electron microscope using demagnifying lenses was constructed
by von Ardenne in Berlin in 1938. This was a transmission insirument using pho-
tographic recording. In general, the resolution available from the early instruments
was poor. After World War II, work at the Cambridge University Engineering Lab-
oratories resulted in mcay improvements. The fraction of secondary electrons was
high, and the current was amplified by an electron multiplier. The image was dis-
played on a cathode ray tube (CRT) and the electron beam scanned by two pairs
of scanning coils. Further improvements resulted from the use of magnetic lenses in
the column and the replacement of the electron multiplier system by a scintillator
and photomultiplier.

Many features are common to several electron optical instruments. All contain
an electron gun, with the required stabilized high-voltage supply, ability to vary
the bias voltage, filament heating current, ete. Condenser lenses and apertures are
required to provide a defocused image of the gun crossover at the specimen. The
magnetic lenses require a stabilized current supply and cooling, with ability to vary
the focal length of the lenses by varying the current in the lens selenoide. The
column must be evacuated to ~ 1.33 x 103 Pa by 2 déﬂ"usion pump backed by a
rotary pump. The latter is often isolated mechanically from the system to reduce
vibration pickup at the specimen. ' '

The scanning microscope differs from the transmission microscope in that the
electron beam focused =t the sa:ﬁple by the lens system is scanned over the sample
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in a raster using a set of deflecting coils. The lens system gives a demagnified
image of the electron source of the order of 10 to 25 nm in size when focused at the
specimen.

The sample can be either thin enough for transmission of electrons to occur or
massive, in which case the incident beam is converted into secondary electrons or
some other form of.energy such as optical radiation or characteristic X-rays. The
basic concept in examining samples by scanning microscopy is that the intensity
of the radiation emerging from each point on the surface is characteristic of the
composition and topology at that point. Thus, by amplifying the detected signal and
. displaying it on a CRT scanned synchronously with the beam of the sample, a high
resolution image of the surface can be displayed. The magnification is dctermined
by the ratio of the distance that the beam is scanned on the specimen compared to
the distance scanned on the CRT.

Sargent and Embury [142] provide extensive description of the operation of trans.
mission and scanning electron microscopy. Sanders [140] describes some applications

of electron microscopy in determining the surface characteristics of catalysts.

2.8.4 Adsorption

The molecules in the surface layer of a solid are bound on one side to the inner
molecules of the solid but there is an imbalance of atomic and molecular forces on the
surface side. The surface molecules attract gas, vapori, or liquid molecules in order
to satisfy these unbalanced, bonding forces. The attraction may be either physical
or chemical, depending on the system involved and the temperature employed.
Physical adsorption, frequently referred to as van der Waal’s adsorption, is the
result of a relatively weak interaction between 2 solid and a gas. This type .of
adsorption has one primary éha.racteristiq. 'Essentially all of a gas adsorbed can be
removed by evacuation at the same temperature at which it was adsorbed.
Chemical adsorption, or chemisorption, is also an interaction between a solid
and a gas but it is more energetic than physical adsorption. Evacuation at an ele-
vated temperature is required for the removal of the adsorbed species. However, this

may not be sufficient in some cases. The quantity of physically adsorbed gas at a
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given pressure increases with decreasing temperature, whereas in chemisorption the
quantity decreases as the temperature is decreased. Consequently, adsorption mea-
surements for the purpose of determining surface area or pore distribution are made
at low temperature; chemisorption studies usually involve elevated temperatures.

Physical Adsorption

While the first gas molecules to contact a clean solid are held more or less rigidly
by van der Waal’s forces, the forces active in the condensation of vapours become
increasingly responsible for the binding energy in subsequent layer adsorption de-
velopment. The expression

Vo=

VuCP [ (C+1)P] (2.58)

P,-P Ps

where V, is the volume of gas adsorbed at pressure P, Vp, the volume adsorbed
when the entire adsorbing surface is covered by a monomolecular layer, C a con-
stant, and P, the saturation pressure of the gas, is obtained by equating the rate
of condensation of gas molecules onto an adsorbed layer to the rate of evaporation
from that layer and summing for an infinite number of layers.

The physical adsorption of 2 gas on a smooth surface will continue as the gas
pressure is increased at a constant temperature until 2 condensed layer quite a
few molecules thick is formed. If the surface contains cracks, crevices, or pores,
the adsorbed layer will fill these as its thickness increases. When a pore fills, its
contribution to the surface area very nearly ceases. Conversely, the pore surface
contribution again comes into play as adsorbed gas layers are desorbed and pore
walls are re-exposed.

Continuing the adsorption by incremental’ steps to, or nearly to, the saturation
pressure yields 2 complete adsorption isotherm. Then reversing the procedure by
subjecting the sample to stepwise reduction in pressure while continuing to record
volumes and equilibﬁtfm pressures permits obtaining the desorption isotherm. Ad-
sorption and desorption isotherms coincide precisely only when the solid is com-
Pletely nonporous and there are no contact points among particles creating the
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effect of pores. Both adsorption and desorption isotherms are emploved in cal-
culating pore. size distribution of porous materials; there is no distinction in the
mathematical treatment.

If a cylindrical pore in 2 solid of radius r. is not filled with condensate but has its
walls blanketed with a condensed layer of thickness t, the radius of the free space,
r, is 1 ~ t. The opeaing radius is related to the relative pressure of the condensed
liquid forming its boundary by the Kelvin equation. Thus,

20Mcos 6

TR T TRIpmE
P,

where ¢ is the surface tension of the adsorbate, p the density of the adsorbate,
M the adsorbate molecular weight, 8 the contact angle, R the gas constant, T the
absolute temperature, and PL. the relative pressure. The t values are obtained from

the Halsey-type expression .

-5 |°®
t = 3.54 |:——] (2.60)
Ia ()

Assuming t,ondensatio‘hi has filled all pores, the volume of gas desorbed when all
pores smaller that r. remain filled may be written from geometrical considerations
as .

V,— V.= f ~ #(re — t)*L(r)dr (2.61)

where V,, is the total pore volume, V. the volume of liquid remaining condensed,
and L(r) a pore size distribution function describing the total length of all pores
of radius r per unit weight of adsorbent. A very commonly used expression that

approximates L(r) is _
AV,

T

AL =

(2.62)

where T is the average pore radius. Further details and applications of this method
are given in treatises by Smith [151], Carberry [31], Chen [33] and others.



Chapter 3

Methodology

Methodology is defined as a system of methods and rules applied to science [3].
- Here, the strategies followed for the design of experiments, during the screening
study for unsupported catalysts and for the final catalyst composition supported
on Y zeolite are explained in detail. The description of the experimental scheme for
the full kinetic study, as well as the methods for the selection of the rate equation
and the correlation of conversion data are also given.

3.1 Design of Experiments

One of the objectives of this research, as outlined on page 2, is to study the effect of
operating variables, i.e. temperature, space time, methanol to air ratio and catalyst
composition, on yield and selectivity of formaldehyde production. It is observed that
these four variables would require an extremely large number of experiments if all of
them were to be analyzed in detail. Therefore the need for an experimental strategy
that would allow one to obtain the most information possible out of a reduced but
properly designed number of experiments.

3.1.1 Design of Screening Study

It is to be noted however, that the other ob jectives of this research (the kinetic study
and the catalyst characterization) had to be carried out with the “best” catalyst

o7
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Table 3.1 Caralysts” Composition

| Catalyst | ShaOy (wi'thh) AMoOa (wibh)
I 0 100
IT 100 0
ITT 33.33 16.66
v 66.66 33.33
YV 30 o0
Vi 33.33 GG.G6
VII 16.66 33.33

catalyst -the one that gave the highest yield- prepared in onr laboratory, In order to
attain this goal of producing this "best™ eatalyst, u frnctionnl factorial experimental
design method [14] was utilized. This method was medified using a model-building

technique suggested by Hunt and Jaworsky [T2]. Also some sugwestions by MeLean

[114], Ioffe et al[74] and Fux aud Tofe [53] were considered,

Catalyst Design

It was considered that the catalyst composition. i.e. percentages of ShaO, and
MoQs3, shonld be varied so as to give a signifiennt coverage of the composition
range. The catalysts’ compositions are shown in Table 3.1,

These compositions are based on the preparation of S0, and MoeOy alone,
which is described in Section 5.1.1.

Fractional Factorial Design

It is widely known in experimental design that twe level factorial designs are most
uscful for screening studies Involving up to four variables [14]. In & two [evel fac-
torial design the experimental stratesy commands the distribution of n aperating
variables whase influenee on the response viriable is to be doserilod Ly o first degre.
polynomial,

EY)=3,+ 3% + BuXa + -0 . (3'1)
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where E(Y) denotes the expected value of 2 random variable Y, 5 is the parameter
associated with the “independent” variable x;.

Two level factorial designs are not intended to provide definitive models of pro-
cess behaviour. The main use of such designs is as 2 screening tool. It is useful to
help detect those operating variables that exert stronger influence cn the response,
either individually, i.e. 81y, or jointly, i.e. Braxixa.

As mentioned above, one important feature of the factorial design is that it
provides valuable information about the possible interactions between operating
variables. Two operating variables interact when the size of the influence of one of
them on the response depends upon the value of the other one.

A two level factorial design for k operating variables is denoted as a 2% design.
It indicates that k variables are being tested, and each one at two levels. This is
also useful to identify the number of tests that the experimental design requires.
The following “complete” model shows the estimates of each of the 2% parameters.

E(Y) =B+ i1 + -+ + B .
+ BraxiXe oo+ Prm1 1 X1
+ BroaxiXoxz + -+ + Bk..g_k_l,kxk_gxk_lxk
+ P

+ Bra. xX1Xo - - X (3.2)

Generally those interaction terms that involve more than two operating variables
are neglected since their influence most of the time is small. Also by deleting such
terms residual information for testing model adequacy might be produced.

There are cases where circumstances do not allow one to carty out the complete
set of 2% tests in a two level factorial design for k operating variables. It is obvi-
ous that some information will be lost. However, by properly selecting a subset
of the complete 2% design, that is, an appropriate fractional factorial design, the
most relevant pieces of information will be retained. Unfortunately this selection.
generally includes some ¢ priori judgment about the relevance of some variables.
If after analyzing the data produced from a fractional factorial design results are
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Figure 3.1: Fractional Factorial Design for 3 Operating Variables

still ambiguous, a further fractional factorial design, planned specifically to resolve
those ambiguities, may be carried out.

In this screening study there are three operating variables of interest, i.c. tem-
perature, space time, and ratio of methanol fed to air. According to our model-
building technique above mentioned, each operating variable is tested at only two
values, represented by -1 and 1 in the coded notation. A set of four tests is selected
of the eight possible tests of 2 2° design and denoted more concisely as a 2°~! design.
This set of runs makes the screening process faster. The complementary set of four
tests would be carried out only if more discrimination is necessary.

There are 70 different subsets of four tests that can be selected from the eight
tests of 2 2° design, each yielding different mixtures of information. In the present
case the subset chosen is that for which the three factor interaction terms X1 X Xa
have the value 1.

The positioning of the values for the operating variables to be used during the
screening study is better shown in Figure 3.1.
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Table 3.2: A 27! Fractional Factorial Design for Preliminary Catalysts

Codet | Test code | X; X: X3 |T(K) W/F R
a 02 -1 -1 1| 648 1625 S
b 03 1 -1 -1] 698 1625 4
c 04 -1 1 -1| 648 3875 4
d 05 1 1 1} 698 3875 8
e 01, 06 0 0 0] 673 275 6

f: Refer to Figure 3.1

When the experimental design is shown in a table-like format (as seen in Ta-
ble 3.2), if a column consisting entirely of “1’s” is added and denoted as I, then
because the values of the variable X;X.X; from the 23-1 design are also ones this
design can be identified by the defining relation I = X;X2Xs. As there is only one
subset of four runs out of the 70 possible ones for which the interaction X1X2X3 has
the value 1 for all four runs, this design is unique. In Figure 3.1 those points are
marked with a dot and labeled from a to d.

The complementary 2°-! design for which X, X,X, has the value of -1 for all four
runs, has the defining relation I = -X;X,Xs. This clearly indicates that correspond-
ing elements of the I and X;X,X3 columns have the same magnitude but opposite

Bacon [14] explains that several other operations in experimental design can be
carried out by properly bandling the defining relation. However, such operations
do not apply to the present design.

Two other concepts are important in defining the way operatfng variables are
bandled in a fractional factorial design. It is said that two variables, say x; and
X2X3, are confounded when one is an alies of the other and vice versa. Since in the
four tests changes in the variable x; coincide exactly with changes in the variable
XaX3 the resulting effect of those changes on the response is the sum of the individual
effects of x; and x,x3. Due to this perfect correlation between these two variables
their effects are impossible to separate. It is a fact in all fractional factodal designs
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that every variable is confounded with one or more other variables. The important
feature of the design is to be able to isolate the effect of relevant operating variables.

The concept of resolution indicates the degree of confounding amongst the differ-
ent operating variables. In this design resolution is set as type III, thus the complete
denomination of the fractional factorial design is 2;'. Resolution III designs are
those for which,

i) no individual operating variable, such as x;, is confounded with any

other individual operating variable, such as xa, and

i) at least one individual operating variable is confounded with a two vari-
able interaction.

Another feature of this design is the utilization of a centre point. This location
is shown as point e in Figure 3.1. At the centre point the value of all operating
variables is zero, L.e. (x;,X2,%3) = (0, 0, 0). The parameter fy is an estimate of
E(Y) at the centre point of the experimental design. For this reason the centre point

is favored to obtain replicates of the tests, which in this case indicate the catalyst
stability with time.

Model Building

The 277! design here utilized belongs to a generic group of resolution Jis designs
known as saturated designs [14]. With this design k operating variables can be
investigated simultaneously in k + 1 tests. The model used here follows the general
formula _
E(Y) = Bo + Buxy + f2xz + foxs (3.3) -

Frequently in model-building work, the most important independent variable
is not measured directly but it is calculated from other quantities. As is the case
here yield may be computed by multiplying the recorded values of conversion and
selectivity. Let us define y, as conversion and y, as selectivity, and Y as yield. Also
we define the variables for temperature, space time and methanol to air ratio:
T —673

25

X, = (3.4)
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_W/F-275

T (3:5)
. _R-6
N =—5 (3.6)
Defining conversion and selectivity as products of a first-order model we have,
Y1 =Dbo + b X; + b Xz + b3X; (3.7)
v2=co+ Xy +cXa+caXs (38)

multiplying them we obtain a second order model for vield,

Y =boco + (Cob; =+ boey )X1 -+ (Cgbg + bng)X.g + (Cob3 + C3bo)X3+
b1e: X} + (baty + bre2) Xy Xa + (erbs + brea) X1 Xa+
bgCgXé + (caba + b263)X2X3 + b3C3X§ (39)

after substituting the model is,

Y=ap+a,X; +2,Xo + a3Xat
anXi + 212X, Xz + 215X, Xa+
322X3 + a2 X0 X5 + 250 X32 (3.10)

3.2 Kinetic Experiments

These experiments consisted of analyzing the ‘best’ Mo:Sb oxide catalyst found
under different operating conditions (temperature, space time and methanol/air
ratio). A full experimental scheme was carried out with this optimum catalyst.
Finally a complete 23 factorial design was performed on that optimum catalyst
composition but supported on Y zeolite.
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3.2.1 Experimental Scheme for Kinetic Study

The operating conditions studied were: 623 to 698 I\ for temperature, 0.04 to
0.10 molcy,onh™ /molych~! for methanol/air feed and 5 to 50 Zear/molcponh™! for
space time. Experimental temperatures were 623, 648, 673 and 693 L. Experimental
space times were 5, 16.25, 27.5, 38.75 and 50 g, /moley,onh~l. Experimental
methanol/air feeds (ﬁ) were 4, G, 8, and 10 . These values were chosen to match
those used in the factorial design. It is to be noticed that they are well scattered
throughout the whole range of operating conditions that are of interest from an
industrial perspective. All these experiments may provide complete information on
how one variable interacts with the other two.

For every space time there were four replicates, at X; = 0 and X3=0,ie. T=
673 K and R= 6. This had the purpose of testing the decay of catalyst’s activity.

Some other characteristics of the reaction system were studied and/or verified
during this research. Internal diffusion in a porous catalyst of this size has generally
Little effect on the reaction results. Knudsen and molecular diffusion were verified
and are reported in Section G.3.1. The external diffusion, determined by the drop
in partial pressure through the reactor, was obtained using the method developed
by Yoshida and Hougen [172]. Temperature effects, both temperature drop from
catalyst particle to ambient gas stream and axial temperature gradient in the reactor
were calculated in Appendix F and in Section 6.3.1.

3.2.2 Experimental Design for Supported Catalyst

Using the same Sb:Mo oxide ratio found for the highest yield catalyst, a catalyst
supported oa Y zeolite was prepared as described in Section 5.1.1. A complete 23,
factorial design was carried out with this catalyst. Table 3.3 shows the experimental
design performed. By carrying out these experiments the comparison between the
supported and the unsupported catalysts is rather qualitative than quantitative.
However it will establish a well supported background if future studies with such
catalyst are deemed worth continuing. As mentioned before no study has been made

of the oxidation of methanol to formaldehyde over 2 zeolite supported bimetallic
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Table 3.3: 2§ Experimental Design for Sb:llo Oxide Catalyst Supported on Y
Zeolite

Code i | Testcode [ X; X; N3 [T(K) W/F R
z 02 -l -1 1| €48 1625 4
b 03 1 -1 -1 698 1625 4
a 04 -1 -1 1 648 16.25 8§
h 05 1 -1 1 G698 16.25 S8
c o7 211 -1 648 3875 4
f 08 1 1 -1 698 3875 4
g 09 -1 1 1 648 38.75 8§
d 10 1 1 1 698 387 S8
€ 01,0G.11{ 0 O O | 673 275 6

i:  Refer to Figure 3.1
oxide catalyst.

3.3 Selection of Rate Equation

The correlation of initial rate data to obtain a rate expression for the reaction
is always of primary importance for the kinetic study. The relationship between
conversion, flow rate and reaction rate in a steady flow system is given by the

equation
Fdx = rdW (3.11)
which on integration yields
e w w * dx
—=[=E (3.12)
F b T

As explained earlier, this is the general rate equation of a catalytic reaction in
a flow system based or unit mass of catalyst. In order to obtain a rate equation
that can accurately predict the reaction behaviour, the mechanism that controls
the latter one must be obtained. An easy way to screen out several mechanisms is
to use the initial rate method.
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3.3.1 Initial Rate Method

Yang and Hougen [1GS], who studied scveral reactions, have shown that by consid-
ering the effect of pressure on initial rate (x = 0) it is possible to reduce the number
of reaction mechanisms and finally to test some of them for their suitability in rep-
resenting the data. This method briefly envisages the plotting of the experimental
data (conversion versus W/F ratio), and determining the slope of the curve as W/F
approaches zero. This rate of reaction at zero conversion is defined as the initial
rate. The initial rate equations are obtained by neglecting the partial pressures of
the product. In equatiors 2.7 and 2.20 and most cases of the three-stage redox

mechanism the initial rate equations are the same as the rate equations.

3.3.2 General Methodology

Although the initial rates may be quite helpful in the selection of 2 mechanism, they
are not sufficient evidence in themselves to establish the mechanism or to evaluate
the constants in the rate equation. The rates at finite values of conversion must
be used as well. There are several methods for using the data to establish the true
equation. They are:

1. Convert the rate equation for each mechanism to the linear form, and solve

for rate constants.

to

. Plot F(r) as a function of rate vs. P, and observe the shape of the curve.

3. Evaluate the constaats by “trial and error” until an equation is obtained which
fits the data.

4. Use an integrated form of the rate equation and solve for the constants by the

use of simultaneous equations.

5. Use the equation in the integrated form W/F = afy(x) + bfs(x) + - - - and solve
for the constants directly from the experimental data, using tie method of

least squares. In this equation the terms fl(x), f2(x), ..., are functions of x
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(conversion) that can be evaluated separately by either numerical of graphical
integration.
In summary, the reaction mechanism and the rate controlling step and thereby

the rate equation are determined through the following steps.

Step 1: Either an integral or a differential reactor can be used. The

reactor must be operated isothermally.
Step 2: Make a check to see whether diffusion is a rate controlling factor.

Step 3: In case of integral data. plot the data as W/F vs. x. All the

points on the curve must be at isethrrmel conditions.

Step 4: List all the possible mechanisms and derive the corresponding
equations (an example of these is found in the Chemical Engineers’
Handbook [129]).

Step 5: Determine the initial vates, r,, from the experimental data.

Step 6: Plot the initial rate or an initial rate function vs. pressure or
reactants ratio as the case may be. Using the method of Yang and

Hougen [168], eliminate some of the proposed mechanisms.

Step T: Plot a function of the type [P5 ~ (PaPs)/K]/r = R’ against the
pressure II or reactants ratio.

Step 8: Derive an equation of the type Py — (PrPs)/K = a + bP, + Py
and evaluate tk.: remaining constants.

Step 9: With the constants evaluated. one can calculate the plot x vs.
W/F. Compare the calculated plot with the original data. If there

is more than one possibility remaining, select the one that fits the
data best. '

Step 10: Repeat the procedure at several other temperatures. One usu-

ally selects the equation that fits the data at most temperatures.

Step 11: When the equation has been evaluated at several temperatures,
make plots of logk, K,, K, etc. against 1/T.
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Step 12: Determine an equation of the form logk =a/T +b for each
constant, in order to obtain their temperature dependance with an

Arthenius-type equation.

3.4 Correlation of Conversion Data,

The integrated form of the rate equations in Table 2.2 can be rearranged into
a new form, as shown in Table 3.4, where ¥ = Bo + 51X represents a typical
straight line, y being the dependent variable, x the independent variable, G,
the intercept and 3; the slope. The values for ¥ and x in columns six and
seven of the table are calculated from the experimental data by substituting
the values of W/F and the respective partial pressures. The values of Bo
and $; may be determined from the intercept and slope of the line in the ¥
versus X plot, using the method of least squares. This method is illustrated
in Appendix H..

3.5 Surface Chemistry Analyses

3.5.1 Electronic Spin Resonance

ESR is used to identify electron acceptors or donors in semiconductors. In
the present case this property is useful to help screen the catalysts used for
the production of formaldehyde from methanol. When a catalyst made form
two different metal oxides is analyzed, it yields a signal with a given intensity.
As the composition (wt%) of these oxides varies, so does the intensity of
the signal. The intensity of the signal may be related to the activity of the
catalyst. The larger the intensity of the signal the larger the area registered
in the spectrum.

ESR spectra were taken for each catalyst from Table 3.1. To measure the
relative intensities the arcas of the spectra were obtained for each catalyst.
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Table 3.4: Correlated y and x Relations for Two-Stage Redox Mechanism

No. Reaction Bo B ¥ X
Order
m n
CH:OH O
W P = .
1 1 0-5 E‘l? -kl-; “Flﬂ(t-x) W‘:a-_x).(OP02 - O-DXQP]'“)O 5
. 1 1 \lV In{1-x
2 1 0 ka E:— Fxo -.Puxa
. I W W 2(1-x)%*
3 0.5 0 I-t:- ki Fxo _.(F;;x)_a—
4 1 1 T WPy _ 2aln(oPo, —0.5%Py)
ki k2 Fln(l=x) (1 =x}
1 1 WeP9:3 20{oPo., =0.5¢,Pn )¢
5 0.5 0-5 Er E IF(1~x)0-% .ptsi!-u_x)o.s
WoPZ, (1~
6 |2 05 % & | BBE= _44,Py(1 - x)(cPo, — 0.5,Pux)**
- VoP2 (1 -
T |2 1 |2 & EBE= _94,Py(l - x)In(.Po, — 0.5.Pux)
1 1 W 1
8 12 0 |15 © Fox Flox(icn)
NIRRT W —d
9 1.5 0 kz ki Fax oPji*ax(l—x)!->
W PLA{1=x)%* ' - 5
10 |15 05| & | DBl 46, PYY(1 - x)*5(Po, — 0.5.Pux)°
W, 1571 _)0.5
11 |15 1| & £ |25 96, PRf(1 - x)%5 In(,Po, — 0.5.Pux)




CHAPTER 3. METHODOLOGY 10

This was done by cutting out the areas ( from the paper they were drawn)
and weighing them. A catalyst with larger intensity than the others would
give a larger (thereby “heavier”) area. The intensities were then adjusted to
a proper scale and plotted for comparison.

It was deemed important to ineasure the number of spins in a given catalyst
to see if it related to the activity of such catalyst and to its performance
in the oxidation of methanol to formaldehyde. The number of paramagnetic
spins indicates the number of Mo™ ions in the crystallite. To calculate the
number of spins per gram for the catalysts, spectra of these were run along
with a standard for each case. The standard used in every spectrum was coke
pitck Bruker sample that produces a signal equal to 10™ spins. The signals
produced by the catalysts were compared with that of the standard, and the
number of spins per area was obtained for the catalysts’ samples. Then the
spins per area were adjusted to the sample’s weight to obtain the number of

spins per gram. The g-values were obtained using equation 2.55.

3.5.2 X-Ray Diffraction

The geometrical condition for a crystal to diffract radiation coherently with
scattering angle 26 is given by the Bragg equation (equation 2.57

A =2dsinf

here d is better defined as the spacing of a set of planes in the crystal which

are oriented such that their normal bisects the angle between the incident and
diffracted beams.

The techniques used for making diffraction measurements should ensure that
during the experiment certain sets of planes within the erystal will be properly
oriented. There are three classes of technique which are used. The moving-
crystal technique includes all methods in which a single crystal is made to
diffract radiation by moving it into the appropriate orientation. The Laue
technique utilizes polychromatic radiation and' a stationary crystal: it relies
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on there being sets of planes in the crystal which are appropriately oriented

to diffract some of the wavelengths within the primary beam. The third

technique and the one used in this investigation. the powder method, s that

in which a polyerystalline rather that a single-crystal specimen is used: in this

case a large number of crystal orientations is present in the specimen and the

Bragg condition for diffraction of the monochromatic radiation by cach set of
_the planes should be fulfilled by some of the crystallites.

For the powder method the sample must be ground to fine powder, about
57/47 pm, and mounted in such a way that it can be bathed in a monochro-
matic x-ray beam. In the simplest method for obtaining powder Iihotographs
the sample is shaped into the form of a cylinder of the order of 0.5 mm in
diameter. The sample is mounted at the centve of the camera and is usually
rotated about its own axis. A narrow strip of film is pressed against the in-
side of a cylindrical holder, the axis of which coincides with the axis of the
sample; it has a hole or holes punched in it to allow the entry and/or exit of
the primary beam. The Straumanis. or asymmetric film mounting is the onc
used in this analysis. |

The x-ray reflections may be scen to occur as ‘lines’ on the photographs. Each
of this lines corresponds to the reflections from all the planes of one form. This
occurs because the crystal is a fine powder and, if the orientation of grains
within the powder may be supposed to be random, there will be some particles
oriented so as to diffract at the Bragg angle for every possible set of planes
in the crystal. Considering a set of planes with spacing d, the spacing of all
the other planes of the same form will also be d and these planes will diffract
radiation of wavelength A at an angle 8 such that

sind = 2d

Since all orientations of the crystallites should be cqually likely, the rays
diffracted by these planes will lie along the surface of a cone of half-angle
26 whose axis is the incident beam. The ‘lines’ on the power photographs are

the intersecticns of this cone with the cylindrical strip of film.
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With this method. for the cubic system [20]

<
-

4’22(1{-’ + k2 4+ %) (3.13)

- L]
sin* 8 =

so that the values of sin® 8 are proportional to integers which are the sum of
squares of three-integers. Alternatively. values of sin?# may be plotted on
a strip of paper and matched against a set of straight lines representing the
orientation of sin® 8 with A?/4a? for different sets of hikl.

The indexing of powder photographs of non-cubic materials is straight forward
so long as the dimensions of the unit cell are known. If the cell is not known.

there is no simple way of indexing the lines directly.

3.5.3 Scanning Electron Microscopy

The scanning electron microscope was operated by a technician at the Chem-
istry department. The unsupported Sby0;-MoOj (2:1) catalyst, the SbaO,-
MoQ; (2:1) catalyst supported on rare-earth exchanged Y zeolite , and the ¥
zeolite itself were the object of this study. Three different magnifications were
used for each specimen: 20 ym. 4 pm and 1 um. The results of this study are

given in Section G.3.

3.5.4 Adsorption

These studies were performed using the AccuSorb 2100E Physical Adsorption
Analyzer. Expression 2.58 describes the great majority of low temperature
adsorption data. Physical measurements of the volume of gas adsorbed as a
function of pressure at a fixed temperature, therefore, permit caleulation of
- Vi, the volume of gas required to form a layer one molecule thick. Equa-
tion 2.58 can be rearranged to the linear form
P 1 [C - 1] P
VuP.-P) V,C VuClP,

(3.14)
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P . . . .
then a plot of data for TIP.oF) versus P% gives a straight line, the intercept
and slope of which are = and €;—é respectively. From this information and
m
knowledge of the physical dimensions of single adsorbed moleeules. the surface

area of the adsorbing solid is computed.

After ebtaining all the adsorption and desorption data as per Section 2.8.4. by
solving equation 2.61 in a stepwise fashion from experimeital data one would

obtain the pore size distribution and a surface area lower or equal to the total
BET surface area.

A computer program was itzplemented to carry out these caleulations in a
more expedient way. For further detailed calculations refor to several treatises
[4,16,30,133,151].



Chapter 4
Properties of Materials

This chépter deals with the various properties of the main reactant material
-methanol- and the main product of the reaction carried out in this research
-formaldehyde. Their physical and chemical properties ate given. In the case
of formaldehyde its importance is stressed as raw material in the production
of other specialty chemicals. Health and safety factors are related with their
use, handling and storage are addressed as well. It is important to notice that
the intent of this chapter is only to show the importance of the applications

of these materials, and not in any manner to discuss them in any depth.

4.1 Formaldehyde

At ordinary temperatures, pure formaldehyde is a colourless gas with a pun-
gent, suffocating odor. It is produced and sold as water solutions that contain
variable amounts of methanol or other alcohols. These solutions are complex
equilibrium mixtures of methylene glycol, (CH2(OH);), poly(oxymethylene
glycols), and hemiformals of these glycols.
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Table 4.1: Vapor Composition of Formaldehyde-Methanol Mixtures at 101.3 kPa.
mol%

Wt% HCHO to wt%

CH30H, liquid HCHO CH,0H
30:75 17.0 128
30:15 16.3 23.0
37: 75 20.3 18.7
37: 15 11.9 21.9
50: 75 26.7 25.8
50: 15 114 21.7

4.1.1 Physical Properties

Density and refractive index show a nearly lirear dependance on concentra-
tion. Based on available data [S6], the density may be expressed as follows:

p = [1.110 + 0.003(F — 45) — 0.0027M][1.0 + 0.00055(55 — t)]g/cm®

where F' and M are the formaldehyde and methanol concentrations (by weight),
respectively, and tis in [°C]. Based on information from the same source the
refractive index may be expressed, for solutions containing 30-50% HCHO
and 0-15% CH30H, as:

nfy = 1.3295 + 0.00125F + 0.000113M

For the same compositions and with a temperature range of 208-313 K, vis-

cosity may be approximated by

g =(1.28 + 0.039F + 0.05M — 0.024¢) mPa-s

‘Table 4.1 gives the vapor compositions of formaldehyde-methanol mixtures.
In this kind of solution increasing the concentration of either methanol or
formaldehyde reduces the volatility of the other.
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Formaldehyde solutions generally exist as a mixture of oligomers, HO(CH.0),.H.
Using 6-50 wt% HCHO solution with low methanol, the distribution of these
oligomers has been determined using NMR and chromatographic techmques
This is expressed as follows :

HO(CH,0),-,E + EOCH,0H = HO(CH,0),H + H,0

The values given for the equilibrium constants are R:=71,Ks=4.7 and K,
= 3.4. These values appear to ke independert of temperature over the range
303-328 IX. Decreasing the average value of = helps methanol stabilize aqueous
formaldehyde solutions. Thus, at room temperature methanolic solutions can
be stored without risking polymerization.

For solutions containing 7-55 wt% formaldehyde and 0-14 wt% methanol the
following approximation was derived from data at 298-353 It

monomer(mol%) = 100 — 12.3VTF + (144 - 0.0164F)YM

where the monomer is the mole percent of formaldehyde present as formalde-
hyde hemiformal and methylene glycol, F is the wt% HCHO, and M is the wt%
CH30H. Above 289-294 I most commercial formaldehyde-alcohol solutions
remain stable.

4.1.2 Chemical Properties

Formaldehyde is very reactive and versatile. The pure dry gas remains stable
at temperatures above 353-373 K, below this range it starts to slowly polymer-
ize. This action is greatly accelerated if there are traces of polar impurities.

The polymerization reaction for liquid formaldehyde is an exothermic reaction
(63 kJ/mol).

The decomposition of formaldehyde without a ca.té.lyst at temperatures be-

low 573 K is a very slow process. The rate of decomposition increases with

temperature. CO and H; are the main products of decomposition. /
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Formaldehyde reduces to methanol in a hydrogen atmosphere with several
metal and metal oxide catalysts. It oxidizes to form either formic acid or CO-

and H;O. The Cannizzaro reaction gives methanol and formic acid.

In an aldol-type reaction formaldehyde condenses with itself yielding hydroxy
compounds, such as hydroxy aldehydes and hydroxy ketones. This reaction
occurs mostly under alkaline condlitions. )

Aldehydes containing a-hydrogen atoms undergo, in the presence of alka-
Bes, aldol condensation ‘vith formaldehyde to form mono- and polymethylol

deﬁva;ii'es. One such example is pentaerythritol:

CH3CHO + 3HCHO — C(CH,0H);CHO

* G(CH;0H):CHO + HCHO + NaOH — C(CH,OH), + NaOCOE

pentaeryﬁh.ritol
At 478 K, in the vapor phase, formaldehyde and acetaldehyde give acrolein:

HCHO + CH,COH — HOCH,CH,COH ~— CH, = CHCOH + H,0

In aqueous acetic acid, formaldehyde and styrene give 1-phenyl-1, 3-propanediol
diacetate, and with propylene one obtains 1,3-butanediol diacetate. Isoprene
can be obtaired from isobutene and formaldehyde:

CHs CH;

ﬁH’ O  4,4-dimethyl-1,3 dioxane
2HCHO + CH,CCH, — J -
0

573923 K

CH
CH / / 2
HCHO + H;0 + . E—
Isoprene

CHa
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From formaldehyde solutions and under strongly acidic conditions. hydrogen
sulfide precipitates cyclic trithiane (trithioformaldehyde). Ketene reacts with
anhydrous formaldehyde to give 8-propiolactone. Hydrogen cyanide, in alka-
line solution, yields glycolonitrile, HOCH.CN.

Butadiene is obtained in the liquid-phase condensation of formaldehyde with
propylene using BF; or H,SO, as catalyst. Some formals like dimethoxymethane
are produced from formaldehyde and aleohols with acidic catalysts in the lig-
uid phase:

HCHO + 2CH30H — CH,OCH,0CH; + H,0O

dimethoxymethane

Compounds that have a hydrogen in the o position to an electron-withdrawing
group, can be combined with formaldehyde in the vapor phase to form methy-
lene derivatives.

Alkali and alkaline earths are effective catalysts for the production of acrylic
and methacrylic acids or esters when acetic and propionic acids or esters, re-
spectively, are reacted with formaldehyde at 573-698 K. Those same catalysts'
can be used to produce acrylonitrile from acetonitrile.

In the presence of formaldehyde and hydrogen chloride comﬁounds containing
active hydrogen atoms like phenolic esters or amide undergo chloromethyla-
tion.

With catalysts such as copper, mercury acetylide and silver monosubstituted
acetylenes can add formaldehyde and produce acetylenic alcohols. Some
amines also react with formaldehyde. Primary and secondary amines give
alkyl-aminomethanols; whereas tertiary amines do not react. Those alkeyl-
aminomethanolic compounds, upon heating or under alkaline conditions yield
substituted methylene-amines. These latter compounds can be treated with
ammonia to produce hexamethylenetetramine (HMTA).
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Under acid conditions amines and ammonium salts react to produce alky-
lamines:
RaNH.HCl + 2HCHO —= RoNCH3.HCl + HCOOH

Methylolureas undergo condensation to urea-formaldehyde resins under simi-
lar conditions.

Pyridine and 3-picoline can be produced when a mixture of formaldehyde,
methanol, ammonia and acethaldehyde is passed over a silver-alumina cata-
lysts at 773 K. '

One very interesting reaction is that obtained by using formaldehyde and
synthesis gas (CO, H,0) as reactants for the synthesis of products such as
ethylene glycol or glycolic acid

HCHO + CO +H,0 '"%3* HCOCH,COOH — (CH,0H),

glycolic acid

4.1.3 Specifications

Formaldehyde available commercially is sold in concentrations ranging from

30 to 56 wt%. Product specifications for typical grades are given in Table 4.2,

1t is widely known that formaldehyde needs a stabilizer to facilitate its storage
and handling [86]. Most of the time such stabilizer is methanol. Formaldehyde
is sold as either low methanol (uninhibited) or as high methanol (inhibited)
grades. Table 4.2 also indicates procedures for determinicg the quality of
formaldehyde solutions as per ASTM methods. Specifications of commerecial
formaldehyde-alcohol solutions are given in Table 4.3. Nonetheless, for eco-
nomical statistics all information on capacity, demand and prices is reported
on a 37 wt% formaldehyde basis.

Despite the addition of stabilizing alcohols (methanol or n-butanol) or other
stabilizing additives such as methyl cellulose or ethyl cellulose (up to 100 ppm
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Table 4.2: Formaldehyde Specifications

Methanol inhibited Uninhibited, ASTM

grades low methanol grades | Method

formaldehyde, wt% 37 44 3r 4 50 56 D2194
methanol, wt% (max)} | 5-8 6-7 18 20 20 20 | D23s0
acidity, wt% (max)} 0.03 0.03 0.03 0.0¢4 0.05 0.04| D2379
iron, ppm (max) 1 0.5 1 1 1 0.75| D20s7
colour, APHA {max) 10 10 10 10 10 10 D1209

i For inhibited grades, range is the high and low specifications of producers surveyed

1 As wt% formic acid

Table 4.3: Specifications of Commercial Formaldehyde-Alcohol Solutions

Assay Methanol n-Butanol 2-Methyl-]-propanol
alcohol, wt% 35 53 52

HCHO, wt% 53 40 40

H,0, wt% 10 T 8

bp, IX 9 380 37T
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Table 4.4: Health and Safety Factors for Formaldehyde Concentrations

Factor Value
exposure time

8-h time-weighed avernge. ppm 3

ceiling 5

max peak above ceiling, ppm for 30 min v
minimum levels for sensory detection

air borne, odor detectable at ppm 1

in water, odor detectable at mg/l 20-50
profuse lachrymation, ppm 20
eye irritation, ppm 0.05-0.5

of the additive), formaldehyde solutions are somewhat unstable. Concentra-
tions of formic acid and paraformaldehyde increase with time and depend on
temperature. Formic acid concentration increases at a rate of 1.5-3 ppm/day
at 308 K. Storage at low temperature minimizes acidity but increases polymer-

ization, the latter one being controlled by the addition of stabilizing agents.

4.1.4 Health and Safety Factors

Data regerding health and safety factors are given in Table 4.4. Although
formaldehyde is suspected of being a carcinogenic agent, no definitive proof
has been presented. -

4.2 Methanol

Methanol is a clear, water-like liquid with 2 mild odor at ambient temper-
ature. From its discovery in the 1600s, it has grown to become the 21st
largest commodity chemical [SG] with over 12 x 10° metric tons produced
annually in the world. Methanol is also called wood alcohol because it was

obtained commercially from the destructive distillation of wood during the
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1800s. However, true wood alcohol contained some contaminants {acetone,
acetic acid, allyl alcohol} that the chemical-grade methanol available today
did not. From January to April 1990 Canada exported 323,972 metric tons
valued at § 52,282,000, mainly to the U.S., Japan and South Korea [1]. It
imported 953,796 kg valued at § 237,000 [2].

For many years the largest use for methanol has been as a feedstock in the
production of formaldehyde, consuming almost half of all methanol produced.
However, alternative uses such as the production of acetic acid and methyl-
“tert-butyl ether are increasing.

4.2.1 Physical Properties

The physical properties of methanol are given in Table 4.5 [36].

The vapour pressure of methanol, Py, from 288 to 337.5 K is given by the
following equation

In Py, = 15.76 — 2.846 x 103T~! — 3.743 x 10572 + 2.189 x 10"T~3

Density and viscosity values are reported for aqueous methanol from 183 to
323 K [58,118,171]. Azeotropic data for several compounds with methanol are
also available [71).

4.2.2 Chemical Properties

Methanol undergoes reactions that are typical of alcohols as a chemical class
(e.g. see Vollhardt [163]). The reactions of particular interest from an in-
dustrial standpoint are dehydrogenation and oxidative dehydrogenation to
formaldehyde (see Sections E.1 and E.2) usually over silver or molybdenum-
iron oxide catalysts and carbonylation to acetic acid catalyzed by cobalt or
rhodium. Dimethylether can be formed by the acid catalyzed elimination

of water. Several other reactions of industrial importance use methanol as
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Table 4.5: Physical Properties of Methanol

Property Value
freezing point, K 175.47
boiling point, IX 337.85
critical temperature, X 512.58
critical pressure, kPa 8096
critical volume, mL/mol 118
critical compressibility factor = in PV=:nRT 0.224
heat of formation (liquid)at 298 K, kJ/mol ~239.03
free energy of formation (liquid) at 298 K, kJ/mol | -166.81
heat of fusion, J/g 103
heat of vaporization at boiling point, J/g 1129
heat of combustion at 298 KX, J/g 22,662
flammable limits in air

lower, vol% 6.0

upper, vol% 36.0
autoignition temperature, I 743
flash point, closed cup, K 239
surface tension, mN/m 226
specific heat

of vapour at 208 KX, J/(g-K) 1.37

of liquid at 298 K, J/(g-KX) 2.533
vapour pressure at 298 K, kPa 16.96
solubility in water - total
density at 298 K, g/cm® 0.78663
refractive index, n¥ 1.3284
viscosity of liquid at 298 I{, mPa-s 0.541
dielectric constant at 298 K 32.7
thermal conductivity at 208 K, W/(m-K) 0.202
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their raw material. The acid catalyzed reaction of isobutylene and methanol
to form methyl-tert-butyl ether, an important gasoline-octane improver, has
become of great importance. Methyl esters of carboxylic acids can be pre-
pared by acid-catalyzed reactions with azeotropic removal of water to force
the reaction to completion. Methyl hydrogen sulfate, methyl nitrite, methyl
nitrate, and methyl halides are formed by reaction with the appropriate inor-
ganic acids. Mono-, di-, and trimethylamine result from the direct reaction of

methanol with ammonia.

4.2.3 Specifications

Methanol is sold in two U.S. Federal Grades, A and AA. Requirements for
each grade are shown in Table 4.6.

The tests to be used are ASTM methods:

e D-1087 distillation range

e D-1209 colour (platinum-cobalt scale)
e D-1296 odor

e D-1353 nonvolatile constituents

o D-1363 permanganate time

e D-1612 aceione

e D-1613 . acidity, as acetic acid

4.2.4 Health and Safety Factors

Metkanol may be stored and handled in clean carbon-steel equipment. Stor-
age tanks must be constructed with an internal floating roof with an inert
gas pad to minimize vapour emissions. Because of the flammability of the
product, tanks are usually enclosed by a dike and protected by a foam-type
fire-extinguishing system.
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Table 4.6: Specifications of Pure Methanol
[ Property Grade A Grade AA
methanol content, wt%, min 99.85 99.85
acetone and aldehydes, ppm max. | 30 30
acetone, ppm max. 20
ethanol, ppm max. . 10
acid, ppm max. 30 30
water content, ppm max. 30 30
specific gravity, 20/20 °C 0.7928 0.7928
permanganate time, min 30 30
odor characteristic characteristic
distillation range at 101 kPa 1K, ' 1K,
. must include 337.6 K must include 337.6 K
colour, platinum-cobalt scale, max. | 5 5
appearance clear-colourless clear-colourless
residual on evaporation, g/100 mL | 0.001 0.001
carbonizable impurities; colour 30 30
platinum-cobalt scale, max.
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Table 4.7: Estimated Tolerance Value_s for Methanol

Duration Concentration, ppm
single but not repeated exposure
lh 1000
Sh 500
241 200
3 x 8 h work/d 200
16S h 50
30d 10
60d S
90 d 3

All shipping containers must be of carbon-steel and in a clean and dry condi-
tion prior to loading. Air pressure should never be used to load and unload
methanol. Pumping is preferred but inert gas must be used when pressure
loading or unloading is done. Each shipping container should bear the red
label for flammable liquids and follow all W.H.M.LS. safety standards accord-
ingly.

The most generally known health hazard associated with methanol is blind-
ness, usually as a result of ingestion. The ingestion of methanol has resulted in
a wide range of responses, probably owing to the concurrent intake of varying
amounts of etharol. Ethanol is selectively metabolized by the body, allowing
detoxification by respiration to occur to some extent. By mouth, 25-100 mL
of metbanol can cause death. The initial symptoms vary: weakness, fatigue,
headache, dizziness, nausea, and abdominal pain are typical. A latent period
of 6-30 h usually follows the initial symptomatic episode. The same responses
occur only in much greater severity; in addition, loss of vision occurs. If death
does not result from cardiac or respiratory arrest, permanent blindness may
be a residual effect. So far it is not clear whether blindness results from in-
halation. Table 4.7 gives estimated exposure limits for some time periods.

Some more references on this respect can be found elsewhere [86,144]



Chapter 5
Experimental Aspects

Several different experimental devices were used in this investigation. The
experimental part describes the equipment used and its operation, as well as
the procedures for 'preparing the catalysts and analyzing various samples. An
experimental apparatus similar to those used by Dosi [42,43], Jain [76], Hahn
(83], and Rouleau [137] was built and used in the kinetic study. The other
studies were performed using equipment available in the Chemistry, Physics,
Geology, and Chemical Engineering departments.

5.1 Chemicals and Equipment

The calibrating ges mixture (9.76% CO,, 9.89% CO, 80.35% N,), the com-
pressed helium (High-purity grade 99.995%) and the compressed air (21.04%
O2, 78.96% N:) cylinders were purchased from Air Products (Brampton,
Ont.). Traces of moisture in the air as well as in the gas products were
removed by passing them through drying tubes packed with Molecular Sieve
13X from Chromatographic Specialties (Brockville, Ont.). All zas lines were
made of either 0.3175 cm OD or 0.635 cm OD stainless steel tubing from AE
Auto Clave of Canada Ltd. (Burlington, Ont.). All valves used were made
of stainless steel and were acquired from Ottawa Valves & Fiitings (Ottawa,

87
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Ount.). Flow rates for each gas stream were measured by rotameters (body)
model no. 622 PSV, with flowmeter tube size R-15-2-AA from Matheson of
Canada Ltd (Whitby, Ont.).

An infusion Syringe Pump, model 901, from Harvard Apparatus Co. Inc.
(Millis, MA) and 10 ecm® gas tight syringes model 1010-LT from Hamilton
Co. (Reno, NV) were used to inject methanol in the feed stream. The stain-
less steel tubing carrying the air-methanol mixture to the reactor, and the
products from the reactors to the sampling bottle was continuously heated
externally by heating tapes from Canada Wide Scientific Ltd (Ottawa, Ont.).
The thermocouples utilized to sense the temperature inside the reactor and

the hot inlet chamber were of the J-iron-constantan type, and obtained from
TC Wires & Cables (Middlesex, GB).

The temperature controllers used, from Honeywell, were effective for a tem-
perature range of 273 to 1573 K. Variable Autotransformers of the type 3PN
1010 from STACO Inc. (Dayton, OH) were used to boost the reactor assem-
bly heaters and the heating tapes. The two way direct Solenoid Valve was
purchased from Ascoelectric Ltd (Brantford, Ont.). Both chromatographic
columns ~4.57 m x 0.3175 em OD 15 wt% Sucrose-octa-acetate on Chro-
mosorb T and 3.05 m x 0.3175 cm OD Hayesep T- were acquired from Chro-
matographic Specialties (Brockville, Oxt.). s
Most chemical products were bought from either BDH Ltd. (Toronto, Ont.)
or Fisher Ltd. (Ottawa, Ont.) : Pumice stone, methanol ACS, formaldehyde
solution (for calibration), antimony trichloride, ammonium molybdate, anti-

mony pentoxide. Y zeolite rare earth exchanged, was obtained from Strem
Chemicals Inc. (Newburyport, M4A).

5.1.1 Preparation of Catalyst

Several catalysts were used during this research. Each catalyst, at the proper

W/F ratio, was mixed with an inert medium (pumice stone 0.246 to 0.175
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mm clear opening size) up to a volume of 7 cm®. This was the standard size

for the catalyst bed in the reactor. The steps to prepare the catalysts are
described below.

Pure molybdenum trioxide catalyst was obtained by the thermal decomposi-
tion of ammoniwn molybdate. Ammonium molybdate was heated at 423 K
for 6 hours and for 2 hours each at 473 K, 573 Ik and 673 K. Finally, it
was calcined at 773 K for 6 hours and activated at $73 K for 2 more hours.
Antimony oxide catalyst was prepared by mixing antimony pentoxide with
distilled water to form a paste which is slowly dried. It was then calcined at
473 K to 923 K at increments of 100 I{ every hour and held at 923 K for 1S
hours. Antimony-Molybdenum oxide catalysts were prepared by dissolving
a known amount of ammonium molybdate completely in water to which a
weighed amount of antimony pentoxide was added. The resulting solution
was slowly evaporated to dryness, calcined from 473 K to 923 K with 100 K
increments every hour and held at 923 K for 1S hours. The catalysts thus
formed were ground to a particle size of 0.246 to 0.175 mm.

A catalyst sample prepared to give a 1:1 ratio of MoQ3:Sb,0; was analyzed
to test the accuracy of the preparation procedure. 0.1 g of ground catalyst
was mixed with 1.0 g of LiBO, (Spectrafux 100). This sample was fused at
1273 K for 20 min and the resulting bead dissolved in 100 mL of 0.1 N HNO,.
The solution was analyzed by DCP-AES (ARL nee Beckman Spectra Span V
Direct Current Plasma Atomic Emission Spectrophotometer). The analysis
gave 47.07 wt.% MoO; and 52.93 wt.% Sb,0,.

Antimony-Molybdenum oxide catalysts on zeolite support were prepared in a
similar way. After dissolving weighed amounts of ammonium molybdate and
antimony pentoxide in water, a2 known amount of type Y zeolite rare earth
exchanged, was added to the slurry, and the preparation process continued as

~before. This type Y zeolite has been used in previous studies (see Diaz [41]
and Sambi [139]).
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An AccuSorb 2100E Physical Adsorption Analyzer from Micromeritics Instru-
ments Corp. of Georgia, U.S.A., was used to determine specific surface area
using the Langmuir adsorption equation [4] or the BET method [30]. It was
used to determine pore structure which includes pore size distribution, total
pore volume and distribution, total pore area and distribution, and relative
pore complexity [16,133].

5.2 Experimental Apparatus

A schematic diagram of the apparatus used is shown in Figure 5.1. A helium
gas stream was supplied as carrier gas to the gas chromatograph. A second
stream carrying a mixture of gases (CO;, CO, N2) and a third stream carrying
air were used to prepare gaseous mixtures for calibration. This air stream
was also connected to the hot inlet chamber. Another air stream was used
for fluidizing the sand bed in the reactor assembly. Dry air was passed at
high velocity through a temperature controlled hot inlet chamber (temperature
~ 473 K). In this chamber methanol was infused into the feed streams by
means of a syringe pump. Methanol was continuously vaporized and carried
away in the air stream. The reactant stream coming out of the hot inlet
chamber could either be sent directly to the liquid trap for calibration or
to the preheater and reactor for an experimental run. Stainless steel tubing
carrying the air and methanol mixture to the reactor was heated eictema.lly by
heating tape. The feed stream going to the reactor was preheated in stainless
steel tubing wound around the reactor. The reactor was 19.05 cm x 1 cm ID
stainless steel tube. A schematic of the reactor assembly is shown in Figure
5.2. A porous stainless steel plate was fixed at the bottom of the reactor. At
the top of the reactor an iron-constantan thermocouple was connected to a
temperature controller. The reactor and preheater were kept immersed in a
constant temperature fluidized bed furnace.

The container for the fluidized sand bed was a 9 cm OD steel cylinder. Sand
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size was between 0.37 and 0.25 mm (40/60 mesh). A porous stainless steel
plate was welded at the bottom. This cylinder was connected to the building
air supply. By using a metering valve the air passing through the sand bed
could be regulated. Sufficient air was passed at all times in order to keep the
sand fuidized which would result in a uniform temperature around the reac-
tor. Ceram-A-Flex beaded heating wires were wrapped around the cylinder
and connected to one of the autotransformers and in series with a temperature
controller. This would control the reactor heating system (with the thermo-
couple) as to provide an efficient way to Lkeep the operation isothermal. The
temperature in the sand bed was adjusted by changing either the input volt-
age in the autotransformer or more easily, by changing the temperature set in
the temperature controller. The temperature inside the sand bed was checked
several times at steady state with a digital thermometer, and it was always
found to be within + 3 K of the specified temperature.

Products coming out of the reactor were passed through stainless steel tubing
which was heated externally. They were then passed through a liquid trap,
from which samples were taken for further analyses. Within the liquid trap,
connected on line, there was a sampling bottle where heavier products such as
HCHO, CH;0H, and H.O were continuously condensed. This bottle was a 24
cm X 4.5 cm OD pyrex botile with a 29/42 ground joint at the top where a two-
hole rubber stopper was fitted. A properly isolated 4 L Dewar flask contained
the ice that surrounded the sampling bottle. Gases and uncondensed vapors
passed through a 0.635 cm OD stainless steel tubing placed in a 32 cm x 6.3
cm OD condenser cylinder. Fresh cold water passed through this cylinder to
cool the gas products going through the tubing. Any products condensing in
the inside tube dropped back into the liquid trap. Products coming out of
the condenser were passed through a moisture trap, a 13 em x 5.8 ¢cm OD
acrylic tube filled with molecular sieve 13X. All traces of moisture from the
gas products were removed in the drying tube and in the condenser.

Gaseous products were then passed through an HP 5700 gas chromatograph
using a sampling valve with a 0.5 cm® sampling loop. A 304.8 cm x 0.3175
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cn OD (10" x 0.1257) Hayesep T stainless steel column was used io aualvze
the gas stream. This column was capable of separating N,, CO, CO.,, O-
and CH, '. Liquid samples were analyzed by injecting them through a 1
pL syringe into the same gas chromatograph. A 457.2 em x 0.3175 cm OD
(15’ x 0.125") stainless steel column containing 15 wt% Sucrose-octa-acetate
coated on Chromosorb T was used to analyze the liquid products. The gas
chromatograph was connected to an HP T127A strip chart recorder and/or to
an HP 3380A integrator according to the needs. A Precision Scientific wet
test meter was used to monitor the gas flow.

5.2.1 Analysis Procedure

A 304.9 cm x 0.3175 cm OD Hayesep T stainless steel column was utilized
to analyse the gas products containing CO, CO,, N, and Q,. A HP gas chro-
watograph (model No. 57004) attached to a HP integrator (model 33804)
performed the analysis of the exit gases. A 0.5 cm® sampling loop was used to
inject the gas sample into the column. The auxiliary temperature control as
well as the injection port temperature control were shut off during the analy-
sis. The detector was kept at 423 K with a DC current of 250 mA. The carrier
gas flow (Helium) was maintained at 30 cm®/min. Attenuation was set at 512
for N, then increased to 16 for better peak resolution. The oven temperature
programming was set for 273 K (4 min)-8 K/min-343 K (2 min). The 273
K temperature was attained by injecting liquid nitrogen through a solenoid
valve attached to the temperature control. This on-line a.na.lys.is was tested
using mixtures of the calibration gas mixture and air, giving reliable results.
A typical analysis of the gas mixtures is given in Figure 5.3.

A 457.2 am x 0.3175 cm OD stainless steel column containing 15 wt% Sucrose-
octa-acetate coated on Chromosorb T was used for analyzing liquid products.

TAn Orsut apparatus was kept as an alternative device in case of break down of the gas chromato-
graph due to the large amount of oxvgen in the gas stream. The reliability of the Orsat apparatus
was properly tested and verified. For atilization of the Orsat apparatus see reference [52]
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The temperature for the injection port and the detector were 423 K and 473 ¥
respectively. The oven temperature was kept isothermal at 373 Ix, as this is the
maximum advisable operating temperature for this column. The sensitivity
was set at 250 mA and the attenuation varied between 64 and 12§ depending
on the results. A liquid sample of 1 yL was used for all analyses. A certified
formaldehyde solution from Fisher Ltd. was used for obtaining the retention
times for the different expected products (formaldehyde, methanol and water).
Further to this, known amounts of other possible by-products such as ethyl-
ether, methyl formate, dimethoxymethane, and formic acid were added to
create some new standards and would have accounted for these products had

they been formed during the reaction. A typical analysis of liquid products is
shown in Figure 5.4.

5.2.2 Operating Procedure

The following operating procedure was followed in the collection of data:

i) The system was checked for possible leaks. In order to do that an
air pressure of about 207 kPa was maintained in the system. The
connections were tested with ‘snoop’. If after 30 min there was no

indication of pressure drop the procedure continued, otherwise the
leak was located and fixed.

ii) Some glass wool was placed in the reactor on top of the porous
plate. A wéighcd amount of catalyst was mixed with pumice stone
to 2 volume of 7 em® and was placed in the reactor. The bed was
covered with glass wool. The thermocouple assembly was placed on
top of the reactor.

iii) The reactor was placed upright in the fiuidized bed and clamped.
The top of the furnace was covered with asbestos sheets in order
to prevent out-flow of sand. By using quick-connects the reactor is

connected to the incoming reactants line and the outgoing products
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Figure 5.4: Typical Analysis of Liquid Products



CHAPTER 5. EXPERIMENTAL ASPECTS

line.
iv) The liquid trap was placed in position and the Dewar flask was filled
with ice. Next the water source for the condenser was turned on.

v) The air feed was turned on and the system checked for possible
leaks. .

vi) The power to the hot inlet chamber and heating tapes was switched

On.

vii) The infusion pump was switched on, which in turn started feeding
methanol.

viil) The power to the reactor heating system and autotransformer volt-
age were adjusted and air flow rate to the fluidized bed controlled
so that the desired temperature was attained.

ix) The gas chromatograph was turned on and the required operating
conditions set. After start-up, the gas chromatograph stayed on till
all analyses for that run were carried out. -

x) The integrator-recorder was turned on and its baseline checked.

xi) The gas flow rate in the rotameters was adjusted to give constant
molar flow as was required for the experiment. Air is always fed at

a rate larger than that stoichiometrically required (i.e. in excess).

xii) Methanol and air were fed to the system for about one hour. After
this period of time steady state conditions are verified by analyzing
gas products and checking reactor temperature and air flow rate.

xili) For sampling, the bottle in the Dewar flask was replaced with one
that contained some n-butanol that served as a solvent as explained
earlier in Section 4.1.3. Samples were collected for about one hour.

During this time gas products were repeatedly analyzed.

xiv) Liquid sample was removed from the sampling tube and poured into
a2 small vial ready to be analyzed.

98
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xv) After all analyses were done. the infusion pump was shut off and
the syringe removed. Air was allowed to flow through the system
to cleanse for one to two hows.

xvi) Next new operating conditions were set and the process restarted.

xvii) If the reactor was going to Le ramoved the system was left to cool

down, letting sir flowing through at all times.

xviit) Columns were checked periodically (at the start of every analysis)

to verify their proper performance.

5.3 Surface Characterization Studies

Techniques for characterization of solid surfaces, especially those related to
spectroscopic analysis, have increased greatly in the past decade. These tech-
niques have deepened our knowledge and understanding of surface phenomena.
Those used in this investigation are now briefly described.

5.3.1 ESR

With Electron Spin Resonance (ESR), also called Electron Paramagnetic Res-
onance (EPR), one cad identify modified crystal structures, free radicals which
are naturally or artificially produced, conduction electrons in metals and ac-
ceptors or donors in semiconductors. One of the principal applications is in
the investigation of oxidation and reduction processes and in surface catalysts
studies. A B-ER 414/418 s spectrometer from Bruker-Physik AG was used
to investigate the characteristics of the catalyst surface that would endow it
with such high activity. This equipment is operated by a technician from
the physics department. All catalysts’ analyses were performed at room tem-
perature. The operating couditions for the equipment were as follows: the
microwave frequency was maintained at 9.59 GHz, the modulator/recciver

frequency was 100 kHz, the ficld modulation intensity was 5 Gpp, the gain
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was set at 3.2 x 10° in most cases but varied if some adjustment was needed,
scan range was 6000 G with a mid range of 3500 G and a scan time of 500 s.
Further information can also be found elsewhere (8,21,90].

5.3.2 SEM

There are a variety of problems in catalytic research, such as the relation-
ship between activity and particle size, the morphological changes brought
about by promoters, the formation of high-surface-area metal dispersions due
to thermal decomposition of salts, sintering, fouling, and the dispersion of
supported particle catalysts among others, which demand the use of high-
resolution surface observations. Most of this valuable work has been done
using the Scanning Electron Microscope (SEM). The equipment available is a
Bausch & Lomb Nanoleb 7 SEM coupled with a Kevez energy disperser x-ray
analyzer. Further details on the principles of SEM are given by Sageant and
Embury [142] and Sanders [140].

5.3.3 XRD

X-Ray Diffraction (XRD) was developed during the first half of the century
and was soon applied io identify solid phases involved with heterogeneous
catalysts. Thanks to x-ray methods we can have a detailed picture of the
dispersion of small metal particles on supports including particle size distribu-
tion. Measurements can be performed in the broadest range of temperatures
and pressures used in catalytic reactions. In studying zeolites it is possible to

-~determine the positions of the active sites even during the course of catalytic
reactions. More detailed information is given by Gallezot [54]. The equipment
used is a Philips PW 1009 x-ray diffractometer that uses the Debye Scher-
rer photographic technique. The facilities for this analysis are at the Physms
department.



CHAPTER 5. EXPERINENTAL ASPECTS 101

5.4 Adsorption Studies

For this investigation only studies on physical adsorption are considered. For
these studies the AccuSorb 2100F Physical Adsorption Analyzer is used.



Chapter 6
Results and Discussion

Experimental data were obtained by using an integral fixed bed reactor, which
was operated at steady state isothermal conditions at nearly atmospheric
pressure and between 623-723 K. The effects of several variables, namely
Sb204/MoQj ratio, reaction temperature, partial pressure of methanol, and
the reciprocal of the space velocity or space time (W/F), on the conversion,
selectivity and yield of the oxidation of methanol to formaldehyde were stud-
ied. The feed rate was kept constant ! and the methanol concentration in
the feed was changed by altering the flow rate of air. The reciprocal of space
velocity (W/F) was varied by changing the weight of the catalyst charged in
the reactor. The conversion of methanol () and the yield of formaldehyde
(Y) were computed as the moles of methanol reacted and moles of formalde-
hyde formed per mole of methanol fed. The selectivity of the catalyst (S) was
defined as the ratio of the number of moles of formaldehyde formed to that
of the total carbon containing products (formaldehyde, carbon dioxide and
carbon monoxide, etc.) formed per unit time. The ratio of moles of methanol
to moles of air in feed multiplied by cne hundred was defined as K.

1

except set T, which shows the effect of feed velocity on conversion
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6.1 Preliminary Study

Preliminary experimental data were gathered (a) to verify the proper op-
eration of the experimental apparatus, (b) to test the performance of the
whole system by running it under similar operating conditions as previous re-
searchers have with a known catalyst and, (c) to verify the effect of the inert
medium used in the experiments.

After analyzing the results of these preliminary runs, one can conclude that
the results were reproducible, thereby the system was reliable, and one can
safely use pumice stone as inert medium knowing that its effect in the reaction
studied is negligible.

6.1.1 Results with Molybdenum Trioxide

MoO; has been largely studied as an oxidation catalyst in the production of
formaldehyde from methanol [7,42,79,128}. Under the most favorable condi-
tions its selectivity is ~100%. However, its conversion reaches a plateau at
about 55% which makes this catalyst alone of very little use for a chemical
industrial process.

To test the performance of the experimental apparatus a set of runs, termed
set A, was carried out using MoQj as catalyst. For this set of runs the intent
was to verify the proper behaviour of a known catalytic system, in this case

" by increasing temperature while keeping the remaining operating conditions
constant.

For set A the temperature was varied from 623 to 723 K and samples were
taken every 25 K (samples A0l to A05). Other operating conditions were set
at the centre point of the fractional factorial design, i.e. methanol feed rate
of 0.0206 mL/min, W/F of 27.5 and R of 6. Results for these runs are shown
in Table 6.1 and in Figure G.1. The reaction followed the expected behaviour.

At lower temperatures, lower conversion and higher selectivity were measured.
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Figure 6.1: Effect of Temperature on Conversion. Selectivity and Yield with MoO,
as Catalyst
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Table

6.1: Effect of Temperature on Conversion. Selectivity and Yield with MoOs

as Catalyst

Run Temperature (K) W/F R Conversion (%) Selectivity (%) Yield (%)
AQL 623 275 6 0.5 100.0 0.5
AQ2 648 275 6 24.4 95.6 23.3
A03 673 275 6 35.5 $9.2 31.6
A04 69S 275 6 47.7 90.9 434
A05 723 275 6 52.8 $5.9 45.4

- As the temperature increased, conversion reached a maximum, but selectivity

decreased due to oxidation of some methanol molecules to CO and CO:; as

obsarved in Figure 6.2. These results agree with data found in literature
[7,78,79,128,170].

6.1.2 Results with Inert Medium

Pumice stone is used as an inert medium to standardize the reactor bed size
to 7 cm®. The advantages of diluting the catalyst with an inert medium in a
catalyst bed have been outlined by van Klinken and van Gougen {161]. Pumice
stone is composed of amorphous fused silica (67-75 wt%), aluminum oxide
(10-20 wt%), and silicates of potassium, sodium and calcium. Silica-aluminas
are not completely inert supports, as a matter of fact they are classified by
Foger [50] as catalytically active supports. It is clear that their activity is
far less than that of those supports that strongly interact with the active
component of the catalyst, like TiO, or V,Os, which are also catalysts. In
order to verify how the inert medium affects the reaction, a set of experimental
runs, termed set B, was carried out. '

Set B keeps the operating conditions of the centre point, i.e. air fow of 0.509
mol/h and methanol feed rate of 0.0305 mol/k (0.0206 mL/min). Temperature
was varied from 648 to 723 K at intervals of 25 K. Results for these runs




CHAPTER 6. RESULTS AND DISCT'SSION 106

28 25.0
2.0 200
b
o
o —
S 1.5 - 180 3
[
X e
o .
2 )
8 1.0- - 10.0 8
O
0.5 - 5.0
W/F = 27.5
R=6
0.0 P — Y Y T : 0.0
623.0 .a. €43.0 673.0 898.0 723.0

Temperature K
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Table 6.2: Effect of Temﬁera.ture on Inert Medium

Run Temperature (K)

W/F R | Conversion (%) Selectivity (%) Yield (%)
BO1 6438 275 6 0.9 17.4 0.2
B02 673 275 6 2.2 15.9 0.4
B03 698 275 6 3.5 21.1 0.7
B04 723 275 6 15.1 13.9 2.1

are shown in Table 6.2 and Figure 86.3. It can be seen that production of
formaldehyde due to thermal or support effects is in fact negligible, less than
1.5% in all operating temperatures used in the kinetic study. Production of
CO. increased with temperature as expected, but it still can be considered
negligible. Some traces of CO were detected at higher temperatures but they
are not considered significant either.

As these values for CO and CO; are low and produced only by reaction on the
surface of the pumice stone, they were considered as ‘threshold’ values. For
any practical purposes any value below these figures was dismissed as ‘traces’
and considered negligible.

6.1.3 Results with Antimony Oxide

Contrary to molybdenum trioxide, antimony oxide has not been extensively
investigated and information in the literature about its use in oxidation of
methanol is scarce. One of the few studies on this catalysts was made by
Abadzhieva and Klissurski [6]. Some other studies on this catalyst have been
carried out, e.g. Godin et ¢L[60], but aimed at different reaction systems.

To test the effect of antimony oxide on the conversion of methanol to formalde-
hyde, a set of runs similar to set A for molybdenum trioxide was carried out.
This set is termed set D. Results for t-hese runs are shown in Table 6.3 and
Figure 6.4. From these it is obvious that the activity of Sb;0;, is almost an
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Figure 6.3: Effect of Temperature on the Conversion of Methanol on Pumice Stone
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Table
as Ca

6.3: Effect of Temperature on Conversion. Selectivity and Yield with Sb.O,
talyst

| Run _Temperature (K) W/F R | Conversion (%) Selectivity (%) Yield (%)
DOl 623 275 6 29 3.8 0.1
D02 648 275 6 4.5 15.8 0.7
D03 673 275 6 5.1 20.0 1.0
D04 698 275 6 12.6 65.6 8.3
DO5 123 2553 6 30.6 ' 1.7 22.2

order of magnitude lower than that of MoOQ; [6]. And although its selectivity
seems low at lower temperatures, it is masked by the amount of carbon oxides
produced by the pumice stone. A large change in conversion, selectivity and
yield is observed from 673 to 723 Ik.

6.2 Screening Study

The results obtained from the screening study show the effectiveness of the

experimental design in helping sort out the sought catalyst composition.

6.2.1 Model Building with MoO;

The third set of runs, set C, was designed using a fractional factorial design
and also with modifications suggested by Hunt and Jaworsky [72] and McLean
[114]. For this design it was considered that yield is some times computed by
multiplying the recorded values of conversion and selectivity. A 27" fractional
factorial design is defined for the experimental runs. That means four runs at
different operating conditions and at least two centre point. runs. A defining
reletion is given by I = X;XpX3 as explained in Section 3.1.1. Such design is
better llustrated in Table 3.2.
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Table 6.4: Fractional Factorial Design Runs with MoQs

————

Run Temperature (K) W/F R [ Conversion (%) Selectivity (%) Yield (%)
Co1 673 275 6 43.5 93.3 42,5
Co2 648 16.25 8§ 30.1 91.9 27.6
Co3 698 16.25 4 44.0 95.1 41.8
Co4 643 38.75 4 58.9 2.5 42.7
Co0s5 698 38.75 8§ 53.0 97.6 S1.7
Co6 673 275 6 30.7 95.5 29.3
Table 6.5: Runs at Centre Point with MoQ,
Run Temperature (K) W/F R | Conversion (%) Selectivity (%) Yield (%)
AQ3 673 2753 6 35.5 89.2 316
Co1 673 275 6 45.5 93.3 425
C06 673 275 6 30.7 95.5 29.3

Results for these fractional factorial design runs are given in Table 6.4. Results
for the runs at the centre point are summarized in Table 6.5.

As can be seen run CO1 gave significantly higher conversion than the other
two runs at the same conditions. This is explained by Adkins and Peterson [7]
and by Hahn [83] on the basis that a catalyst that has been less than twelve
hours on stream is more active, and this gives higher conversion. Between
twelve and twenty four hours-are required for MoOy to attain a steady state
conversion. All runs in set C, except C06, were carried out when the catalysts
had higher activity.

As mentioned above in Section 3.1.1 yield can be expressed as the product of
conversion and selectivity. Let us recall the definitions on Section 3.1.1: y, as

conversion, ¥y, as selectivity, and Y as yield. Also we recall the variables for
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temperature, space time and methanol to air ratio:

. T-673
X = 35 (6.1)
. W/F-275
La3 = .2
X2 11.25 6.2)
. _R-86
P - 2 (6-3)
Taking data from Table 6.4 our models result are as follows:
¥1 =0.465 + 0.02X; + 0.0945X; — 0.0495X, (6.4)
¥2 = 0.89275 + 0.07075X; ~ 0.04225X, + 0.05475X, (6.3)
YMo0; = 0.4151 + 0.0508X, + 0.0647X, — 0.0187Xs
+0.001415X7 + 0.005841X, X, — 0.002401X, X,
—0.003993X3 + 0.007265X, X5 — 0.00271X2 (6.8)

This preliminary result seems to indicate what is generally common in this
kind of reactions, using an oxide metal catalyst: higher temperatures, larger

catalyst to feed flow rate ratio and lower alcohol to oXygen ratio give higher
yields.

6.2.2 Model Building with Sb,O,

Set E was carried out using the same experimental scheme as set C. By defining
yield, conversion and selectivity as before, as well as the normalized variables
X1, X5, and X3 we could obtain our statistical model. Results from these runs
are shown in.Table 6.6. From there our model results as follows:

y1 = 0.162 + 0.078X, — 0.068X; — 0.055X; (6.7)
¥2 = 0.38625 + 0.31225X; — 0.00425X, — 0.00425X, (6.8)
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Table 6.6: Fractional Factorial Design Runs with $b.0,

Run Temperature (K) W/F R | Conversion (%) Selectivity (%) Yield (%)
E01 673 215 6 51.3 ST.T 45.0
E02 648 16.25 § 9.7 T4 0.7
E03 698 -16.25 4 36.3 70.7 25.6
E04 648 38.75 4 7.1 T4 0.5
E05 698 3875 8§ 11.7 63.9 8.0
E06 673 275 6 52.3 77.9 40.8

Ysb,0, = 0.0626 + 0.0S07TX; — 0.027X» — 0.0219X,
+0.0244X7 — 0.0216X,X. — 0.0175X, X5
+0.0003X3 + 0.0005X,X; + 0.0002X2 (6.9)

These results indicate almost similar behaviour as the MoOQs catalyst. An
exception can be noticed in the effect of the space time {(W/F'). However, the
effect of the catalyst to methanol flow rate may be camouflaged due to the

low conversion and the highly dominant effect of temperature on conversion.

The results obtained with Sb,0, did not agree completely with those given in
the literature [6,60,165], probably because those results in the literature were
obtained by carrying out the experiments with pure Sb,O,. Here the effect of
the dilution with pumice stone may account for such differences, as the effect
of the inert medium on the final product is not negligible when conversions

are very low and the catalyst used has low activity.

6.2.3 Results with Mo-Sb Oxide Mixtures

As shown in Table 3.1 five new catalysts were made mixing different amounts
of ammonium molybdate and antimony pentoxide in order to give the desired
composition ratio. The objective was to find an optimum composition, one
that gave the highest yield. This high-yield catalyst would be characterized
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Table 6.7: Catalysts’ Composition

Catalyst | Tag (set # ) | Sb,O, (wt%) MoO, (wt%) Colour
I B 0.0 100.0 cream-blue
II E 100.0 0.0 light yellow
III J 83.33 16.66 green-vellow
v H 66.66 33.33 yellow-green
v F 50.0 50.0 yellow-cream
VI G 33.33 66.66 cream-yellow
VII I 16.66 83.33 cream

later in a kinetic study, as well as analyzed with several spectroscopic tech-
niques. These analyses would help explain the extremely high vields obtained
in such a catalyst by linking them with the high activity on the catalyst
surface.

Table 6.7 shows the catalysts used, their compositions and their tag for proper
identification.

It is to be noticed that there is a change in the colour with a change in the
composition of the catalyst. As the amount of MoOs increased the catalyst’s
colour became lighter.

The results of the fractional factorial design model building scheme are shown
in Tables 6.8 to 6.10.

Even at first glance ore notices the higher efficiency of the oxide mixtures
‘compared with the single oxides. This is noted in the high values of param-
eter ap which is an estimate of E(Y) at the centre point of the experimental
design. The results obtained with catalyst IV (Sb2O4 — MoO5; (2:1)) were
the most interesting and striking ones. In all fractional factorial design runs
its selectivity was 100%. This may not be true for all operating conditions;
as proven later in the kinetic study; but indicates that this catalyst may give
the.best results we were looking for.
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Table 6.8: Statistical Models for Conversion

Cat alyst bo blxl ngg b3X3
I 0.465 0.02 0.0945 -0.0495

II 0.162 0.078 -0.068 -0.055
III 0.7092 0.0657 0.0792 -0.0512
v 0.7072 0.1377 0.1247 0.0302
v 0.6237 0.0492 0.1202 -0.03S82

VI 0.533 0.077 0.15¢ -0.076
VII 0.7082 0.1622 -0.0017 0.0882

Table 6.9: Statistical Models for Selectivity

Catalyst o Xy (79,0} caXa
I 0.8927 0.0707 -0.0422 0.0547
II 0.3862 0.3122 -0.0042 -0.0042
III 0.6567 -0.0652 -0.3432 -0.0652
v 1.0 0.0 0.0 "~ 0.0
v 0.6767 -0.0447 -0.2772 -0.0597
VI 0.7407 -0.0342 -0.2592 -0.0342
VII 0.7055 0.0045 0.2945 -0.0045

(4]
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Table 6.10: Statistical Models for Yield
Catalyst 20 ar Ny a2\ a3 Xs a; Xy
I 0.4151 0.0508 0.0647 -0.0187 °0.0014
I 0.0626 0.0807 -0.027 -0.0219 0.0244
I 0.4658 -0.0031 -0.1941 -0.0799 -0.0043
v 0.7072 0.1377 0.1247 0.0303 0.0
A\ 0.4255 0.0052 -0.0928 -0.0635 -0.0022
VI 0.3948 0.0388 -0.0241 -0.0746 -0.0026
VII 0.4997 0.1177 0.2073 0.0391  0.0007
212X0 Ko apsXo Xy 2:0XE  223XoXs  anXs
I 0.0058 -0.002¢ -0.00¢4 0.0073 -0.0027
II -0.0216 -0.0175 0.0003 0.0005 0.0002
III -0.0277 -0.0009 -0.0272 0.0124 0.0033
v 0.0 0.0 0.0 0.0 0.0
v -0.019  -0.0012 -0.0333 0.003¢ 0.0023
VI -0.0252 0.0 -0.0399 0.0144 0.0026
VII 0.0478 -0.0003 -0.0005 0.026 -0.0004
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Furthermore, the resulting model is a lot simpler as from a potential second-
order model, it reduces to a first-order model where interactions are techni-
cally non-existent. As well it indicates that increments in the three operating

conditions, temperature, space time, and methanol-air flow rate would likely
increase yield.

As the number of replicate data at the centre point is not large enough,
any calculation on their adequacy might not be considered statistically valid.
Nonetheless, the values obtained were close to one another. and were used
to draw Figure 6.5. This figure shows the effect of MoOs; content in the
catalyst on conversion (()) and selectivity (A) at the centre point operating
conditions. Pure Sb20; (0% MoO3) and MoO; (0% Sb.O,) were moderately
active and could convert a maximum of about 38% methanol. As the MoO;
was increased to about 33 wt% of catalyst content. conversion and selectivity
of formaldehyde increased. With further incrense in the amount of MoO3,

conversion dropped. However the selectivity stayed fairly constant at about
100%.

Coupling the results obtained at the centre point operating conditions with
those obtained from the fractional factorial design and model building scheme
2 composition of 33 wt% MoQO; and 67 wt% Sb.O; was chosen to be an op-
timum composition of the catalyst which was used for further detailed kinetic
study of the reaction. ESR studies of these oxide catalysts seem to confirm

our choice, and may explain the high performance of the catalyst chosen.

As the goal of this screening study, to sort out the ‘best’ catalyst for the
oxidation of methanol to formaldehyde, was accomplished, detailed analysis

of the models was not considered relevant to the scope of this research.

A 0.246 to 0.175 mm particle size catalyst with a Sb,0,/MoOa ratio of 2:1,
had a surface area of 6.1 m?/g and a bulk density of 1.678 g/cm®. The colour
of the catalyst before being used for methanol oxidation was yellow-green and
turned black after use.
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Table 6.11: ESR Catalysts™ Activity

Catalyst | MoOj3 (wt%) SbaOs (wt%) [ Relative Spins/ g g
Intensity x 10

I 100 0 0.82 < 10~* 1 1.93CS

II 0 100 - 0 -
Jes 16.66 $3.33 20.14 +.47 1.9227
v 33.33 66.66 26.02 4.98 1.9205
A 50.0 20.0 19.16 4.23 [ 1.9259
VI 66.66 33.33 14.17 2.90 1.9259
VII 33.33 16.66 6.25 1.52 | 1.9317

6.2.4 ESR Spectra

Several spectra were taken at ambient temperature of the different metal oxide
mixtures. These spectra compare the level of activity of each catalyst as per
the changes of electronic state in the compound.

Figure 6.6 shows the ESR signal intensity versus composition of MoQ; in
the Sb-Mo oxide mixture. Figure 6.7 shows the number of ESR paramagnetic
spins per gram versus composition of MoQOs in the Sb-Mo oxide mixture. Other
results, including the splitting factors are also summarized in Table 6.11. The
spectra obtained from MoQOj, Sb,O; and Sby04-MoQ; (2:1) are shown in
Figures J.1, J.2 and J.3 respectively.

The ESR spectra showed some variation with change in the composition of
the cataljrst. The similarities in the shape of the curves between Figures 6.6,
6.7 and 6.5 suggest that there is some relation between the high performance
of this catalyst and the changes on its surface. In the case of molybdenum
mixtures it has been already found [149] that the yield of certain products
correlates with the ESR signal intensity. In all cases the catalyst found at

the uppermost point of the crest of the curve was that containing 67 wt%
Sb,0,4-33 wt% MoO,.

The splitting factors were calculated for every case using equations 2.54 and 2.53.
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Figure 6.7: ESR Paramagnetic Spins per gram vs. Composition of MoQ; in Catalyst
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The g values veried ketween 1.92 and 1.93 and the one for MoOQ; alone was
1.9368. This is approximately the same as observed by others [104,149]. No
appreciable hyperfine structure components due to the odd isotopes of molyb-
denum were observed in the solid samples.

Molybdenum can exist in any of the four valencies, 6-+, 5+, 4+, and 3+ cor-
responding to d° d!, d* and d® configurations. Hexavalent molybdenum is
diamagnetic and, therefore gives no ESR signal. The tetravalent molybde-
num, even if it were paramagnetic, would not be observed except at very low
temperatures. Also it would be expected that any observed resonance due
to d?, would have a large zero field splitting and therefore would give a very
broad signal. This leaves as the only two possible ions present Mo®* and
Mo®*. It has been confirmed [104] that both ions are formed during thermal
decomposition of ammonium molybdate. Mot is expected to give a ¢ value
near 2.00.

Figure J.1 shows a very weak signal for both ions. Mo gave a g value of 1.936
and Mo® a g value of 1.993. However in all the other spectra the hyperfine
line for Mo®* was so small that could be confounded with noise or with the
large signal produced by Mo®*. In our case the signal is probably due to a
change of electronic state in the compound, most likely MoS* going to Mo®*.
These spectra agree with data found in the literature [103,104,153].

It is well known that MoQj; forms a number of nonstoichiometric oxides on
heat treatment in a reducing atmosphere. The departure from stoichiometry
is generally associated with the formation of colour centres. The general
interpretation had been that the colouration is due to crystal field spectra of
electrons in the Mo®* state. The mixtures with Sb,Oy, 2 vellow compound,
shown in Table 6.7 suggests an intimate interaction at levels of the basic
crystalline structure.

In Sb20;, the Sb* and Sb* ions are present in equal proportions. The 8-
Sb20,, monoclinic, is obtained from the decomposition of Sb.Os at 1000 K,

but in the presence of vanadium, iron or molybdenum ions the transformation
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can be achieved at lower temperatures [62]. Although the mechanism is not
clear, both molybdenum and vanadium behave as dopants, which become
incorporated in the bulk of 3-SbaO, during its formation. The resulting oxides
have 2 distinct defect structures, in which V** replaces some of the Sb3* ions

in the lattice, and Mo occupies interstitial sites [157].

The large signal shown in Figure J.2 was due to Sb®* ions. In the Sb-Mo oxide
spectra. this signal changed its intensity apparently accordingly to the activity
of the catalyst. The presence of Sb* increases the number of Mo®* ions to
a maximum, as seen in Figure J.3. Thereafter the activity decreases. The
catalyst with the highest activity for Mo®* also showed the largest intensity
for Sb**. This supports the idea of some interaction between the two types
of ions caused probably when Mo occupies interstitial sites. Again the oxides
ratio found seems to be the most effective one.

6.2.5 XRD Spectra

Each one of the unsupported metal oxide catalysts was photographed using
the Debye Scherrer technique. The film taken from MoQ; suggests that this
oxide was in its §-form, orthorhombic. The other possible crystalline state for
MoOQ; is cubic and this state was easily dismissed. The film taken from Sb.Oy
suggests that both states «, orthorhombic, and 8, monoclinic, were present
in this catalyst, but the ratio could not be determined by this spectroscopic
method. It is known [62] that the S-phase is more active and preferred for
catalyst preparation. Although the preparation procedure for pure Sb,O4 was
the same as for the metal oxide mixtures, the efect of the molybdenum ion
has been found determinant in the formation of 8-Sb,0, [157].

The analysis of the metal oxide mixtures proved to be much more diff-
cult. Several known oxide mixtures were tried, Mo-doped Sb,0, (157], o-
Sb204 [159], MosSby [77], MoyOy; [84], MoOjs [5,11,145], B-Sb,0O, [134] and
SbaMo1oOa [127). However, none of these phases could be identified con-

clusively. The best evidence found indicates that part of the specimen is
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composed of Mo-doped 3-Sb;0,;. This would again explain the location of
Mo atoms in the interstitial sites.

The lattice parameters, as well as the space groups of the crystalline structures
that were compared with the specimens are given in Table L.1.

6.3 Kinetic Analysis of Data

6.3.1 Factors Affecting Rate Mechanism

The rate equation is generally derived in terms of temperature, pressure and
composition of the reactants. The other factors which might affect kinetics
are considered below:

L Activity of Catalyst — Catalyst activity remained fairly constant
over all the runs for the kinetic study. This was confirmed by carry-
ing out replicate runs at the centre point operating conditions every
four runs. These results are shown in Appendix G.2.

II. Homogeneous Reactions and Reactions in the Absence of Catalyst
- As indicated in Section 6.1.2 the amount of product produced in
the absence of catalyst at the operating conditions for the kinetic
analysis is negligible. -

II1. Side Reactions — Formation of carbon monoxide is believed to be
caused by thermal decomposition of formaldehyde [25,80]. Carbon
dioxide is formed by the oxidation of carbon monoxide. As observed
in most of the experimental data, especially those obtained for the
Kinetic analysis, the amount of carbon oxides formed was quite small
compared to the total products. Experimental runs where carbon
oxides formed were more than 5% of total products were not consid-
ered for kinetic analysis. As selectivity was very high this was not
a matter of concern. Also, no traces of dimethyl ether, formic acid,
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dimethoxy methane, or methyl formate were found in the analysis
of the products.

- Pressure Drop Through Catalyst Bed - Total pressure inside the
reactor measured in the absence of catalyst was 117.25 kPa (879.5
Torr). The pressure drop inside the catalyst bed was caleulated
following the procedures given by Bird et al[23]. At the maxdimum
air flow rate used (17.03 L/h) the pressure drop was 7.85 kPa and
3.12 kPa at the minimum air flow rate (6.8 L/h). As the maximum
pressure drop did not exceed 10 kPa, the measured pressure at the
outlet of the reactor, 107.65 kPa (S07.5 Torr) was taken for ease of
calculation, as the total pressure in the catalyst bed.

. Departure from Plug Flow - In the present study, plug flow in the
reactor was assumed. The flat pattern in the tube is affected by a
number of factors. The two most important ones are axial disper-
sion and channeling. As stated in Section 2.5.1 the effects of axial
dispersion can be considered negligible for 3 > 350. This value in
our case is about 8§75. Channeling is avoided by having a large g:-
ratio; larger than 20 according to some authors [143]. The present
case gives 2 value of 44. Hence, the assumption of plug flow could
not result in any significant error.

. Diffusion - Diffusion can be of two kinds:
(2) Molecular Diffusion: When the mean free path of diffusing

molecules is .small with respect to pore radius, collisions be-
tween molecules of reactants control the diffusion process. This
is known as molecular or bulk diffusion. In such cases, the par-
tial pressures of the different reactants control the diffussion
process. In most cases this type of diffusion is insignificant un-
less pressure is very high or pore radii are very large. Since
the present work was Eonducted at nearly atmospheric pres-
sure, molecular diffusion is expected to be negligible. To check
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the effect of molecular diffusion several runs, set T, were taken
at the same operating conditions with different feed velocity of
methanol. As can be seen in Figure 6.8 changing feed veloc-
ity bad apparently no effect on conversion. Hence, it can be
assumed that molecular diffusion did not control the reaction.
(b) Knudsen Diffusion: When the pore size of the catalyst (or
porous medium) is small, collisions between molecules and walls
control the diffusion process. The catalyst particles used in the
present study had an average particle diameter of 0.21 mm.
For such a catalyst particle Knudsen diffusion does not affect
results significantly.
To find out if Knudsen diffusion affected the results, a set of
runs, termed set R, was carried out at the centre point operat-
ing conditions but changing particle diameter. Conversion was
nearly the same. Results are shown in Figure 6.9. If Knud-
sen diffusion were affecting the results significantly, changing
catalyst diameter should have resulted in significant change in
the rate of reaction. Hence, for such small particles (0.175
to 0.246 mm) the effectiveness factor can be considered one
[31,33,41,51,139,151].

VII. Resistance to External Heat and Mass Transfer - The values of
partial pressure and temperature in the bulk stream and at the gas-
solid interface may differ significantly in certain systems. In order
to simplify the correlation for experimental data, it is necessary to
minimize these resistances so that they become negligible. The ef-
fect of heat and mass transfer is explained in detail in Section 2.3,

-and 2 sample calculation based on the method of Yoshida et al[172],
that estimated the temperature and pressure drops from the bulk
phase to the catalyst surface, is shown in Appendix F. The max-
imum temperature drop of 0.1 I and the maximum pressure drop
of substantially less than 10 Pa suggested that the heat and mass

126
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transfer effects were negligible.

6.3;2 Effect of Process Variables

The effect of temperature, weight of catalyst to methanol feed ratio (W/F).
and methanol to air feed ratio (R) on the conversion of methanol (C), »ield
of formaldehyde (Y), and selectivity (S) of the catalyst were investigated.
The results are presented in Appendix C. Figures C.1 to C.20 show the
effect of temperature on conversion of methano! and vield of formaldehyde.
Figures C.21 to C.36 show the effect of space time on conversion of methanol
and yield of formaldehyde. Figures C.37 to C.56 show the effect of K on
conversion of methanol and yield of formaldehyde.

Effect of Temperature

The effect of temperature on conversion, yield and selectivity was investigated
in the temperature range 623-698 K. Conversion of methanol increases with
temperature. This increase is more accentuated at higher space times. In
some cases conversion reached 100%. Selectivity remained nearly at 100% for
the range investigated. However, in some cases after reaching a maximum
yield for a fixed R and W/F the conversion decreased slightly, usually at high
W/F and at temperatures beyond 673 K. Figures 6.10 and 6.11 show clearly

these effects. This may have happened due to thermal deactivation of some
active centres.

Effect of W/F

The effect of W/F on the conversion, selectivity and yield was studied at
temperatures between 623 and 698 K, for methanol-air feed ratios, R, between
4 and 10. For all methanol concentrations an increase in W/F increased

the conversion of methanol. This conforms with the fact that the increase
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in W/F ratio with constant feed, gas flow rate and methanol concentration
results in increased contact time. However, the rate of increase in conversion
dropped progressively, indicating that the decrease in bulk concentration of
methanol during the reaction lowers the reaction rate. At a given value of
W/F, conversion of methanol increased with higher methanol concentrations
in the feed. Figures 6.12 and 6.13 show the importance of an adequate contact
time to attain high yields.

Effect of Methanol-Air Flow Ratios

The effect of methanol to air flow ratio, R, on conversion, selectivity and yield
was studied at temperatures between 623 and 698 X, and for space times
between 5 and 50. The conversion increased with an increase in methanol
concentration. However, at higher values of W/F the conversion and selec-
tivity increased slightly with the increase in concentration of methanol in the
feed, especially at large values of R. This is clearly observed in Figures 6.14
and 6.15. It is also observed that at a given value of K, conversion of methanol
increased with higher space time.

6.3.3 Inicial Rates

Yang and Hougen [168] developed a method that is helpful in reducing the
numbers of possible rate controlling steps by eliminating some of them. As.
indicated in Section 3.3.1 it is necessary to obtain the initial rate, also defined
as the rate of reaction at zero conversion. This is obtained from a plot of

" moles of formaldehyde produced per mole of methanol fed versus space time.
The initial rate is the slope of the curve as space times approaches zero.
Figures 6.16 to 6.19 show this phenomenon.

The plots of moles percentage methanol in feed versus the initial rates, 1o, for
- all the temperatures studied are given in Figures 6.20 to 6.23.
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Yang and Hougen[168] used the method of initial rates to identify the type of

mechanism of reaction that was controlling the reaction. A comparison of the

curves in Figures 6.20 to 6.23 with curves suggested by then for the various

rate coutrolling steps, sugsested that the desorption of products was not o

rate controlling step.

6.3.4 Correclation of Data

For corrclation of data, we will utilise the amount of formaldehyde produced
per unit mole of methanol fod to the system, Le. the yield. The integrated
form of the rate equation in Table 2.2 ean be rearranged into a new form
as shown in Table 3.4, where o = 0.3 and v =70+ hx. The values for Y
and x i columns six and seven are ealenlated from the experimental data by
substituting the values of W/F wud the respective partial pressures, These
alues of 3y and 3 may be deternmined from the intereept and slope of the
line in a ¥ versus x plot. by ustng the least-squares method as indieated
in Section H.1. A computer program. shown in Seetion B.3, performed the

calculations for the eleven different rate cquations.

For the two-stage redox mechanisiw: there was no single value of m that would
fit over the whole rauge of temperatures studied,  However proper fit was
found from G48 to 698 K for m=1 and n=1. As well, after analyzing the
remaining equations a good fit was deemed in the ease of m=2 and p=1 for
a temperature of 623 I. This scews to indicate that as temperature increnses
there is a change in the order of reaction witl: respect. to the conswmption
of methanol. At low spice thnes the effect of catalyst scems to Le stronger
than that at very Iarge space times. As i mntter of fact, in most enses near
complete conversion, Le. ~ 100% yield. increasing the amount of catalyst.
was not only useless but may be counterproductive, as in some cases yield
decreased. Bliznakov et al[24] reported that in experiments using i MnO,.-
MoOy catalyst the order of reaction with respect to methanol chauged from

0.5 to 1 when operating conditions changed.
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Table 6.12: Reaction Rate Constant Values

Temperatwre {m n k, ks
(K) e P
623 2 11716 x 105 5.66 x 10-°
648 1 1] 113 x10™* 5.513 x 102
673 1 1] 1.57 x10"% 4.834 x 10°2
698 1 1] 244 x10™% 4477 x 10-2

The rate equation found is

_ _kPu
= 14 JuPa

2ks P92

(6.10)

The a.;rerage value of k; and k; between 6232 and 698 K are listed in Table 6.12.

The activation energies of the individual steps were evaluated from Figure 6.24
using the least-squares method. The respective equations relating k; and ki

with temperature were as follows:

6.9153 x 10°

Ink, = ~6.4039 — 2 (6.11)
3
Ink, = —3.0154 4 L5009 X 10° (6.12)

T

The values of W/F thus calculated for different conversions were plotted (solid
lines in Figures 6.16 to 6.19). The percentage deviation between the experi-
mental and calculated values was 10% or less, except for some values at space
times of 38.75 and most values at space time of 50, where it was clearly shown
that this ‘excess’ amount of catalyst was not useful in improving the reaction
yield. The value of k2 seems to slightly increase with increasing temperature.
This is possible due to k; representing an overall value, rather than a single

*As already explained values for this temperature are taken from a two-stage redox mechanism
where m=2 and n=1
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Table 6.13: Results with Sb-Mo Supported on Y zeolite

Run | T (K) W/F R | Conversion Selectivity Yield
S0L{ 673 275 G 0.805 0.622 0.301
S02 | 648 1625 4 0.633 0.72¢4 0.494
S03 | 698 1625 4 0.830 0.626 0.520
S04 | 648 1625 S 0.700 0.616 0.431
S05 | 698 1625 S 0.842 0.398 0.504
S06 | 673 275 6 0.S00 0.625 0.500
SO07T | 648 3875 4 0.778 0.787 0.612
S08 | 698 3875 4 0.932 0.450 0.420
S09 | 648 3875 S 0.784 0.444 0.348
S10 | 698 3875 § 0.958 0.403 0.386
S11 673 753 6 0.569 0.625 0.543

step rate constant [83,107]. Such a postulate is quite reasonable in view of
the highly exothermic oxidation reaction. For the temperature range 645-698"
K the activation energies obtained from Equations 6.11 and 6.12 are 13.742
Keal/gmol and -3.737 Kcal/gmol respectively. The former value is in close
agreement with those obtained in literature [24,25,76,88]. This gives an over-
all value of 10.05 Kcal/gmol. The general theory says that adsorption is an
exothermic process unless dissociation occurs in which case the enthalpy may
increase if heat of dissociation is included. No other values of m and n in the

two or three-stage redox mechanisms seemed to show proper fitting,

6.4 Results on Supported Catalyst

Using the same Sb:Mo oxide ratio found for the highest yield catalyst, a cat-
alyst supported on rare-earth exchanged Y-zeolite was prepared as described
in Section 5.1.1. A complete 23 factorial design was carried out with this
catalyst. Table 6.13 shows the results of those runs.
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Following the steps outlined by Bacon [14] and those of Appendix H.2 a first-
order model was fitted to the results obtained in the oxidation of methanol
to formaldehyde on Sb-Mo oxide supported on Y zeolite catalyst. The model
obtained was based on yield of formaldehyde and uses the same normalized -
variables X;, X, and Xj, previously defined in Section 3.1.1.

The model obtained was:

Y = 0.4644 — 0.0069X, — 0.0220X, — 0.0471X,
~0.0316X; X2 + 0.0346X, X3 ~ 0.0274X:X,
+0.0229X, XX (6.13)

The fitted model provides an exact fit to the data for this set of experi-
ments since it contains as many parameters as there are tests. Therefore
the adequacy of this model cannot be tested. Possible deletion of terms in
Equation 6.13 can be investigated however. Because of the abscnce of corre-
lation among all parameter estimates there are several ways of assessing the.

significance of each term independently.

In this case we used the available estimate of the pure variance to calculate
a confidence interval for each term. If a confidence interval reveals that a
zero is a plausible value for a parameter then the term may be deleted from
the fitted model. It must be noticed that because all parameter estimates in
Equation 6.13 are uncorrelated, setting one or more parameters to zero will

not alter the least-squares estimates of the remaining parameters.

Using standard calculations we can estimate the values required from the
replicates. The mean, Y, is 0.5146, the estimated standard deviation, s, is
0.0245, aad the estimated variance, s?, is 6.023 x 10~%. Using the estimate of
the variance v:ith 6 degrees of freedom, a 90 per cent confidence interval for

the true val:e of each parameter, the estimate of each parameter is given by

2 .
Bx tu.a,z\/i:k = 3 £0.02123
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Applying this confidence interval to-each of the parameter estimates in equa-
tion 6.13 it is seen that only 3, is plausibly zero. If instead of 90 %, a 95 %
confidence interval is used our result is

5T
Bxt,ap= = B +0.0262

This results indicates that 8;, 5, and By, are plausibly zero.

These results suggest that temperature and space time by themselves are not
significant as operating variable, but their interactions are, indeed, important.
As well, it is observed that milder conditions might give better yields.

The use of a support such as Y zeolite increases the difficulty in analyzing a
catalyst due to an increment in the number of possible interactions between
the catalyst and the active support. As expected there was formation of car-
bon oxides, but there were no other side reactions. This is encouraging since
it envisages the possibility of combining this metal-oxide mixture in small
amounts with 2 large surface area support 3 for the production of formalde-
hyde. The yields obtained were comparable to the best ones obtained with
pure MoQ,. Further studies are needed to improve the preparation of such

catalyst. The technique used here did not prove itself of high efficiency in dis- |
persing the metal oxides on the zeolite surface, as can be seen in Figure 6.29.

6.4.1 Adsorption Studies

Physical adsorption studies were carried out on the Sb-Mo (2:1) oxide catalyst
supported on Y-zeolite. As indicated in Section 2.8.4 by plotting the volume
of nitrogen adsorbed or desorbed at STP versus the relative pressure, i.e.
equilibrium pressure over saturation pressure, the adsorption isotherm can be
obtained. Such an isotherm is shown in Figure 6.25.

3The Sb-Mo oxide catalyst had a surface area of 6 1 m®/g, whereas the catalyst supported on Y
zeolite had a surface area of 367.71 m?/g
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Again, recalling the methodology from Section 2.8.4, the pore volume distri-
bution can'be calculated. This is shown in Figure 6.26 where the percent
of pore volume associated with radii less than certain pore radius (y-axs) is

plotted versus pore radius.

The interesting feature of Figure 6.26 is that it shows that the pore distri-
bution did not change substantiaily after impregnation with Sb-Mo oxides.
It is logical to assume that some of the smaller pores would be blocked by
agglomerates of Sb-Mo oxides which is why there is less pore volume associ-
ated with less than a certain pore radius in the impregnated zeolite. This also
explains why the surface area measured by BET went down from 550 to 367
m?/g. Although impregnation can not be fully appreciated on the surface, as
demenstrated in Figure 6.29, this study indicates that the metal oxide reached
the inside of the zeolite pellet, and was later on reached by the reactants and

the expected reaction tock place.

6.5 Results of SEM

Several photographs were taken of the surface of the catalysts. The most
significant ones are presented here to help explain the characteristics of the
catalyst surface. In Figure 6.27 one can observe the surface of catalyst IV
(67% Sby04-33% MoO3). It seems that any MoQj crystal present does not
appear in its cubic form but as an orthorhombic structure. Regarding the
fact of having monoclinic Sb,;0, [62] one can not conclude such fact from the
photographs alone, since}:he other crystalline form of Sb,Q, is orthorhombic.
Proper characterization of these structures was tried by XRD. The ‘shales’
shown in the figure are typical of several metal oxide mixtures.

Figures 6.28 and 6.29 _shcﬁv magnifications of pure Y zeolite catalyst and
Sb;04-MoO3 supported on Y zeolite catalyst. It is observed that the disper-
sion of metal oxides on the zeolite may not be as good as possible. However
some oxide ‘shales’ can be seen on Figure 6.29. The fact that the surface area
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Figure 6.27: Unsupported Sb204+-MoQ; (2:1)
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of the zeolite was reduced from 330 to 367.7 m*/g after the deposition of the

oxides, indicates a measure of the dispersion.

6.6 Discussion

The kinetics of the methanol oxidation to formaldehyde has been investigated
over the temperature range 623-69S K over an antimony oxide-molybdenum
trioxide mixture as catalyst and a possible rate mechanism has been proposed.
As previously mentioned there is little work done on the use of mixtures
of antimony oxide with molybdenum trioxide as catalyst. Some researchers
[47,138,165,174] have used mixtures of these oxides for oxidation and dehy-
drogenation reactions, but not for the reaction here studied.

It has been verified that the experimental apparatus constructed for this study
can produce reliable data: Small variations in the results can be attributed to
the diluting inert medium (pumice stone) in the fixed-bed reactor. The repro-
ducibility of the catalysts’ preparation scheme did not present any problem.

The detection systems for liquid and gas samples have proven reliable as well.

Experimental runs with a MoOj catalyst have shown expected results ac-
cordingly to those in the literature [7,107,169). From the second-order model
obtained from experimental runs with molybdenum trioxide catalysts in Sec-
tion 6.2.1 we can assume that temperature and space time changes have a
higher impact on formaldehyde production than changes in methanol/air feed.
This has also been proved by the researchers mentioned above. Results from
experimental runs with pumice stone alone (without catalyst) show that its
effect is negligible for catalysts of relatively high activity, e.g. MoQOz. Exper-
imental runs with a Sb,O, catalyst show a much lower activity than MoO,
[6]. This low activity indicates that the real selectivity of the catalyst may be
masked by the CO; produced by the complete oxidation of methanol on the
inert medium, especially at conversions of less that 5%. As expected [6] CO
was not produced under these operation conditions.
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Figure §.28: Rare-Earth Exchanged Y Zeolite
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Figure 6.29: Sby0,-MoO; Supported on Y Zeolite
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As stated in Section 2.2 there is abundant literature regarding the use of MoQ,
as catalyst for the oxidation of methanol to formaldehyde. Several mixtures of
MoO; with other oxides have also been investigated [7,22,25,26,78,79,96,107].
However, little information is available regarding antimony oxide as a catalyst
for this reaction. Its characteristics as such have been studied by Abadzhieva
and Klissurski {G]. Information on the mixtures of antimony oxide with molyb-
denum trioxide is even more scarce. As part of a broader study on oxidation
of alcohols, Fedevich et al[4S] used mixtures of Fe-Sbh-Mo catalysts. They
found that primary alcohols effectively oxidized to the corresponding alde-
hydes. There is no reference to any possible mechanism, or kinetic study
on the effect of Sb-Mo catalyst in such a reaction. Some studies on surface
characterization have been carried out in the last few years [115], but with
a broader base of molybdenum oxide mixtures, and only a specific study in
mind. Neither is there any reference to the effects of any specific support on
the behaviour of the above mentioned catalyst.

The primary goal of this study was to produce a high vield Sb-Mo oxide
catalyst for the production of formaldehyde under the specified operating
conditions. Several catalysts with different Sb:Mo ratios were prepared and
tested according to a defined experimental design. Catalysts were prepared
unsupported as well as supported-in the case of the best catalyst obtained-on
Y zeolite (loaded with ~ 5% wt. oxides).

A study on the effect of the composition of the catalyst, given in Section 6.2.3,
showed that the conversion of methanol increased significantly as molybde-
num trioxide content in the catalyst mixture was increased. This behaviour
was expected, since a mixture of these two oxides appears to yield a syn-
ergistic effect, which has been established by several workers (Sections 1.3
and 2.2). In Figure 6.3, where operating conditions were kept constant, selec-
tivity and conversion increased to a highest point when the oxide mixture was
67% Sba04-33% MoQO;. Thereafter both features declined till the minimum
value of ~ 45%, given by pure MoQs. The results of the fractional factorial
design model building scheme also pointed out in the same direction. Such
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a catalyst showed in this study a selectivity of nearly 100%. and a very high
conversion. Previous work [110] suggested that a 1:1 oxide ratio would give
a catalyst of very high yield. however a 2:1 Sb:Mo oxide ratio seemed more
promising. Hence, a mixed catalyst composed of 67% S$b204-33% MoO5 was
selected for a detailed kinetic study of methanol oxidation reaction.

As previously mentioned the operating conditions studied were: 623 to 693 K
for temperature, 4 to 10 {100 x moley,onh™! /molych=?) for methanol /air feed
and & to 50 (gea/molcnonh™?) for space time. The effect of different operat-
ing variables has been described in Section 6.3.2. An increase in the temper-
ature resulted generally in an increase in the overall conversion of methanol.
However, at (98 IX there were some cases where selectivity to formaldehyde
decreased due to further oxidation of methanol to carbon oxides. The partial
pressure of the reactants was varied by changing the flow rate through the
catalyst bed, while keeping the methanol feed rate constant. It was observed
that an increase in the partial pressure of methanol resulted in a very little
increase in the conversion of methanol. The change in selectivity was neg-
ligible when the partial pressure of methanol was changed. The increase in
space time caused a dramatic increase in the conversion without affecting the
selectivity significantly. Similer results have been reported in the literature
for other metal oxide catalysts.

As a result of this study it was found that several operating conditions existed
at which the yield was 100%, considering the detecting capabilities of our
instruments. The operating conditions at which 100% was attained are given
in Table 6.14.

Based on the amount of catalyst used probably the best operating conditions
are a reaction temperature of G698 K, a W/F ratio of 27.5 and E of 6. How-
ever, some other alternatives might be possible. These will depend on the

particulars of each case.

The Hougen-Watson method based on the Langmuir-Hinshelwood mechanism,

and the initial rate technique were used for the kinetic analysis of the data.
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Table 6.14: Best Operating Conditions for Catalyst: 67% Sb04-33% MoQ,

Run [T (k) W/F R|
0402 698 275 6
P301 | 673 38.75 4
)
4
6
4

Q203! 648  50.0
Q301 | 673  50.0
Q302 | 673 500
Q401 | 698  50.0

As seen in Table E.1 the equilibrium constant K, for methanol oxidation has a
very high value at the operating temperatures, as well there is little change in
the values of the standard free energy. Hence, this reaction can be considered
highly irreversible.

The mechanism and the general kinetics of the oxidation of methanol over
antimony-molybdenum oxide have been found to be similar to those obtained
by Bliznakov et al[24], Mars and van Krevelen [112], Bhattacharyya et al.[22],
Hahn (83], Dosi [42] and Yang [169).

Mars and van Krevelen {112] suggested that the oxidation reactions involve a
two-stage redox mechanism. According to this mechanism a steady state is
assumed between the two steps

mCH;0H(g) + Sy =+ mHCHO(g) + mH.0(g) + Sreq
1102 + Sn:d 'k—g' sox

Assuming the rate of adsorption to be of the same magnitude as that of the
rate of chemical reaction, the following expression was derived by using the
method of Hinshelwood [70]

| k,P%

= k1P
oKL Ay
1 + k:PBz

(6.14)

Here m and n are the reaction order constants with respect to methanol and

oxygen and « is the number of oxygen molecules required to oxidize one
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molecule of methanol to formaldehyde. Equation 6.14 was integrated for an
integral flow reactor for various values of m and n between 0 and 2. The values

that best fitted the experimenral data were m=1 and n=1 for the temperature
range 645-698 K, and a=0.5.

Jiru et al[79] measured the rate of oxidation of methanol over iron oxide-
molybdenum trioxide catalyst using a micro catalytic pulse technique. They
first determined the rate of interaction between oxygen and partially reduced
catalyst without the participation of methanol in the gascous phase. The
mechanism postulated by Jiru foresees the same type of oxidation-reduction
mechanism as the one derived by Mars and van Krevelen, and envisaging that -

lattice oxygen of the oxide catalyst participated in the oxidation process.

Mars and van Krevelen [112] studied the oxidation mechanism of several hy-
drocarbons over VaOs. The reaction mechanism obtained was similar to the
one postulated in this research. In their case they suggested that since a mnax-
imum rate does not occur without changes in the partial pressure of oxygen
and an aromatic, a reaction must take place between the aromatic compound
and oxygen présent on the underlaying catalyst surface. They also noted a
colour change in the catalyst from yellowish-brown in the oxidized state to
greenish-blue in the reduced. This colour change was completely reversible
and, on analysis of the reduced catalyst, a high concentration of tetravalent
vanadium was found. Vanadium pentoxide contains two kinds of oxygen ions
in its lattice: three fifths existing in about the same plane as the vanadium
ions and two fifths arranged in planes parallel to and alternating with the
first one. It'is believed that the alternating lattice oxygen ions are those that

interact with aromatic molecules at the surface of the catalyst.

Downie et al.[44] studied the kinetics of the oxidation of naphthalene and
toluene. They supported a two-stage redox mechanism whereby adsorbed
oxygen reacts with the other reactant remaining in the gaseous phase, and the
rate of removal of adsorbed oxygen by reaction equals the rate of adsorption
by oxygen.
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Both mechanisms discussed above. the first in which lattice OXYygen atoms re-
act, and the other in which adsorbed oxygen molecules or atoms are removed.

lead ultimately to the same rate expression.

It is difficult to prove the participation of lattice oxygen in the catalytic oxida-
tion process in the manner described by Jiru using the pulse technique. The
possibility exists that lattice oxygen participates in the reaction. However, in
this type of experiments. oxygen could have been adsorbed by the oxide cata-
lyst, and when methanol was injected into the reactor by the pulse technique,
it reacted with the adsorbed oxygen.

Machiels and Sleight [102] proposed a mechanism for the oxidation of methanol
to formaldehyde over molybdenum-containing catalyst in which the desorp-
tion of methanol was reversible and dissociative, forming methoxy groups.
The importance of these groups has been pointed out in Section 2.2. The
slow step was the breaking of a C-H bond to form adsorbed formaldehyde.
The active sites contained terminal Mo=0 groups and molybdepum in the
reduced form. In a study by Yang [169] on the partial oxidation of methanol
to formaldehyde over molybdenum-containing catalyst he found that as the
molybdenum content increased, polymolybdate compounds were formed on
the surface. His results indicate that the presence of polymolybdates is favor-
able for the partial oxidation of methanol when O, is present as the oxidant.
He also indicated that the polymolybdates are terminal Mo=0 believed to
be the lattice oxygens, and are involved in the breaking of the methyl C-H
bonds. In the present investigation it is quite possible that some polymolyb-
dates had been formed on the catalyst. This is an acceptable idea since when
polymolybd=tes are reduced they produce Mo®t active centres at the surface
of the catalyst, and an anionic vacancy, which in turn would explain the re-
sults obtained by ESR and the difficulty in identifying the phases present in
the corresponding XRD spectra.

As proposed by Teller et al.[157] Mo would be located within the channels of

electron density in the Sh,O, structure with concurrent vacancy of two Sh**
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atoms. In our case it may be possible that the Mo®t ions would form methoxy
groups on terminal oxygen vacant sites, Mo=0, while bridged oxygen vacancy
sites, Mo-O-Mo, may be oxidized to form an active site which would react to
form a Mo-Sb group, thereby being rendered inactive for our reaction, or they
may be trapped inside the crystalline structure becoming inaccessible to the
reactant molecules. Having only Mo=0 sites active for the reaction would

help explain why a 100% yield was attained.

The colour of a catalyst is one of the characteristic properties of it, and a
change in colour may signify a change in the structure. This would kelp in
confirming the validity of the mechanism chosen. Unfortunately the experi-
mental apparatus was not designed for such a verification. In our experiments
catalyst samples turned black after several days of operation, and they could
not be returned to the original colour on regeneration.

The kinetic study showed how active this Sb-Mo oxide catalyst is. According
to the proposed mechanism it would not be possible to attain a real 100% yield
in any redox reaction. However, within the limits of our detection instruments
it is safe to state that this yield, for practical purposes, was in fact reached.
This research has opened several other possibilities in the use of this catalyst.



Chapter 7

Conclusions &

Recommendations

7.1 Conclusions

Most of the conclusions are given at the end of the discussions on each sec-
tion of the present study. However, some of the important conclusions arc
summarized below:

(a) Sby0, showed lower activity than MoOj.

(b) Sb-Mo oxide mixtures showed higher oxidation potential than oxides
alone.

(¢) A mixture composed of 67% Sb,0,-33% MoO, was chosen to be the

optimum one. .
(d) The XRD spectra suggest that 3-Sb,0, is doped with Mo ions.

(e) Yields of formaldehyde increased with increase temperature and space

tirne.

(£} For most cases little increase in conversion was found with an increase

in the partial pressure of methanol.

. 164
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(g) According to the method of Yang and Hougen [168] it is suggested that
the desorption of products was not a rate controlling step.

(k) A two-stage redox mechanism was found to fit properly with values m=1,
n=1 in the interval G43-69S L.

(i) The best operating conditions at which a vield of 100% was obtained were
a space time of 27.5. a methanol/air ratio of 0.06 and a temperature of

693 IL. Several other operating conditions gave a yield of 100%, but they
had a higher catalyst load.

(j) The value of the activation energy for the conversion of methanol to
formaldehyde was found to be 13.74 Keal/gmol.

(k) A catalyst prepared with the optimum oxide mixture (~ 5 wt%) but
supported on Y zeolite gave yields of ~ 60 %.

(1) A mechanism in which lattice oxygen, probably terminal Mo=0 groups
in a polymolybdate phase occupying interstitial sites in the 8-Sbh.O,
structure, is involved in the cleavage of methyl C-H bonds may explain
the high activity of the catalyst.

7.2 Recommendations

It is advised to pursue research in several aspects that arose from this study.

(2) Chemisorption studies to analyse the role of lattice oxygen in the Mo-Sb
structure,

(b) Further studies in XRD to properly identify the phases and crystal struc-
tures on the surface of the Sb-Mo catalysts.And further analysis of ESR
spectra to determine the cffect of the amount of certain oxide on the

overall activity.

(¢} The use of other supports for this Sb-Mo catalyst, such as S10,, other
zeolites, V203, etc. As well as studies about the mechanical strength,
deactivation and coke formation of the Sb-Mo catalyst.
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(d) Perform kinetic studics at lower temperature (573-623 I) ranges to re-

assess the constants and the order of reaction for the reaction mechanism.
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App endix B

Computer Programs

B.1 Programs for Mass Balance

B.1.1 Main Program: MBAL FORTRAN

O 0 0O 0

INTEGER N,I

REAL RUN(300) ,REP(300),M0(300) ,GFR(300) ,C2N(300),
*CN(300) ,FW(300) , MW(300) , '
*¥2(300) ,FC2(300) ,FC(300) , WT(300) ,FT(300),
*NT(300) ,FF(300) , T(300) ,F¥(300) ,
*MOL(300) ,ERR(300) , CON(300) , SEL(300) ,
*YIE(300),TT(300) ,WF(200) ,R(300)

READ(8,10) ¥
10 FORMAT(I3)
DO 30 I=1,% _
READ(8,11) RUN(I),TT(I),WF(I),R(I),GFR(I),C2H(I),
1CH(I},FW(I) MW(I), MO(I)
11 FORMAT(A4,1X,F4.0,1X,F5.2,1X,F4.1,3(1X,E8.3),1X,F6.4

189
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11X,F7.4,1X,E9.4)

30 CONTINUE
DG 31 I=1,N
N2(I)=GFR(I)=0.79
FC2(I)=K2(I)=C2N(I)
FC{I)=N2(I)=CK{I)
WI(I)=1/(1+FW(I)+Mu(I))
FT(I)=FW(I)*WT(I)
MT(I)=MJ(I)*uT(I)
FF(Z)=FT(I)*(MO(I)+FC2(I)+FC(I})/(1~FT(I))
T(L)=MO(I)+FF(I)+FC(I)+FC2(I)
FM(I)=MT(I)»T(I)
MOL(I)=FF{I)+FM(I}+FC(I)+FC2(I)
ERR(I)=(MO(I)-MOL(I})/MO(I)*100
CON(I)=1-FM(I)/MOL(I)
SEL(I)=FF(I)/(FF(I)+FC(I)+FC2(I))
YIE(I)=CON(X)=SEL(I)

31 CONTINUE

20 FORMAT(1X,//7//7)
WRITE(9,21)

21 FORMAT(1X,///,15X, 'MATERIAL BALANCE',////)
WRITE(9,22)

22 FORMAT(1X,’RUN °,2X,°ME (MOL/H)’,2X,*GFR (MOL/H)*,

»2X,’C02/N2’,3X, *CO/N2? ,4X, *F/W’ 5%, "M/ ./ /)

DO 12 I=1,X

WRITE(9,23) RUN(I),MO(I),GFR(I),C2N(I),CN(I),FW(I) MW (I)
23 FORMAT(1X,A4,2X,E10.5,1X,E8.3,3X,E8.3,2X,E8.3,2X,F6.4,1X,F7.4)
12 CONTIKUE

WRITE(9,20)

WRITE(9,26)

26 FORMAT(1X,’'RUN ’,4X,’K2 (MOL/H)’,1X,’W/T’,8X%,°F/T’,
*8X,'M/T’,4X,'T (MOL/H)’,3X,’FF (MOL/H)}’,1X,’FM (MOL/HE)’,1X,
«*TMOL(OUT) /B*,//)

DO 13 I=1,¥
WRITE(9,24) RUN(I),N2(I),WI(I) ,FT(I),MT(I),T(I),FF(I),
*FX(I) ,MOL(T)

24 FORMAT(1X,A4,2X,E8.3,2X,7(E9.4,2X))
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13 COXTIXUE
WRITE(9,20)
WLITE(S,27)
27 FORMAT(1X,’RUN ’,4X,’T (K) *,2X,'W/F’,5X,°R’,7X,
*'ERROR’,SX,'CONV  *,3X, *SELECT’,
»3X, *YIELD",//)
DO 14 I=1,N
WRITE(9,28) RUN(I),TT(I),WF(I),R(I),ERR(I),CON(I),SEL(I),YIE(T)
25 FORMAT(1X,A4,4X,F6.1,3X,FS5.2,3X,F4.1,4(3X,F7.3))
14 CONTINUE
STOP
END

B.1.2 Exec (Main program): MB EXEC

To execute type ‘MB’. It automatically executes MBAL FORTRAN. Data
will Le take fromi a file called MB DATA, and results will be written in a file
called MB RESULT, from where they can be printed (as in Section D.2).

GLOBAL TXTLIB VLNKMLIB VFORTLIB CMSLIB IMSLDLIB PLOTLIB
FORTVS MBAL

FILE 8 DISK MB DATA(LRECL 80 BLKSIZE 80 RECFM F PERN
FILE 9 DISK MB RESULT A (PERM RECFM F LRECL 132

LOAD MBAL{CLEAR START

B.2 Programs for Experimental Modelling

B.2.1 Main Program: MODEL FORTRAN

c
c
c -
REAL S,C,X1,X2,X3,X,T,WF,R,SUN,XTX,XT,XTS,XTC,XTXI,A,D, CON, SEL , ¥
INTEGER I,J,K,INDX

DIMENSION s(4).c(4).x1(4).xz(&).xs(4).x(4.4).xoce),T(4).HF(4).
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20

0

70

71

11
21

[ B8]

-3(4).xr(&.q).xrx(4.4).xrs(4).xrc(4).xrx1(4,4).Ixnx(4).nc4.4).
=CON(4) ,SEL(4),Y(10)

DO 10 I=1,4

READ(S,20) ¢(I),S(I),X1(I),X2(I),X3(I),T(X).WF(I),R(D)
Fnanar(1x.Fs.3.ix.ps.3.3(1x.§4.1).1x.r5.1.1x.Fs.2.1x.F3.o)
X0(I)=1

X(X,1)=x0(1)

X(I,2)=x1(1)

X(I,3)=x2(1)

X(I,4)=X3(I)

CONTINUE

WRITE(S,70)

FORMAT(//,1X,'COX SEL X1 X2 X3 TEMP W/F R, /7D
DO 71 I=1,4

WRITE(6,20) €(I),S(I),X1(I),X2(I),X3(I),T(I),WF(I),R(I)
CONTINUE

WRITE(6,21)

DO 11 I=1,4

WRITE(6,22) (X(I,]),J=1,4)

CONTINUE

FORMAT(//////.,5%, "MATRIX: X*.,//)

FORMAT(/,3X,4(F3.0,2X))

12

13

X TRANSPOSE

DO 12 I=1,4

DO 12 J=1,4

XT(1,3)=X(3,I)

CONTINUE

WRITE(6,23)

FORMAT(//,5X, *MATRIX: X TRANSPOSE’,//)
DO 13 I=1,4

WRITE(6,22) (XT(I,J),J=1,4)

CONTINUE

X TRANSPOSE X
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15

14

24

18

18

17

19
26

SUN=0
D0 14 I=1,4

DD 585 J=1,4

DO 15 X=1,4
SUM=SUM+XT(3,K)*X(K,I)
CONTINUE

XTX(I,J)=SUM

SUM=0

CONTINUE

CONTINUE

WRITE(6,24)

FORMAT(//,5X, *MATRIX: X TRANSPOSE X°,.//)

DO 16 I=1,4
WRITE(6,22) (XTX(I,J},J=1,4)
CONTINUE

----- ——=X TRANSPOSE S

SUM=0
DO 17 J=1,4

DO 18 K=1,4
SUM=SUM+XT{J,K)«S(K)
COKTINUE

XTS(3)=SUM

SUM=0

COKTINUE
WRITE(S,25)

FORMAT(//,SX, ’MATRIX: X TRANSPOSE S°,//)

DO 19 I=1,4

WRITE(6,26) I,XTS(I)

CCNTIRUE

FORMAT(2X,’XTS(?,I1,’) = ?,F6.3)

X TRANSPOSE €

SUM=0

193
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DO 50 I=1,4
DO 51 K=1,4
SUM=SUM+XT(J,K)=C(K)
51 CONTINUE
XTC(J)=SUN
SUM=0
S0 CONTINUE
WRITE(6,27)
27 FORMAT(//,S5X,’MATRIX: X TRANSPOSE ¢’,//)
DO 52 I=1,4
WRITE(S,28) I, XTG(L)
52 CONTINUE
28 FORMAT(2X,’XTC(’,I1,’) = *,F6.3)
SUM=Q,

c (X TRANSPOSZ X) INVERSE

DO 32 I=1,4
D0 31 J=1,4
* A(T,X)=XTX(I,T)
" XTXI(T,3)=0.
31  CONTINUE
XTXI(I,I)=1.
32 COKTINUE
CALL LUDCMP(A,4,4,INDX,D)
DO 33 J=1,4
CALL LUBKSB(A,4,4,INDX,XTXI(1,J))
33 CONTINUE
. WRITE(6,34)
34 FORMAT(//,5X,’MATRIX: (X TRANSPOSE X) INVERSE’,//)
DO 35 I=1,4
WRITE(6,36) (XTXI(I,J),J=1,4)
35 CONTINUE
36 FORMAT(/,3X,4(F5.2,2X))

(X TRANSPOSE X) INVERSE X TRANSPOSE C

L



APPENDIX B. COMPUTER PROGRAMS 195

41

42

43
c

SUM=0
Do 40 J=1,4

DO 41 K=1.,4

SUN=SUM+XTXI{J,K)«XTC(K)

CONTINUE

CON(JI)=5U¥

SUM=0
CONTINUE

WRITE(6,42)

FORMAT(//,SX, "MATRIX: (X TRANSPOSE X) INVERSE X TRANSPOSE C’,//)
DO 43 I=1,4
K=I-1
WRITE(G,44) K,CON(I)
FORMAT(2X,°¢’,I1,* = *,F8.5)
CONTINUE

C-—==~-————(X TRANSPOSE X) INVERSE X TRANSPOSE S

o

45

47

49
48

C-

SUM=0
DO 45 J=1,4

DO 46 K=1,4

SUM=SUM+XTXI(J,K)*XTS(K)

CONTINUE

SEL(J)=SUN

SUM=0
CONTINUE

WRITE(G,47)

FORMAT(//,SX, MATRIX: (X TRANSPOSE X) INVERSE X TRANSPOSE S°?,//)
DO 48 I=1,4
K=I~1 |
WRITE(6,49) K,SEL(I)
FORMAT(2X,’S’,I1,’ = ’,F8.5)
CONTINUE

—-——YIELD EQ. PARAMETERS (2ND ORDER)

Y(1)=CON(1)»SEL(1)
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Y(2)=CON(1)#SEL(2)+CON(2)*SEL(1)
¥(3)=CON(3)*SEL(1)+CON(1)*SEL(3)
Y(4)=CON(4)*SEL(1)+CON(1)*SEL(4)
Y(5)=CON(2)*SEL(2)
Y(6)=CON(3)*SEL(2)+CON(2)*SEL(3)
¥(7)=COK(4)»SEL(2)+CON(2) «SEL{4)
Y{8)=COR(3)*SEL(3)
Y(9)=CON(4)*SEL(3)+CON{3)«SEL(4)
Y(10)= CON(4)*SEL(4)

¢
c
c
WRITE(S,61)
61 FORMAT(///,5X,’YIELD 2ND ORDER EQUATION PARAMETERS®’,///)
DO 60 I=1,10

WRITE(S,62) I,Y(I)
62 FORMAT(/,3X,*¥(’,I2,°) = 7,¥9.4)

60 CONTINUE
c
c
c
STGP
E¥D

SUEROUTIKE LUDCMP(A,N,NP,INDX,D)
REAL AAMAX,DUM,D,SUM
INTEGER IMAX,I,J.K,N, NP
PARAMETER (NMAX=100,TINY=1.0E-20)
DIMENSION A(NP,NP),INDX{N),VV(EMAX)
D=1
DO 112 I=1.X
AAMAX=0
DO 111 J=t.N
IF (ABS(A(I,J)).GT.AAMAX) AAMAX=ABS(A(X,I))
111 CONTIRUE
IF (AAMAX.EQ.0) PAUSE ’SINGULAR MATRIX’
VV(I)=1./AAMAX
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112 CONTINUE
DO 119 J=1.X
DO 114 I=1,J)-1
SUM=A(I,J)
DO 113 K=1,I-1
SUM=SUM-A(I,K)*A(K,)
113 CONTINUE
A(T,J)=5UM
114 COXTINUE
AAMAX=0
DO 118 I=J,X
SUM=A(I,J)
DO 115 K=1,J-1
SUM=SUM=-A (I ,K)=ACK, )
115  CONTIEUE
ACI, J)=5UM
DUM=VV(I)*ABS(SUM)
IF (DUM.GE.AAMAX) THEN
IMAX=I
AAMAX=DUM
ENDIF
116 CONTINUE
IF{J.NE.IMAX) THEN
Do 117 K=1,8
DUM=A(IMAX,X)
A(IMAX,K)=A(3,K)
A(J,K)=DUNM
117  CONTIKUE
D=~D
VV{IMAX)=VV(])
ENDIF
INDX{J)=IMAX
IF (A(3,1).EQ.0)ACT, 3)=TINY
IF(J.NE.N)THEN
DUM=1./4(J, 1)
DO 118 I=J+1,X
A(I,J)=A(I,J)=DUM
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118

115

211

212

213

214

CONTINUE
EXDIF
CONTINUE
RETURN
ERED

SUBRQUTINE LUBKSB(A,N,NP,INDX,B)
REAL SUM
INTEGER LL,II,I,3,NP,N
DIMEESION A(NP,NP),INDX(N),B(N)
II=0
DO 212 I=1,%
LL=INDX(I)
SUM=B(LL)
B(LL)=B(I)
IF(II.NE.O)THEN
DO 211 J=II,I-1
SUM=SUM-A(I,J)=B(J)
CONTINUE
ELSE IF (SUM.NE.O) THEN
II=I
ENDIF
B(I)=suM
CONTIKUE
DC 214 I=N,1,-1
SUM=B(I)
IF(I,LT.4) THEN
DO 213 J=I+1,¥
SUM=SUM-A(I, J}=B(1)
CONTINUE
ENDIF
B{I)=SUM/A(I,I)
COSTINUE
RETURN
END
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B.2.2 Exec (Main Program) : MD EXEC

To execute type ‘MD’. It automatically executes MODEL FORTRAN. Data
will be taken from 2 file called MD DATA, and results will be written in 2 file
called MD RESULT, from where they can be printed.

GLOBAL TXTLIB VLNKMLIB VFORTLIB CMSLIB IMSLDLIE PLOTLIE
FORTVS MODEL

FILE S DISK MD DATA(LRECL 80 BLKSIZE £0 RECFM F PERM
FILE 6 DISK MD RESULT A (PERM RECFM F LRECL 132

LOAD MODEL(CLEAR START

B.3 Program for Kinetic Constants

B.3.1 Main Program: REAC FORTRAN

¢
c
c
REAL TP,MM,NN,T,R,AL,PM,PN,P0,WF,XC,X,Y,B1,B0,RATIO, K1,K2,K11,K22
*RR
INTEGER NM,IX,I1I,II,I,NR,N,NT,L
DIMENSION WF(1S),XC(15),X(15),¥(15),K1(15),K2(15)
WRITE(S,20)
READ(S,10) TP,NM
DO 30 IX=1,NM
READ(5,11) NT,MM,KN
WRITE(S,21) IX,MM,NX
WRITE(S,22)
WRITE(S,23)
WRITE(E,22) .
DO 31 IXI=1,KT
READ(S,12) T,HR
WRITE(6,24) T
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DO 32 1I=1,NR

READ(S,13) R,AL,¥

FPM=TP=»R

PR=TP*(1-R)=0.79

PO=TP*(1-R)#0.21

DO 33 I=1,§

READ(5,14} WF(I),xc(I)

IF(IX.EQ.1) THEN
Y(I)=—WF(I)»(PM/(ALOG(1-XC(I))))
X(I)=4+AL*(PO-0,5+XC(I)*PM)*0.5/(ALOG(1-XC(I)))

ENDIF

IF(IX.EQ.2) THEN
Y(X)=WF(I)/(XC(I)*AL)
X(I)=-AL0G(1~XC(I))/(PM*XC(I)®AL)

ENDIF

IF(IX.EQ.3) THEN
Y(I)=WF(I)/(XC(I}»AL)
X(I)=2%(1~XC(I))**0.5/(PM=0.5¢XC(I)*AL)

ENDIF

IF(IX.EQ.4) THEN
Y(I)=-WF(I)«PM/{ALOG(1-XC(I)))
X(2)=-29AL*ALOG(PO-0. 5+XC(I)*PH) /(ALOG(1-XC(I)))

ENDIF

IF(IX.EQ.5) THEX
Y(I)=~WF(I)*PM»»0.5/(2«(1-XC(I)})*+0.5)
X(I)=2#AL*(P0~0.50XC{I)*PH) #=0 .5/

1 (PM»»Q, 5«(1-XC(I))**0.5)

ENDIF

IF(IX.EQ.6) THEN
Y(I)=WF(I)*(1~-XC(X) ) sPHex2
X(I)=—4#AL*PM*(1~XC(I)}*(PO-0.5+PMsXC(I))**0.5

ENDIF

IF(IX.EQ.7) THEX
Y(I)=WF(I)»PNes2%(1-XC(I))
X(I)=-29AL*PMs(1~-XC(I))=ALOG(PO-0.5+PMeXC(I))

ENDIF

IF(IX.EQ.8) THEN
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33

c3s

Y(I)=WF(I}/(AL*XC(I))
X(I)=1/(PM=»2«(1-XC(I))*XC(I)»AL)
ENDIF
IF(IX.EQ.9) THEN
Y(I)=NF(I}/(AL*XC(I))
X(I)=1/(PMe*1.5#ALXC(I)*(1-XC(I))+#0.5)
ENDIF
IF(IX.EQ.10) THER
Y(I)=WF(I)*PMae1 5«(1-XC(I))*=0.5
X(I)=—4*AL*PN**0.5+(1~XC(I))wn0, 5% (PO~0, S#PM*XC(I) ) #0.5
ENDIF
IF(IX.EQ.11) THEN
Y(I)=WF(I)»PMax1. Se(1-XC(I))**0.5
X(I)=-2#AL*(1-XC(I})##0.50PN>+0.S+ALOG(PO~0, SHPMsXC(I))
ENDIF
CONTINUE
DO 35 I=1,¥
WRITE(6,27) I,X{(I),I,¥(D)
CONTINUE
CALL LS(X,Y¥,N,B1,BO,RATIO)
IF(IX.EQ.~) THEN
K1(I1)=1/B0
K2(II)=1/B1
ENDIF
IF(IX.EQ.2) THEN
K1(II)=1/B1
K2(II)=1/BO
ENDIF
IF(IX.EQ.3) THEN
K1({II)=1/B1
K2(I1)-1/B0
ENDIF
IF(IX.EQ.4) THEK
K1(II)=1/80
K2(II)=1/B1
ENDIF
IF(IX.EQ.5) THEN

201
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a2

34

K1(IX)=1/B0
K2(II)=1/81
ENDIF
IF(IX.EQ.6) THEN
K1(II)=1/B0
K2(II)=1/B1
ENDIF
IF(IX.EQ.7) THEN
K1(I1)=1/BO
K2(II)=1/B1
ENDIF
IF(IX.EQ.8) THEN
K1(II)=1/81
K2(II)=1/B0
ENDIF
IF(IX.EQ.9) TEEN
K1(II)=1/B1
K2(I1)=1/B0
ENDIF
IF(IX.EQ.10) THEN
K1(II)=1/BO
K2(II}=1/B1
ENDIF
IF(IX.EQ.11) THEN
K1(II)=1/B0O
K2(II)=1/B1
ENDIF
RR=R=100
WRITE(E,25) RR,K1(II),K2(XI)
CONTINUE
K11=0
K22=0
DO 34 L=1,HR
K11=K11+K1(L)
K22=K22+K2(L)
CONTINUE
K11=K11/8R

202
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K22=K22/¥R
WRITE(S,26) Ki1,K22
31 CONTINUE
30 COKTINUE

10  FORMAT(F6.1,1X,12)

11 FORMAT(I2,1X,F3.1,1X,F3.1)

12  FORMAT(F6.1,1X,I2)

13  FORMAT(F4.2,1X,F4.2,1X,I2)

14 FORMAT(FS.2,1X,F5.3)

20 ' FORMAT(//,’RATE CONSTANTS FOR VARIOUS MECHANISMS',///)

21  FORMAT(10X, 'RATE CONSTANTS FOR MECHAKISM # °,I2,5X,’FOR M = ’,
*F3.1,3X,'N = !, F3.1,//)

22 FURHAT(/.'-t-n-—-------t---nu-t-n----ttnttttnttttttatmtu-t-tttmtat
sEnasnnnat /)

23 FORMAT(',1X, *TEMPERATURE R K1 K2 ,//,
*1X,’(K) €3] WO

24  FORMAT{/,3X,F6.2,/)

25  FORMAT(15X,F4.1,10X,G10.4,08X,610.4,/)

26  FORMAT(20X, 'AVERAGE’,2X,610.4,10X,610.4,//)

27  FORMAT(3X,'X(’,I2,’) = ’,610.3,2X,°Y(’,I2,’) = *,610.3)
STOP

END

SUBROUTINE LS(X,Y,I,SLOPE,AINTER,RATIO)
REAL SX,SY,SXY,SXS,SYS,SLOPE,AINTER,RATIO
INTEGER J

DIMERSION X(I),Y(I)

$X=0

SY=0

SXY=0

SXS=0

SYS=0

DO 52 J=1,I

SX=SX+X(J)

SY=SY+Y(J)

SXY=SXY+X(I)=Y(J)

SXS=5XS+X(3) w2
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SYS=SYS+Y(I)es2

52  CONTINUE
SLOPE=(SXY-SX#SY/I)/(SXS-SX#»2/1)
AINTER=SY/I~SLOPE*SX/I
RATIO=(SXY-SX*SY/I)#*2/(SXS-SX#s2/I)/(SYS-SYe#2/T)
RETURN
END

B.3.2 Exec (Main Program): REAC EXEC

To execute type ‘REAC’. It automatically executes REAC FORTRAN. Data
will be take from a file called REAC DATA, and results will be written in a file
called REAC RESULT, from where they can be printed (as in Section D.3).

GLOBAL TXTLIB VLNKMLIB VFORTLIB CMSLIB IMSLOLIE PLOTLIB
FORTVS REAC

FILE 5 DISK REAC DATA(LRECL 80 BLKSIZE 80 RECFM F PERM
FILE 6 DISK REAC RESULT A (PERM RECFM F LRECL 132

LOAD REAC(CLEAR START



Appendix C

‘Kinetic Analysis Graphs

C.1 Temperature Effect of Conversion and Yield
of HCHO
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o
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Figure C.1: Temperature Effect on Conversion and Yield of HCHO at W/F of 5
and R of 4
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Figure C.2: Temperature Effect on Conversion and’ Yield of HCHO at W /F of 5
and R of 6
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Figure C.6: Temperature Effect on Conversion and Yield of HCHO at W/F of 16.25
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Figure C.10: Temperature Effeet on Conversion and Yield of HCHO at W/Fof 275
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Figure C.14: Temperature Effect on Conversion and Yield of HCHO at W/F of
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Figure C.15: Temperature Effect on Conversion and Yield of HCHO at W/F of
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Figure C.17: Temperature Effect on Conversion and Yield of HCHO at W/F of 50
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Figure C.18: Temperature Effect on Conversion and Yield of HCHO at W/F of 50
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C.2 W/F Effect on Conversion and Yield of
HCHO
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Figure C.21: W/F Effect on Conversion and Yield of HCHO at Tof 623K and R
of 4 ‘
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Figure C.22: W/F Effeet on Conversion and Yield of HCHO at T of 623 K and B
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Figure C.23: W/F Effect on Conversion and Yield of HCHO at T of 623 K and R
of 8
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Figure C.24: W/F Effect on Conversion and Yield of HCHO at T of 623 K and R
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Figure C.20: W/F Effect on Conversion and Yield of HCHO at T of 673 K and R
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Figure C.31: W/F Effect on Conversion and Yield of HCHO at T of 673 K and R
of 8
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Figure C.32: W/F Effect on Conversion and Yield of HCHO at T of 673 K and T
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Figure C.36: W/F Effect on Conversion and Yield of HCHO at T of 698 K and R
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C.3 R Effect on Conversion and Yield of HCHG
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of 16.25
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of 38.75
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Figure C.44: R Effect on Conversion and Yield of HCHO at T of 648 K and W/F
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of 38.75
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of 5



APPENDIX C. KINETIC ANALYSIS GRAPHS 235

1 o T A\
0.9
0.8+
0.7
o
% o R
- o—
W 05-
2
0.4
O=Conversion
A =Selectivity
0319 [J=Yield
0.2+
T = 673
0.1- W/F = 16.25
0.0 T T T T
20 4.0 8.0 8.0 0.0 2.0

Mothanol to air flow ratio [R]

Fignre C.48: R Effect on Conversion and Yield of HCHO at T of 673 K and W/F
of 16.25



APPENDIN C. KINETIC ANALYSIS GRAPHS 206

1.0+ A A“‘—'———_._._ é
0.9 /
0.8- @] G
0.7-
S
T oeq
o
N 05-
(3
0.4
031 Om=Conversion
A =Selectivity
024 O=Yield
T =673
0.14 W/ER = 2715
0-0 4 T ] L]
2.0 4.0 8.0 8.0 10.0 2.0

Methanol to air fiow ratio [R]

Figure C.49: R Effect on Conversion and Yield of HCHO at T of 673 K aud W/F
of 27.5



-3

o
[s]}

APPENDIX C. KINETIC ANALYSIS GRAPHS

1.0+ @—t e A
_——_%
6 —
0.9 :
0.8+
0.7+
™
'= 0.6 -
L |
@ o8-
13
0.4+
%31 O= Conversion
L= Selectivity
024 [J=Yijeld
T =673
0.1 W/F = 38.7%
o-o ] 11 1] 1
20 4.0 8.0 4.0 10.0 D 120

Methesol to air flow ratio [R]

Figure C.50: R Effect on Conversion and Yield of HCHO at T of 673 K and W/F
of 38.75



b
[+
[7/]

APPENDIX C. KINETIC ANALYSIS GRAPHS

1.04 A O
0.9
0.8+
0.7~
>
‘g 0.6
[ ]
@ o5-
(2
0.4
0.3- O=Converaion
A =Selectivity
024 [J=Yield
T = 673
0.1- : W/E = 50
0.0 ' r ' ;
20 4.0 8.0 8.0 10.0 12.0

Methraol to air flow ratio [R]

Figure C.51: I Effect on Conversion and Yield of HCHO ar T of 673 KX sl W/F
of 30



APPENDIX C. KRINETIC ANALYSIS GRAPHS 259

1.04 A__————_____
D~
A‘____“—'/_\
0.9+
0.8~
QO=Conversion
074 A=Selectivity
- O=Yield
"a 0.6+
-
N o5- T = 698
< W/B=5
0.4-
9 e
0s. / \
O =
0.2+
0.1
0.0 v 1 U +
2.0 4.0 8.0 8.0 10.0 2.0

Mothanol to air flow ratie [R]
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Figure €.53: R Effect on Conversion and Yield of HCHO at T of 698 K and W/F
of 16.25
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Appendix D

Mass Balance

The mass balance was performed based on carbon-containing products. A
sample calculation is given in this appendix, as well as the results from the
computer program. The latter being shown in Appendix B.

D.1 Sample Calculation

This calculation is based on the experimental data of run & J04.

From the gas analysis the mole ratios are:

CO, —ans
, = 0.0208
0 .
E = 0.1995
Cco

= — (.00237
N, 0.00237

As Nitrogen remains unreacted:

moles of N in feed = moles of N; in product
moles of Ny in feed = 0.586 moles/h

264
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Feo, = moles of CO, in product
= 0.586 x 0.0208
= 1.218§ x 10~?

Fo, = moles of O, unreacted
= 0.586 x 0.1995
‘= 0.1169 moles/h

Fco = moles of CO in product

= 0.5386 x 0.00237
= 1.3888 x 1073

From the liquid analysis the mole ratios are:

F
—_ = (}.293
W 2034
M
—_— 2
W 0.1932

where F is the number of moles of formaldehyde in the liquid product, M is
the number of moles of metharol in the liquid product and W is the number
of moles of water in the liquid product.

Basing the moles of each product on T, the total number of moles of liquid
product:

=F+M+W
w F M
T =TFT
—_— 1
AR

= 0.6727
= 0.1974
= 0.1300

Hig & R A

Kz A
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Material Balance:

oM = moles of methanol in feed

M=M+F+ Feo, + Feo (D.1)

From stoichiometric relationships:

W = P+ 2(Fco, + Feo) (D.2)
T = M+W+F (D.3)

Placing values of F and W from relations D.1 and D.2 in D.3:

T = oM+ F+ Feo, + Feo
P _ F
T = «M+F+Fco,+Fco
F = £ x (M +F + Fco, + Feo)
Rearrenging:
F — Ex(eM+Feo,+Feo)
= 1— g—
= 0.01085 moles/h
T = 0.05495 moles/h
M =M.7

= 0.007141 moles/h
Carbon Balance Check :

In feed = 0.030512 moles/h
In products = 0.01085 + 0.007141 + 0.012188 + 0.0013S8
= 0.03158 moles/h

Error in Material Balance: -3.49S8%
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Conversion

Selectivity

Yield

D.2 Results from Computer Program

RUY

A01
K02
A03
A04
405

_BO1
BO2
203
BO4

co1
co2
coz
Coq
Cos
cos

Dol

= ] - QoS

0.03153

= 77.4%

F
e . L —
F+Fc0: +Feo

= 44 4%

= Selectivity x Conversion

= 34.3%

MATERIAL BALANCE

ME (MOL/E) GFR (MOL/E) CO2/N2 CO/N2

+30512E-01
»30512E-01
-30512E-01
-30512E-01
-30512E-01

-30512E-01
.30512E-01
-30512E-01
-30512E-01

-30512E-01
.30512E-01
-30512E-01
.30512E-01
-30512E-01
.30512E-01

.30512E-01

.520E+00
.513E+00
.510E+00
.520E+00
.501E+00

.523E+00
-S16E+00
.509E+00
.516E+00

.510E+C0
.37TE+QQ
.T14E+00
.891E+00
.382E+00
.499E+00

.515E+00Q

-0COE+00
-T44E-03
.123E-02
«130E-02
<221E-02

.523E-03
+128E-02
«198E~02
.239E-02

-231E-02
.260E-02
-120E-02
.833E-02
.138E-02
.104E-02

.199E-02

-00QE+00
-Q00E+Q0
. 164E-02
.200E-Q2
. 206E=Q2

-000E+00
.000E+00
-GO00E+00
.000E+00

.QOQE+Q0
-000E+00
-Q00E+Q0
.QO00E+00
.000E+Q0
.Q00E+00

.000E+00

F/%

0.0450
0.7107
0.7840
0.8684
0.8807

0.0203
0.0285
0.0558
0.4581

0.8638
0.9572
0.9502
0.5116
1.0472
0.8568

0.0110

M/

9.6205
2.3011
1.5996
1.047S
0.8999

12.68488
7.9615
7.1958
3.7073

1.1076
2.4237
1.2720
0.4929
0.9518
2.0272

9.870€
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Do2
po3
Do4
Dos

EQ1
EG2
Eo3
EQ4
EOS
EOs

Fo1
Fo2
FO3
Foa
Fos
Fog

GOl
Go2
Go3
Go4
GO5
Gog

HO1
HC2

EO3

HO4
BOS

HOS -

I01
Io2
I03
I04

-30512E-01
.30512E-01
.30512E~01
-30012E-01

.30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01

.30512E-01
+30512E-01
.30512E-01
.30512E-01
-30512E-01
.30512E-01

*30512E-01
.30512E-01
.30512E-01
.30512E-01
.30812E-01
.30512E-01

.30512E-01
.30512E~01
-30512E-01
.30512E-01
.30512E-01
.30512E=01

.30512E-01
-30512E-01
-30512E-01
-30512E-01

.51TE+00Q
.522E+00
-S512E+00Q
-510E+Q0

-514E+00
-397E+00
- T12E+00
.T11E+00
.403E+00
-553E+00

.511E+00
.410E+00
+T25E+00
~T42E+00Q
+415E+00

.520E+00

+505E+Q0
-404E+Q0
.TE6Z+00
. TT3E+00

-392E+00 .

.S01E+0Q0

+S20E+00
<402E+00
- TTOE+00Q
. T67E+00
-386E+Q0
-521E+00

-496E+00
-402E+00
-TE2E+00
-T56E+Q0

. 263E-02
+285E-02
.316E-02
.651E-02

«440E-02
.803E-02
+541E-02
+361E-02
+320E-02
.884E-02

.QQ0E+Q0
. 232E-02
.105E-02
.186E-01
.527E-01
.000E+00

+Q0QE+0C
-00QE+0C
-000E+00
. 187E-01
-351E-01
-000E+00

.175E-02
.0CQE+00

" .000E+Q0

.QO00E+00
.000E+00
.583E=-03

.OCOE+00
-285E~01
.193E-01
.Q00E+00

.000E+00
.GOOE+00
. 000E+00
.000E+00

«0C0E+Q0
+Q0QE+00
+O00E+00Q
.OQ0E+00
.Q00E+00
.000E+Q0Q

.QQCE+00
. GOQE+00
.000E+00
+O00E+00
.QQOE+Q0
.Q00E+00

+000E+Q0
-00QE+0Q0
-0C0E+00
.Q00E+00
.158E-02
-000E+00

+0C0E+Q0Q
-QO0QE+00
.QO0E+00Q
-O00E+Q0
.000E+Q0
.0C0E+00

.000E+00
.633E-02
.319E-02
.Q00E+Q0

0.0457
0.0643
0.4039
0.5501

Q0.6886
0.0258
0.4768
0.0435
0.3360
0.7411

1.1392
0.8223
1.0832
0.3300
0.1810
1.0384

1.0758
0.9731
1.1682
0.3865
0.2421
1.1038

0.9700
1.0414
1.1319
1.0410
1.0181
1.0688

1.07e8
0.2396
0.2607
1.0826

6.1769
5.5442
4.2619
1.7382

0.7484
3.2477
1.1843
7.7358
3.6888
0.8677

0.4340
1.2051
0.7369
0.2320
0.1540
0.1668

0.6547
3.3407
1.0270
0.3210
0.2654
0.4501

¢.1814
1.1453
0.5090
0.5269
0.0000
0.1712

0.7329
0.3405
0.1711
1.2908
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105
I06

Jo1
Jo2
Jo3
Jo4
JGS
Jos

¥101
Mi02
M103
M104
M105

M201
M202
M203
M204
M205

M301
M302
M303
M304
M305

MaQ1
M402
M403
¥404
M405

101
Ni02
N103

-308512E-01
»30512E-01

.30512E-01
-30512E=-01
.30512E~-01
-30512E-01
.30512E-01
.30512E-01

.30512E~01
.30512E-01
.30512E-01
+30512E-01
-30512E-01

.30512E-01
+20512E-01
.30512E-01
.30512E=-01
.30512E-01

-30512E-01
.30512E-01
.30512E-01
.30512E-012
+30512E-01

.30512E-01
.30512E-01
.30512E-01
.30512E-01
-30512E-01

.30512E-01
+30512E-01
.30S12E-01

+400E+00
»S02E+00

+530E+00
+402E+00
. T49E+Q0
. T42E+G0
~394E+00
-S501E+00

.TSGE+Q0
.S51TE+00
-36TE+Q0
+296E+00
.S514E+00

. TE9E+Q0
.496E+Q0
-386E+00
.301E+00
.496E+00

.TE9E+00Q
+4B9E+00
-39CE+Q0
+302E+00
. S08E+00

-T82E+00
«496E+00
+391E+00
+302E+00
.499E+00

- TTEE+00
.505E+00
-402E+00

-000E+00
-0C0E+Q0

-174E-02
.000E+Q0
+QOQE+Q0
+208E-01
.522E-01
«112E-02

.000E+00
-QCOE+00
-000E+C0
.000E+00
+000E+00

+0Q00E+Q0
.000E+Q0
+QOQE+00
-Q00E+00
-00QE+00

.000E+00
.000E+Q0
.Q00E+00
.000E+00
.000E+00

.000E+00
.582E-02
.116E-02
.208E-02
.000E+00

.COCE+00
.CO0E+00
.000E+00

.Q0QE+00
.000E+0C

-000E+Q0
.000E+00
-000E+QQ
-2372-02
«116E-01
-000E+00

.QOCE+00
.QUQE+00
-00QE+00
.00QE+Q0
.000E+0Q

-Q00E+00
.000E+Q0
+Q00E+00
.000E+00
-000E+Q0

.Q0QE+Q0
.0C0E+00
-000E+Q0
+Q00E+00
-Q00E+00

.000E+0Q
.Q0QE+00
.Q00E+00
.CGO0E+CO
-000E+0Q

.Q00E+0Q0
.QO0E+Q0
+Q00E+00

1.0886
1.1409

1.0438
1.1476
1.0979
0.2934
0.1001
1.0573

0.6850
0.7691
0.3977
0.7510
0.9026

1.0622
0.6865
0.6854
0.6780
0.8464

0.7112
0.8029
0.8435
0.7634
0.7548

0.7673
0.7914
0.8487
0.7618
0.8103

0.8432
0.7998
0.9180

0.0489
1.7493

0.2459
1.0881
0.3711
0.1932
0.1343
0.3057

4.1751
4.2505
9.3514
4.8233
1.9057

5.5550
3.0874
3.6003
3.3367
2.8357

2.7249
3.0674
2.7918
2.8720
3.1699

2.4834
1.3061
1.5425
2,1208
4.2823

1.8769
1.8183
2.1188
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N104
Ni0s

N201
N202
N203
R204
K205

301
K302
K303
N304
N305

§401
N402
N403
404
K405

o101
c102
0103
a104
0105

0201
0202
- 0203
0204
0205

0301
Q302
0303
0304

.30512E-01
.30512E-01

-30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01

+30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01

.30512E~01
»30512E-01
.30512E-01
-30512E-01
-30512E-01

+30512E-01
+30512E-01
.30512E-01
-30512E-01
-30512E-01

.305128-01
-30512E-01
.30512E-01
.30512E-01
-30512E-01

-30512E~01
.30512E-01
-30512E-01
.30812E~-02

<291E+00
.5Q9E+00

-TT6E+Q0
<S18E+00
+394E+00
+293E+00
«492E+00

- T33E+00
.502E+00
«3B1E+QO
-307E+00
-4B5E+00

. T59E+00
+4T3E+00
-390E+00C
-298E+Q0
+495E+00

.T62E+00
.505E+00Q
.398E+Q0
.302E+Q0
+499E+Q0

+TTGE+00Q
-S0BE+00
+390E+00
.312E+00
.488E+00

.TSEE+00
.518E+00
.399E+00
.294E+00

.Q00E+Q0
.S578E~03

.0C0E+0Q0
.Q00E+Q0
.Q00E+CO
-000E+00
.345E-02

<0Q0E+Q0
.117E~-02
-344E=02
«228E~Q2
+230E-02

~C0QCE+00
.S7T3E-03
.57SE-03
.114E-02
+117E-02

.QCOE+00
-000E+C0
.000E+D0
-00QE+0Q0
-000E+00

.Q00E+00
-000E+Q0
.000E+00
.000E+00
.Q00E+00

.0C0E+Q0
.000E+00
.Q00E+C0
+229E-02

-000E+Q0
.Q0DE+00

.00QE+Q0
-00QE+0Q0
.000E+00Q
.QQ0E+00
-000E+Q0

.000E+00
.000E+0Q
.000E+0Q0
.000E+00
.000E+0Q

+QQOE+0Q
.000E+00
.Q00E+00
.Q0QE+00
.QO0E+Q0

-000E+Q0
-000E+00
.Q00E+Q0
-000E+00
-000E+CO

.0Q0E+00
.QO0E+Q0
-00QE+Q0
.000E+Q0
-Q00E+C0O

-000E+Q0Q
.000E+C0O
. 000E+00
.O00E+Q0

0.83%16
1.0564

1.0086
1.0590
1.0021
1.0330
0.8976

0.5813
1.0539
1.0433
1.0139
0.9882

0.9653
1.038¢
1.0919
1.083¢
1.008¢

0.9841
1.0316
1.1246
1.1100
1.0074

1.0301
1.1030
1.0520
1.0427
1.0562

1.0945
1.028¢
1.0455
0.9694

2.0056
0.7408

1.25802
1.2787
1.2174
1.3667
0.4221

0.7618
0.7537
0.6389
0.6656
0.6144

0.5000
0.3957
0.3161
0.318¢
0.6318

1.0453
0.8397
0.9713
0.7480
0.0631

0.7370
0.2240
0.1246

0.1365

0.0842

0.2596
0.1212
0.2307
0.04395
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0305

0401
0402
0403
0404
0405

P10l
P102
P103
P104
P105

P201
P202
P203
P204
P20s

P301
P302
P303
P304
P30s

P401
P4g2
P4o3
P404
P40S

Q101
Q102
Q103
Q104
Q105

+30512E~-01

.30512E-01
-30512E-01
-30512E-01
-30512E-01
-30S12E-01

+30512E-01
-30512E-01
-30512E-01
.30512E=01
.30512E-01

-30512E-C1
-30512E-01
.30512E-01
.30512E-01
-30512E-01

.30512E-01
+30512E-01
+30512E-01
.30512E-01
.30512E-01

.30512E-01
.30512E-01
-30512E-01
.30512E-C1
.30512E~-01

.30512E-01
.30512E~-01
.30512E-01
-30512E-01
+30512E-01

.518E+00

<T45E+00Q
.515E+C0
-3TOE+00
.302E+00
.490E+00

.TTEE+00
~296E+00
.3T1E+00
. 298E+00
.490E+00

.T49E+00
.44TE+00
-392E+00
.310E+Q0
.517E+00

«TTEE+Q0
+S02E+00
+390E+00
.290E+00
+296E+00

.7TS1E+00
.511E+00
.391E+00
+296E+00
.495E+00

.T49E+00
.511E+00
.394E+Q0
.306E+00
.S08E+00

.000E+00

.000E+Q0
.Q00E+00
.228E-02
+346E-02
.000E+00

.QQCE+0Q0
. Q00E+0Q0
. 000E+00
.11SE-02
-0C0E+00

.O00E+00
-000E+CO
+Q00E+Q0
.00CE+00Q
-QOQE+0QQ

+Q00E+Q0Q
.QOQE+00
+C00E+00
-225E-04
.000E+00

.Q00E+00
.Q00E+00
.114E=02
. 224E-02
.Q00E+Q0

.O00E+00
.000E+00
. 000E+00
.O00E+00
.O00E+00

-Q00E+00

.Q00E+Q0
.Q00E+00
.0C0E+Q0
.0C0E+00
-0C0E+0Q0

.0C0E+0Q
.QCOE+00
-0C0E+00
.0CQE+00
-Q00E+00

.QOOE+00
.Q0QE+00
.Q00E+00
-O0CE+Q0
-QCOE+00

.000E+00
.000E+00
.Q00E+Q0
.QO00E+00
.00QE+00

.O00E+00
.000E+00
.Q00E+00
.O00E+00
.G00E+00

.000E+Q0
.0QUE+QQ
.0C0E+00
.Q00E+00
.QOQE+Q0

1.0827

1.0280
1.039¢C
1.0489
1.0051
1.0028

1.0476
1.1431
1.1260
1.1283
1.0487

1.1021
0.9265
1.0812
1.0569
1.0308

1.0518
1.0144
1.0738
1.0842
1.0220

1.0236
1.0407
1.0803
1.0812
1.1059

1.0649
1.1247
1.0526
1.0102
1.0074

0.1045

0.1984
Q.0000
0.0000
0.0209
0.0861

0.966S
0.8070
0.708B2
0.7009
0.0283

0.1807
0.0970
0.1136
0.1200
0.0000
010000
0.0356
0.0318
0.0931
0.0434

0.0374
0.0495
0.0275
0.0658
0.3680

0.7870
0.5468
0.4263
0.33968
0.0000
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Q201
Q202
Q203
Q204
Q205

Q301
Q302
Q303
Q304
Q305

Q401
Q402
Q403
Q404
Q40S

RO1
Ro2

S01
502
S03
S04
S05
506
So7
s08
509
810
S11

™™
To2
To3

.30512E-01
»30512E-01
.30512E-01
.30512E-01
.30512E-01

+30512E-01
+30512E-01
-30512E-01
-30512E-01
-30512E-01

.30512E-01
.30512E-01
.30512E-01
.30512E-01
-30512E-01

-30512E~01
-30512E~01

.30512E-01
-30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01
.30512E-01
-30512E-01
-30512E-01
.30512E-01
-30512E-01

-15380E+00
-T6100E-01
-15400E-01

.756E+00
-499E+00
-404E+Q0
+312E+00Q
-479E+00

. T16E+00
-490E+00
«3G6E+Q0
+310E+00
+526E+00

+TE2E+00Q
+523E+Q0
-396E+00
-302E+00
.S17E+00

.531E+00
+S11E+00Q

.555E+00
.7S6E+00
-TT3E+00
.382E+00
.388E+00
.518E+00
.TT3E+00

. TE6E+00

-395E+00
.386E+00
-509E+00

.25TE+01
.127E+01
-25TE+00

.QO0E+00
.000E+0Q
.000E+Q0
.000E+00
.QCOE+00

.000E+Q0
.QO0E+00
-000E+00
.336E-02
.G0QE+00

.O00E+Q0
.O00E+00
.340E~02
.335E-02
.000E+00

<232E~02
.Q00E+QC

.836E-02
+489E-02
-291E-02
-131E-01
-144E~01
-105E-01
-463E=-02
-7T83E-02
. 240E-01
.252E-01
.889E-02

-000E+QQ
+000E+00
.Q00E+Q0

-0Q0E+Q0
-000E+Q0
-0Q0E+00
.Q00E+Q0
+Q0QE+0Q

+Q00E+00Q
+Q00E+00Q
-0C0E+00
<305E-02
+QOQE+Q0

+QCOE+CO
+QO0E+0Q0
.QO0E+Q0
-152E~02
.000E+Q0

+O0QE+00Q
+Q00E+00

-114E-01
- 444E=Q2
-119E-01
-130E~01
.20TE-01
.102E-01
+315E-02
-171E-01
-184E=01
.27T5E-01
-156E-01

-Q0QE+00
- Q0QE+00
.O00E+00

1.0699
1.0818
1.0988
1.0124
1.0108

1.0845
1.0156
1.0808
0.9782
1.0118

1.0097
1.0008
0.9924
0.9340
1.0648

1.0056
0.9964

0.4243
0.5463
0.4376
0.4278
0.4419
0.4227
0.6061
0.2833
0.2842
0.2388

0.45Q00

0.9891
1.0327
1.007¢

0.0641
0.1524%
0.00Q0
0.02958
0.0000

0.0000
0.0000
Q.052s
0.0000
0.1204

0.0000
0.083¢
0.0000
0.0000
0.1629

0.1078
0.1324

0.1647
0.3507
0.1428
0.2879
0.1382
0.1696
0.2197
0.0459
0.1759
0.0261
0.1084

0.0701
0.0854
0.1022

(&)
[V
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RUN

401
A02
A03
A04
A0S

Boz
Bo2
Bo3
Boa

co1
co2
co3
Cos
cos
cos

Do1
Do2
Do3
DO4
Dos

Eoz
EO2
E03
Eo4
ECB
Eoe

Fo1
Fo2
Fo3

N2(MOL/E) W/T

-411E+0
-406E+0
<403E+0
«411E+0
+396E+Q

+413E+0
+407E+0
+402E+0
+40TE+Q

+403E+0
. 298E+0
-S64E+0
+546E+0
+302E+Q
+394E+0

-407E+0
-208E+Q
-413E+0Q
-404E+Q
.403E+0

-406E+0
-314E+0
562E+Q,
.B682E+0
.318E+0
.436E+0

-404E+0
-324E+0
-5T3E+0

-9373E~1
+2493E+Q
«2955E+0Q
+3429E+0
+3596E+0

.7316E-1
-1112E+0
-1212E+0
.1921E+0

.3365E+0
.2283E+0
.3103E+0
.498SE+0
.3334E+0
.2575E+0

-9190E=-1
-1385E+0
-1427E+0
+1765E+0
.3041E+0

.4110E+0
<2340E+Q
+3TS8E+0
+1139E+0
-1990E+0
-3833E+Q

.38B6E+0
-3303E+0
-3584E+0

F/T

.4593E-2
J1TT2E+Q
.231TE+Q
.2978E+0
.3167E+0

- 1485E-2
-3170E-2
-6762E-2
-9563E=1

-2907E+0
-2185E+0
+2949E+0
+2552E+0
+3492E+0
- 2206E+0

.1011E-2
-6327E-2
.9175E-2
+T129E-2
.1673E+0

-2830E+0Q
-8037E-2
+1792E+0
+495SE-2
.GEBTE=-1
-2841E+0

442TE+O
.2T16E+Q
.3775E+0

M/T T(MOL/H) FF({MOL/H) FM(MOL/H) TMOL

.9017E+0
.5T36E+Q
4T2BE+Q
«3592E+0
«3236E+Q

+92542+0
. 885S6E+0
-8720E+0
.7122E+0

.3728E+0
.5532E+0
«3948E+Q
.2458E+0
.3174E+0
.5219E+0

.90T1E+Q
.8552E+0
-84B1E+)
.T522E+0
.5286E+0

+3060E+Q
. T6Q0E+0
+4450E+0
-8811E+0
.T341E+0
.3326E+0

.1687E+0
.3981E+0
.2641E+0

-3065E-1
-3745E-1
-4122E-1
.4538E~-1
-4T13E-1

«3077E~1
«3113E-1
«3152E-1
+3482E-1

.4433E=-1
.4004E~1
-4423E-1
+&707E-1
+4TS1E-1
+3967E-1

.3135E-1
.3179E-1
-3198E-1
.3423E-1
.3979E-1

-4505E~1
+3323E-1
.4088E=-1
-3271E-1
.3379E-1
.4801E-1

+5475E-1
.4292E-1
.499BE-1

-1408E-3
.6634E~2
.9551E-2
-1352E-1
-1493E=1

«45T0E-4
-9870E-4
+2132E-3
+3332E-2

-1289E-1
.8T48E-~2
+1304E-1
+1201E-1
+1659E-1
-8752E-2

-3169E-4
-2011E-3
+2934E-3
-2440E-2
.665TE~2

-1275E-1

.2006E-3
.T324E-2
.1620E-3
.2259E-2
.1364E-1

- 2424E-1
-1168E-1
-1887E-1

.2764E-1 ,2778E-1
.2148E-1 .2842E-1
-1943E-1 .3019E-1
«1630E-1 .3117E~-1
-1525E-1 .3187E-1

.2B48E~-1 .2874E-1
.2TS5TE~1 .2819E-1
-2T49E~1 .2850E-1
+2480E-1 .2910E-1

-1653E-1 .303SE-1
-2215E-1 .3167E~-1
-1T46E-1 .3118E-1
+1158E~1 .2814E-1
.1508E-1 .3208E-1
»2071E-1 .2987E-1

.2844E~1 .2928E-1
.2T18E-1 .2846E-1
+2T712E-1 .2859E-1
-2575E-1 .2946E~1
.2104E-1 .3032E~1

.1378E-1 ,2832E-1
-2525E-1 .2797E~1
.1819E-1 .2856E-1
-2882E-1 .3101E-1
+2481E~-1 .2808E~-1
.1597E~1 .3346E-1

.9234E-2 .3347E-1
.1708E-1 .2850E-1
.1320E-1 .3267E-1
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F04
Fos
Fos

Go1
Go2
Go3
Go4
Go5
Gos

01
HO2
HO3
HO4
HOS
BHOS

I01
I02
Io3
104
Ios
Iog

JO1
Jo2
Jo3
Jog
JO5
Jos

X101
N102
M103
M104
Mi0s

.586E+0
+328E+0
411E+Q

+399E+0
+319E+0
-GOSE+Q
+810E+0
-310E+0
.396E+0

-411E+0
«317E+Q
.608E+0Q
.808E+0
.305E+0
«412E+0

+392E+0
+31TE+0
.602E+0
-597E+Q
.316E+0
-397TE+0

+&19E+0
-317E+0
.591E+Q
.5BEE+0
+311E+0
+386E+0

-S597E+0 .1705E+0
+408E+0 .1661E+0
+290E+0 ,.9303E-1
-234E+0 .1521E+0
-406E+0 ,2626E+0

-8402E+0
+T2T3E+0
-4535E+0

-3662E+0
.1882E+0
-3130E+0
.5857E+0
+6634E+0
+3916E+0

+464B8E+0
-3134E+Q
-378TE+D
-3894E+0
-4955E+0
-4464E+0

-3559E+0
.6329E+0
-E984E+)
-2964E+0
-46T8E+0
+25T1E+0

-436TE+0
.3091E+0
-4050E+0
+ET2TE+0
+8101E+0
+4232E+Q

-2113E+0
.1316E+0
-4TOSE+0

-3940E+0
.1831E+¢
+3E56E+0
-2264E+0
- 1606E+0
+4322E+0

+4509E+0
- 3264E+0
-428B6E+0
-4054E+0
-S045E+0
+ATT1E+O

-3B32E+0
-1516E+0

.1821E+0

-3209E+0
«S093E+0
+2933E+Q

-4559E+0
-3547E+0
-444TE+Q
. 1974E+0
.8109E-1
~44T4EHD

+116BE+Q
+1278E+0
+3TQ0E-1
«1142E+0
+23TOE+0

- 1485E+Q
-1411E+0
.7564E-1

<2398E+D
-628T7E+Q
-3214E+0
-1880E+0Q
«1T61E+0
+1763E+0

+8432E-1
+3602E+0
<1927E+0
- 2052E+0
+0000E+0
«T643E=1

+2608E+0
+2185E+0
-1195E+0
-3826E+0
. 2288E-1
-4497E+Q

- 1074E+0
-3363E+)
-1503E+0
+1300E+0
» 1088E+0
-1294E+0

-T127E+0
.TOG1E+0
.8700E+0
JT337E+Q
-S5004E+0

-5253E-1
-5505E-1
.STETE-1

-5035E-1
.3735E-1
«4810E-1
-5184E-1
+4891E-1
+5373E-1

.S687E-1
~4530E~1
+5340E-~1
+5131E-1
.6158E-1
.5882E-1

+4947E-1
+4887E~1
-5390E-1
-4493E-1
-6218E-1
-4317E-1

-S7T41E~1
-4T28E-1
.5494E-1
+5485E-1
+548B0E~1
.5602E-1

+3465E~1
+ 3498E-1
.3168E-1
-3445E~1
-3999E~1

-1110E-1
- T246E-2
-27T15E-1

-1984E-1
-684CE-2
-1758E-1
-1173E-1
-8016E-~-2
«2322E-1

.2564E~1
+1478E-1
. 2289E~1
+2080E=-1
.3106E~1
-2806E-1

+1896E-1
. T426E-2
.9815E-2
-1442E-1

.3167E-1

-1266E-1

-2617E~1
-1677E-1
-2443E-1
» 1085E-1
+4444E~2
-2507E~1

+4036E-2 .2462E-1
-4469E-2
-1172E-2
-3935E-2
-9478E-2

. TE0ZE-2
~TTETE-2
+4362E-2

-1207E-1
- 2348E-1
-1546E-1
-9748E-2
-87T88E-2
-9471E-2

-4795E~2
«1632E-1
+1029E-1
»1053E~1
. 0000E+D
-4495E-2

«1290E-1
+1055E-1
-6441E-2
-1719E-1
-1422E-2
-1941E-1

-8166E=-2
-1590E-1
-8258E-2
«T141E-2
.5962E-2
- T24TE=2

«2470E-1
-27S6E-1
-2527E-1
-2001E-1

274

«2982E-1
-3230E-1
-3152E-1

-3191E-1
-3032E-1
-3304E-1
-3108E-1
+2819E-1
-3269E-1

-3116E-1
«3110E-1
+3318E-1
+3133E-1
+3106E-1
-3280E-1

.3186E-1
+2902E-1
+2983E-1
-3161E-1
-3308E-1
-3208E-1

+3307E~1
-3267E~1
-3269E-1
.3158E~-1
+3025E-1
«3275E~1

-2B66E-1
<2917E-1
-2874E-1
.2921E-1
+2949E~1
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M201
M202
M203
M204
M205

M301
M302
M303
M304
M305

M401
M402
M403
N304
M405

Ni01
§102
N163
K104
N105

H201
H202
¥202
N204
N205

301
302
X303
H304
H305

.SO0BE+Q
+392E+0
.305E+0
+23BE+0
«392E+0

+60BE+0
.386E+0
.308E+0
< 239E+0
-401E+0

-S94E+0
- 392E+0
+309E+0
. 238E+0
-394E+0

-G13E+0
+399E+0
.317E+0
-230E+0
-402E+0

+613E+0
+409E+0
«311E+0
-231E+0
.388E+0

.ST9E+0
-397E+Q
.301E+0
- 243E+0
.383E+0

.1313E+0
. 2095E+0
.1892E+Q

<1994E+0

+2136E+0Q

«2254E+Q
+2053E+Q
.2157E+0Q
.2255E+0
-2031E+0

-2353E+0
«3228E+0
< 2949E+0
«25T6E+0
-1641E+0

-2688E+0
+2T6BE+Q
+2478E+0
+2566E+0
+35TSE+0

. 3069E+0
-2996E+Q
«3106E+0
-2941E+0
-4311E+0Q

-3646E+0
-3562E+0
.37T28E+0
-3732E+0
-3842E+0

.1394E+0
.1438E+0Q
+12STE+Q
.1352E+0
.1808E+0

-1603E+0
+.1649E+0
.1820E+0
AT21E+0
.1533E+0

-1805E+0
-2556E+0
.2503E+0
«1962E+0
+1330E+0

.226TE+D
-2212E+Q
«22T0E+Q
+2288E+0
3TTTE+O

.3095E+0
-3173E+0
.3113E+0Q
+3039E+0
.3869E+Q

.3577E+0
.3754E+0
.3890E+0
.3784E+0
.3797E+0

.T293E+0
.G467E+Q
.6811E+0
.6654E+0
.6Q56E+0

-6143E+0
.6298BE+0
.6023E+0
.6024E+Q
+6437E+Q

.5842E+0
4215E+0
4549E+0
S5462E+0
+TO29E+Q

-5045SE+0
-S5023E+0
.5251E+0
.S146E+0Q
.2648E+Q

.3836E+0
.3831E+0
.3TB1E+0
.4020E+0
.1820E+0

-27TTTE+Q
.2684E+0
.23B2E+0
.2484E+0
-2361E+0

+3546E-1
+3564E-1
+3506E-1
+3528E-1
+3T24E-1

-3634E-1
-3654E-1
+37T30E-1
+3686E-1
.3604E-1

+3T23E-1
-4129E-1
+411TE-1
-3858E-1
.3519E-1

+3945E-1
.3918E-1
-394TE-1
.3956E-1
+4940E-1

+4419E-1
-4469E-1
-4430E-1
-4383E-1
.5196E~-1

+4751E-1
-4959E-1
.5163E-1
-4998E=1
.5061E=-1

-4944E=2
.3125E=2
-4546E-2
-477T0E-2
.6T33E-2

.5826E-2
-8023E~2
.678BE-2
.6343E-2
.5523E-2

-67T21E=2
-10S5E-1
-1030E-1
. 7T569E-2
.46B1E~2

-8943E-2
-B665E-2
.8961E~2
.9051E-2
- 1866E~-1

-1368E-1
.1418E-1
.1379E-1
-1332E-1
-2010E-1

.1699E-1
.1862E-1
.2008E-1
.1891E-1
.1922E~1

- 2S86E-1
-2305E~1
.2388E-1
-234BE-1
- 2256E=1

<2232E-1
«2301E-1
«2247E~1
.2220E-1
«2319E-1

<2175E-1
-1740E=-1
.1873E-1
.2107E-1
-2474E-1

-1991E-1
-1963E-1
.2073E-1
-2036E-1
-1308E-1

-1695E~-1
.1712E-1
-1875E-1
-1762E-1
+9454E-2

.1319E~-1
-1331E-1
-1230E-1
-1241E-1
-1195E=~3

(™
-1
[41]

.3080E-1
-281T7E-1
-2843E-1
.2825E-1
+2929E=1

<2815E=-1
-290Q3E-1
.2925E-1
+2855E~-1
+2872E-1

+2847E-1
«28189E~1
-2939E=-1
.2914E-1
-2942E-1

-2885E-1
. 2834E-1
-2969E-1
.2941E~-1
.3197E-1

.3063E-1
-3130E~1
-3054E~-1
+3094E-1
+3090E-1

+3019E~-1
-3239E-1
-3341E-1
-3188E-1
-3204E-1
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K401
N402
H403
404
H405

0101
0102
0103
0104
01058

0201
0202
0203
0204
0205

0301
0302
Q303
0304
0305

0401
0402
0403
0404
" 0408

P101
P102
P103
P104
P105

P201

.600E+0
.374E+0
-308E+Q
.236E+0
.391E+0

«602E+0
-399E+0
«314E+0
+239E+0
+394E+0

-G13E+0
«401E+0
+30BE+0
< 245E+0
- 3BSE+0

.59TE+0
-409E+0
.315E+0
.232E+0
-409E+0

.589E+0
+407E+0
«292E+0
+239E+0
.387E+0

.613E+0
«392E+0
. 293E+0
- 235E40
-387E+0

+S91E+D

+4056E+0
«4108E+0
+4153E+0
+4198E+0
+378BE+0

-3301E+0
.3483E+0

.3230E+0

-3499E+Q
-4830E+0

-3614E+0Q
+&29TE+0Q
-4594E+0
-4588E+0
.46T2E+Q

-424BE+0
-46852E+0
+4393E+0
-4953E+0
+&336E+0

-4492E+0Q
-4904E+0
-488SE+0
+4936E+0
-4TEBTE+Q

-331BE+0
-3390E+0
-3528E+0
.3535E+0
-4B15E+0

-4381E+0

.3916E+0
~426TE+Q
-4534E+0
+4465E+0
.3820E+0

+3248E+0
+3893E+0
-3633E+0
-3884E+0
-4865E+0

<3723E+0
+4T40E+0
.4833E+0
.&TB4E+0
-4S35E+0

.464SE+0
-4785E+0
-4593E+0
-4802E+0
+48BQE+0

-4617E+0
.5096E+0
.S511SE+0
.4961E+0
-4B01E+0

+34T6E+0
+38TSE+Q
-3973E+0
.3988E+0
-S049E+0

-4828E+0

+202BE+0
.1626E+0
<1313E+0
+1337E+0
«2392E+0

.3451E+0
+2924E+0
-3137E+0
-2B1TE+Q
-3048E-1

.2663E+0
+9626E-1
.5T25E-1
+6281E-1
-3934E-1

-1103E+0
.5638E-1
+1014E+0
<2452E-1
+4844E~1

-8911E-1
-Q000E+0
-0000QE+0
+1032E-1
+4122E-1

.3207E+0
+2T736E+0
+2499E+0
-247TE+O
+1383E-1

.7916E-1

+5015E-1
.S359E-1
+5615E-1
.5561E-1
+5011E-1

-4519E-1
+4T62E-1
-4792E-1
-4989E=1
.5943E~-1

+4861E-1
+S801E-1
-5905E-1
-5850E-1
.6024E-1

-S7T02E-1
.5850E-1
.5643E-1
.S972E=1
-5959E=1

-5669E-1
+6221E-1
-6382E-1
-8219E-1
-5868E-1

-4677E-1
-4981E-1
.5062E-1
.5120E~1
.6163E-1

-5899E-1

+1964E~-1
<2286E-1
-2546E-1
+ 2483E-1

.1815E-1

. 1468E-1
«1711E-1
.1741E-1
-1938E-1
-2891E-1

+1809E-1
+2750E~-1
+2B54E-1
. 2T98E-1
-2972E-1

.2651E-1
.2799E-1
+2532E-1
<286TE~1
.2908E=-1

-2617E-1
.3170E-1
.3264E-1
+3085E-1
.2817E-1

-1625E-1
+1930E-1
+2011E-1
.2042E~-1
-3112E-1

+2848E-1

+1017E-1
.8T11E-2
JT3T1E-2
. T434E-2
+1199E-1

»1559E-1
+1393E-1
-1503E=-1
+1306E-1
-1811E=2

-1295E-1
+5884E-2
+3381E-2
.36T4E-2
.2370E-2

-6288E-2
-3298E-2
.ST20E-2
-1464E-2
.2B8TE-2

-5051E-2
+Q000E+0Q
+0000E+0
-6416E-3
-2419E-2

+1500E-1
.1363E-1
-1265E-1
-1268E-1
.8397E-3

~46T7QE-2

-2981E=1
+3179E-1
+3301E-1
.3283E-1
-3159E-1

-3027E-1
+3104E-1
.3244E-1
-3243E-1
-307T2E~1

.3104E-1
.3308E-1
-3192E-1
-3166E-1
.3209E-1

-3280E-1
.3129E-1
+3164E-1
-3067E-1
-3197E-1

«I122E-1
-3170E-1
-3331E-1
.3232E-1
-3058E-1

.3125E-1
.3293E~1
.3276E~1
.2337E-1
.3196E-1

+3315E~1
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P202
P203
P204
P205

P301
P302
P303
P304
P305

P401
P42
P403
P304
P40S

Quo:
Q102
Q103
Q104
Q105

Q201
Q202
Q203
Q204
Q205

Q301
Q302
Q303
Q304
Q30s

Q401
Q402

+353E+0Q
+310E+0
+245E+0Q
+408E+0

-813E+0
-397E+Q
.308E+0
+229E+0
~J92E+0

.593E+0
-404E+0
-309E+0
. 234E+0
.391E+0

-591E+0
<404E+0
-311E+0
+ 242E+0
-401E+0

.59TE+0
.394E+0
-319E+0
-246E+0
.378E+0

.566E+0
-387E+0
-313E+0
-245E+0
-415E+0

.602E+0
-413E+0

«4942E+0Q
-4556E+0
+4594E+0
+4924E+0

-48T4E+0
-487BE+0
<4T4SE+0
-4593E+0
+4842E+0

+4852E+0
-4784E+0
<4790E+0
-4693E+0
+4042E+0

-3506E+0
-3743E+0
-4034E+0
-4256E+0
-4982E+0

.4686E+Q
-44T6E+0
.&765E+0
.4897E+0
-4973E+0

~4T9TE+0
.4961E+0
-4687E+0
.S055E+0
+46S0E+Q

-4976E+0
~4T9BE+Q

-45T9E+0
+4926E+0
+48SSE+0
.50TGE+0

+S126E+0
-4948E+0
-5100E+0
+4980E+Q
-294BE+0

.496TE+0
-4979E+0
.50T9E+0
-4980E+0
-44T0E+0

-3T34E+0
-4210E+0
-4246E+0
+&299E+0
-5018E+0

-5014E+0

+4842E+0
.5235E+0
+4958E+0
.5027E+0

.5203E+0
.5039E+0
-S06TE+0
.4945E+0
4T45E+Q

-S024E+0
+4802E+0

-4T94E-1
-3176E-1
.5512E-1
-0000E+Q

.C000E+(
.1737E=1
.1510E-1
.4276E-1
-2101E-1

-181SE-1
+2368E-1
+1317E-1
-3275E-1
-1488E+0

+2760E+Q
.2046E+0
.1T20E+0
+1445E+Q
.0000E+D

-3004E-1
+6821E-1
+Q0C0E+Q
+1445E-1
-0000E+0

.0000E+0
-Q000E+0
.2461E-1
.000GCE+0
.5647E-1

.C000E+0
+4002E-1

.S628E-1
.6014E-1
.S830E-1
-6196E-1

-6260E-1
-6040E~1
.6227E~1
-6079E-1
+6040E-1

-6062E-1
.6077E-1
«6271E-1
.6183E-1
-5518E-1

<4869E-1
+5270E-1
-5303E-1
-5352E-1
.8125E-1

.6119E-1
.5915E-1
«8404E-1
-60S2E-1
-6135E=-1

-6360E-1
-8150E-1
-81BSE-1
-6346E-1
.5807E-1

-8132E-1
.58T0E-1

Z25TTE-1
-2962E-1
-28T9E~1
+3145E~-1

+3209E-1
-29B89E-1
-3175E-1
«3027E-2
.2989E~1

.3011E-1
-3026E-1
.3185E~1
+3079E-1
-2467E-1

.1818E-1
«2219E-1
+2252E-1
.2301E~1
-3074E-1

.3068E~-1
-2864E-1
.3353E-1
.3001E~-1
.3084E~1

.3308E-1
-3099E-1
-3134E-1
-3138E-1
.2756E-1

-3081E-1
.2819E-1

. 2698E-2
-3113E-2
-3269E-2
-000QE+Q

.Q000E+0
+1049E-2
+9404E-3
<2599E-2
<1269E~2

-1100E-2
+1439E-2
.B260E~-3
«2028E-2
.8208E-2

-1344E~1
+1078E-1
+9120E-2
-TT35E~2
-0000E+0

.1838E-2
+4035E-2
.Q00CE+0Q
.B743E-3
- O0000QE+0

.Q0Q0E+0Q
.Q00CE+Q
-1522E-2
. 0000E+0
+3279E-2

.0000E+0Q
. 2349E-2

b
-1
-

-2847TE-1
.3274E-1
+3206E-1
.3145E-1

.3209E~1
.3094E-1
.3269E-1
.3288E=1
.3116E-1

.3121E-1
+3170E-1
+3303E-1
-3334E~-1
-3287E-1

.3162E-1
.3297E-1
-3164E~1
.307T4E-1
.3074E-1

.3282E-1
.3268E-1
-3353E-1
.3088E~-1
.3084E~1

.3209E-1
.3099E-1
.32B6E-1
.3296E~-1
.3082E-1

-3081E-1
-3052E-1
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Q403 .313E+0 .5019E+0 .4981E+0
Q404 .240E+Q .51T1E+0 .4829E+0
Q405 .408E+0 .448S5E+0 .4780E+0

RO1
RO2

501
s02
503
504
508
sS0s
so7
s08
S09
S10
Si1

T01
To2
TO3

RUX

‘ A0l
402
A03
A04
ACS

Bo1
BO2
BO3
Bo4

Co1

.420E+0
.A04E+0Q

«438E+0
.597E+0
.610E+0Q
.302E+0
.307E+0Q
.209E+0
.810E+0
.60SE+0
L312E+0
+305E+0
+402E+0

-203E+1
-100E+1
+203E+0

823.0
648.0
673.0
698.0
723.0

648.0
673.0
698.0
723.0

673.0

+4T32E+0
+269TE+C

-6293E+0
.5271E+0
.6328E+0
+STS5E+Q
.6329E+0
.6280E+0
-54TTE+Q
.TS23E+0
-6849E+0
-T906E+0
E417E+Q

.4B56E+Q
+4699E+0Q
~4740E+0

+4758E+0
+4681E+0

-2670E+0
.2880E+0
.2TE9E+0
.24T9E+0
+2797E+0
. 2655E+0
.3320E+0
.2121E+0
«1946E+0
. 1888E+Q
.2888E+0

.4803E+0
-4853E+0
~4T7SE+0

4:9) W/F R

27.50 6.0
27.50 6.0
27.50 6.0
27.50 6.0
27.50 6.0

27.50 6.0
27.50 6.0
27.50 6.0
27.50 6.0

27.50 6.0

238

-0000E+0 .6291E-1 .3133E-1 .0000E+0 .3240E-1
-000QE+Q .6127E-1 .2959E-1 .0COOE+0 .30T76E-1
-7312E-1 .5845E-1 .2794E-1 .42748-2 ,3221E-1

+5101E-1
.6219E-1

-1037E+0
. 1849E+0
.9036E-1
.1726E+0
.8T46E-1
. 1065E+0
+1203E+0Q
+3453E~1
+1205E+0
.2063E~1
.8856E-1

.3404E-1
-4483E-1
.4845E~1

.6007E~1 .2858E~1 .3064E-2
-5T36E-1 .2685E-1 .3367E-2

.5345E-1 .1427E~1 .5541E-2
.S068E-1 .1459E-1 ,9369E-2
.5469E-1 .1514E-1 ,4942E-2
.510SE-1 .1266E-1 ,8813E-2
.5728E-1 .1602E-1 .5010E-2
.5304E-1 .1408E-1 .S5650E-2
.S27T9E-1 .1752E-1 .6352E-2
.57S1E-1 .1234E-1 .2000E-2
.5432E-1 .1057E-1 .6543E-2
.5743E-1 .108B4E-1 ,118SE-2
.5673E-1 .1638E-1 ,3946E-2

+2860E+0 .1422E+0 ,1008E-1
-1478E+0 .T174E-1 .6628E-2
.2948E-1 .140BE-1 .1428E-2

ERROR CONV

8.95¢  0.005
6.872  0.244
1.044  0.355
-2.165  0.477
-4.436  0.521
5.811  0.009
7.607  0.022
6.599  0.035
4.619  0.148
0.546 0.455

.3262E-1
.3042E-1

-2848E-1
+2954E-1
-2912E~-1
.2935E-1
-3178E-1
<2818E~-1
.2862E-1
-2940E=-1
.3035E-~1
«2810E~1
-3017E-1

+1522E+0
.T837E-1
+1550E-1

SELECT YIELD

1.000 0.005

0.556

0.233

0.892 0.316
0.909 0.434
0.898 0.468

0.174

0.002

0.159 0.004
0.211 0.007
0.774 0.114

0.833

0.425
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co2
co3
Cog
cos
cos

Do1
Doz
Do3
Do4
Des

EQ1
EQ2
EQ3
Eo4
EQS
EQ8

Fo1
o2
Fo3
Fo4
FOs
Fo6

GO1
Go2
Go3
G04
GOS
.GO6

HO1
HO2
Ho3
HO4

648.0
698.0
648.0
6§98.0
6€73.0

623.0
£48.0
€73.0
€98.0
723.0

673.0
648.0
€98.0C
€48.0
698.0
673.0

673.0
€48.0
698.0
648.0
698.0
673.0

673.0
648.0
€98.0
648.0
698.0
673.0

673.0
848.0
688.0
€48.0

16.25
16.25
38.75
38.75
27.50

27.50
27.50
27.50
27.50
27.50

27.50
16.25
168.25
38.75

38.75,

27.50

27.50
18.25
16.25
38.75
38.75
27.50

27.50
16.25
16.25
38.75
38.75
27.50

27.50
18.25
16.25
38.75

8.¢
4.0
4.0
8.0
6.0

6.0
6.0
6.0
6.0
6.0

6.0
8.0
4.0
4.0
8.0
6.0

6.0
8.0
4.0
4.0
8.0
6.0

6.0
8.0
4.0
2.0
8.0
6.0

6.0
8.0
4.0
4.0

=-3.801
-2.199
7.783
~5.123
2.116

4.035
6.727
6.287
3.433
0.638

7.185
8.320
6.397
-1.637
7.964
-9.676

-9.707
3.33:
-7.080
2.280
-5.864
=3.291

-4.581
0.620
-8.298
=-1.852
7.611
=7.144

-2.116
-1.928
-8.741
-2.685

0.301
0.440
0.589
0.530
0.307

0.029
0.045
0.051
0.126
0.306

0.513
0.097
0.363
0.071
0.117
0.523

0.724
0.421
0.598
0.738
0.760
0.862

0.622
0.226
0.832
0.686
0.688
0.710

0.846
0.475
0.6890
0.664

0.919°

0.951
0.725
0.976
0.955

0.038
0.158
0.220
0.656
0.717

0.877
0.074
0.707
0.07¢
0.689
0.779

1.000
0.939
0.969
0.504
0.295
1.000

1.G00
1.000
1.000
0.550
0.413
1.000

0.973
1.000
1.000
1.000

G.276
0.418
0.427
0.517
0.293

0.001
0.007
0.010
0.083
0.220

0.450
0.007
0.256
0.00S8
0.080
0.408

0.724
0.395
0.577
0.372
0.224
0.862

0.622
0.226
0.532
0.378
0.284
0.710

0.823
0.475
0.6830
0.684

279
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HOS
Hos

Io1
102
103
Io4
Ios
108

Jo1
Jo2
Jo3
JO4
Jos
JOs

M101
Mi102
M103
M104
M105

M201
M202
M203
N204
M205

¥301
M302
M303
¥304
M305

M401
M402
M403

698.0
673.0

673.0
648.0
698.0
648.0
698.0
673.0

673.0
648.0
658.0
€48.0
€98.0
673.0

623.0
623.0
623.0
623.0
673.0

648.0
€48.0
€48.0
648.0
673.0

673.0
673.0
673.0
673.0
673.0

698.0
€98.0
€98.0

38.75
27.50

27.50
16.25
16.25
38.75
38.78
27.50

27.50
16.25
16.25
38.75
38.75
27.50

5.00
5.00
5.00
5.00
5.00

5.00
5.00
5.00
5.00
5.00

5.00
5.00
5.00
5.00
5.00

5.00
5.00
5.00

8.0
6.0

6.0
8.0
4.0
4.0
8.0
6.0

6.0
8.0
4.0
4.0
8.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

3.0
6.0
8.0

~1.810

=7.453

-4.432
4.902
2.227

=3.606

-8.447

=5.125

-8.375
=7.069
=7.140
=3.498

0.862
-7.348

G.082
4.398
5.81%
4,276
3.382

-0.949
7.670
6.839
7.425
4.008

7.753
4.846
4,127
6.443
5.880

6.680
7.620
3.678

1.000
0.863

0.595
0.63¢
0.784
0.456
0.957
0.395

0.814
0.513
0.747
0.77¢
0.803
0.779

0.142
0.153
0.C041
0.135
0.321

0.161
¢.182
0.160
0.165
0.230

0.207
0.207
0.232
0.222
0.192

0.236
0.383
0.363

1.000
0.992

1.000
0.402
0.420¢
1.000
1.000
1.000

0.973
1.000
1.000
0.444
0.183
0.583

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000

1.000
0.979
0.966

1.000
0.856

0.595
0.256
0.329

0.456

0.957
0.395

0.792
0.513
0.747
0.343
0.147
0.765

0.141
0.153
0.041
0.135
0.321

0.161
0.182
0.160
0.169
0.230

0.207
0.207
0.232
0.222
0.192

0.236
0.374
0.351

230
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¥404
M405

Nio1
¥102
H103
N104
N105

¥201
N202
¥203
204
§205

Nao1
§ao2
K303
X304
§¥308

K401
N402
N4Q3
N404
H405

0101
0102
0103
0104
0105

0201
0202
0203
0204

698.0
673.0

623.0
623.0
623.0
623.0
673.0

£48.0
648.0
648.0
648.0
673.0

673.0
673.0
673.0
£€73.0
673.0

698.0
698.0
698.0
698.0
€73.0

623.0
623.0
623.0
623.0
673.0

648.0
€48.0
€48.0
€48.0

5.00
5.00

16.25
16.25
168.25
16.25
16.25

16.25
16.25
16.25
16.25
16.25

16.25
16.25
16.28
16.25
16.25

16.25
16.25
16.25
16.25
16.25

27.50
27.50
27.50
27.50
27.50

27.50
27.50
27.50
27.50

10.0
6.0

4.0
6.0
3.0
10.0
6.0

4.0
6.0
8.0
10.¢
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
2.0
10.0

4.504
3.591

5.450
7.109
2.693
3.807
-4.789

-0.382
-2.589
=0.095
-1.3%4
-1.263

1.061
~6.160
-9.511
-4.481
-5.022

2.313
-4.190
-8.184
-6.623
-3.531

0.777
-1.718
-6.321
=-56.293
-0.696

-1.7323
-8.415
-4.624
~3.758

0.277
0.159

0.310
0.306
0.302
0.308
0.591

0.447
0.453
0.451
0.430
0.694

0.563
0.589
0.632
0.611
0.627

0.859
0.726
Q.777
0.772
0.621

0.485
0.551
0.537
0.587
0.941

0.583
0.831
0.894
0.884

0.938
1.000

1.000
1.000

, 1.000

1.000
0.s88

1.000
1.000
1.000
1.000
0.938

1.000
0.976
0.951
0.972
0.956

1.000
0.951
0.993
0.989
0.977

1.000
1.000
1.000
1.000
1.000

1.000
1.000

©1.000

1.000

0.260
0.159

0.31:0
0.306
0.302
0.308
0.584

0.447
0.453
0.451
0.430
0.651

0.563
0.575
0.601
0.593
0.600

0.6859
0.719
0.771
0.763
0.606

0.485
0.551
0.537
0.597
0.941

Q.582
0.831
0.894
0.884
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0208

0301
0302
6303
0304
0305

0401
0402
0403
0404
0465

P101
P102
P103
P104
P10S

P20t
P202
P203
P204
P205

P301
P302
P303
P304
P305

P401
P402
P403
P404
P405

673.0

673.0
673.0
673.0
673.0
673.0

698.0
698.0
698.0
698.0
673.0

623.0
623.0
623.0
622.0

673.0

648.0
648.0
648.0
648.0
673.0

673.0
673.0
673.0
673.0
673.0

698.0
698.0
698.0
€98.0
673.0

27.50

27.50
27.50
27.50
27.50
27.50

27.50
27.50
27.50
27.50
27.50

38.75
38.75
38.75
38.75
38.75

38.75
38.75
38.75
38.75
38.75

38.75
38.75
38.75
38.75
38.75

38.75
38.75
38.75
38.75
38.75

6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.¢
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

-5.184

=7.502
-2.581
=3.697

'=-0.513

-4.771

-2.336
=3.900
-9.178
-5.928
-0.258

-2.420
=7.919
-7.376
=-5.380
-4.736

-8.647

6.700
~7.292
=5.080
=-3.080

=-5.180
~1.390
=7.153
=7.747
=-2.109

=2.275
-3.878
-8.236
-9.262
=7.741

0.926

C.808
0.895
0.819
0.952
0.910

0.838
1.000
1.000
0.980
0.921

0.520
0.586
0.614
0.620
0.974

0.85%
0.905
0.905
0.898
1.000

1.000
0.966
0.971
0.921
0.959

0.965
0.955
0.975

- 0.938

0.750

1.0060

1.000
1.000
1.000
0.982
1.000

1.000
1.000
©.980
0.974
1.000

1.000
1.000
1.000
0.987
1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
0.989
0.983
1.000

0.926

0.808
0.895
0.819
0.935
0.910

0.838
1.000
0.980
0.955
0.921

0.520
0.586
0.614
0.612
0.874

0.859
0.905
0.905
0.898
1.000

1.000
0.968
0.971
0.921
0.958

0.965
0.855
0.964
0.924
0.750
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Q101
Q102
Q103
Q104
Qios

Q201
Q202
Q203
Q204
Q208

Q301
Q302
Q303
Q304
Q30s

Q401
Q402
Q403
Q404
Q405

ROt
RO2

S01
502
S03
S04
508
508
sor
sSos
sSo9
$10
s11

623.0
623.0
623.0
623.0
673.0

648.0
€48.0
648.0
€648.0
673.0

673.0
673.0
673.0
673.0
673.0

688.0
698.0
698.0
€98.0
673.0

673.0
873.0

673.0
€48.0
€98.0
648.0
698.0
€73.0
848.0

698.0

6848.0
698.0
673.0

50.00
50.00
50.00
50.00
50.00

50.00
50.00
50.00
50.00
50.00

50.00
£0.00
50.00
50.00
50.00

50.00
50.00
50.00
50.00
50.00

27.50
27.50

27.50
16,25
18.25
16.25
18.25
27.50
38.75
38.75
38.75
38.75
27.50

4£.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0Q
6.0

4.0
6.0
8.0
10.0
6.0

4.0
6.0
8.0
10.0
6.0

6.0
6.0

6.0
4.0
4.0
8.0
8.0
6.0
4.0
4.0
8.0
8.0
6.0

=-3.632
-8.063
-3.688
=0.761
-0.740

-6.569
=~7.098
-3.880
-1.204
=-1.080

-8.450
-1.560
=7.636
~7.986
=-1.083

=0.970
-0.074
-6.181
-0.803
-5.572

=6.910
0.318

G.€49
3.197
4.565
3.798
-4.163
7.642
8.185
3.640
0.542
7.906
1.132

Q0.575
0.673
Q.712
0.748
1.000

0.943
0.877
1.000
0.972
1.000

1.000
1.000
0.95¢
1.000
0.894

1.000
0.923
1.000
1.000
0.867

0.906
0.883

0.805
0.683
0.830
0.700
0.842
0.800
0.778
0.932
0.784
0.958
0.86%

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
0.952
1.000

1.000
1.000
0.967
0.962
1.000

0.9867
1.000

0.622
0.724
0.626
0.616
0.598
0.625
0.787
0.450
0.444
0.403
0.625

0.578
C.673
0.712
0.748
1.000

0.943
0.877
1.000
0.872
1.000

1.000
1.000
0.954
0.9582
0.894

1.000
0.923
0.967
0.962
0.867

0.87¢
0.882

0.501
0.494
0.520
0.431
0.504
0.500
0.612
0.420
0.348
0.386
0.543
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TO1 673.0 27.50 €.0 1.019 0.934 1.000 0.934
T02 673.0 27.50 6.0 -2.988 0.915 1.000 0.915
Toz2 673.0 27.50 6.0 -0.671 0.908 1.000 0.508

D.3 Rate Constants for Several Reaction Mech-
anisms

RATE CONSTANTS FOR VARIOUS MECEANISMS

RATE CONSTANTS FOR MECHANISM # 1 FOR M = 1.0 X = 0.5

300000 0 O A L T
TEMPERATURE R K1 K2
x) ¢4
00 000 R M o o e »
623.00
4.0 0.6050E-03 0.2805
6.0 0.4744E-03 0.2688
8.0 0.4283E-03 =-.1268
10.0 0.3234E-03 1.0330
AVERAGE 0.4578E-03 0.3638
648.00
4.0 0.1234E-02 -1.039
6.0 0.1177E-02 -.2846
3.0 0.1251E~-02 -.1164

10.0 0.7043E-03 -.1413



673.00
4.0
6.0
8.0
10.0

€98.00
4.0
6.0
8.0
10.0

RATE CONSTANTS FOR MECHANISM 2 2

!‘-““l‘!tﬁ...‘I."-t-tit..*ttt‘t“lﬂlt.‘t‘l.‘!l"t‘-‘.‘.-.#tl‘

APPENDIX D. MASS BALANCE

AVERAGE 0.1092E-02

0.2629E-02
0.1641E-02
0.1126E-02
0.1010E-0Q2

AVERAGE 0.1601E-02
0.3126E-02
0.3144E-02
0.1907E-02

0.1385E-02

AVERAGE 0.2391E-~02

TEMPERATURE R K1

{K) ¢4

623.00
4.0
6.0
8.0
10.0

Q.3235E-03
0.3795E-03
0.4885E-03
0.4083E-03

AVERAGE 0.4000E-03

~.3953

~.2976
-~.2269
~.2447
-~.1413

-.227¢

-.3151

-.1980

-.2281

-.1263

-.2164

FOR X =10 N =0.0

K2

000 0 o O

-.7E58E-02
-.2410E-01
0.3949E-01
0.53€8E-01

0.1538E-01
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848.00

£673.00

€98.00

MASS BALANCE

4.0 0.2974E-02
6.0 0.2887E-02
8.0 0.5102E-02
10.0 =.1026E~01
AVERAGE 0.1759E-03

4.0 0.1555E-01
6.0 0.3386E-02
8.0 0.2247E-02
10.0 0.3879E-02
AVERAGE 0.6266E-02

4.0 0.1088E-01
6.0 0.1101E-01
8.0 0.3351E-02
10.0 0.2636E-02
AVERAGE 0.6965E-02

0.2101E-01
0.2274E-01
0.1783E-01
0.1438E-01

0.1899E-01

0.1945E-01
0.2830E-01
0.3114E-01
0.2437E-01

0.2581E-01

0.2652E-01

0.3342E-01

0.4930E-01

0.3772E-01

0.3674E-01

RATE CONSTANTS FOR MECHANISM # 3. FORM =05 ¥ =0.0

snwe O O L >
TEMPERATURE R K1 K2
(x) %)

-‘t-“‘.‘--.-tti--.‘.l.tt.'.*““-l‘t.t‘!!‘.-‘-"“'ttiﬂﬂﬂiil.‘.

622.00
4.0 -.6071{E-01
6.0 ~.543%E-01

0.6920E-02
0.7686E-02



8.0
10.0

£648.00

4.0

6.0
8.0
10.0

673.00
4.0
6.0
8.0
10.0

£658.00
4.0
6.0
8.0

10.0

RATE CONSTANTS FOR MECHANISH

AVERAGE

AVERAGE

AVERAGE

AVERAGE

APPENDIX D. MASS BALANCE

-.4046E-01 0.7299E-02
=.T263E-01 0.8513E-02
-.5705E-01 0.7604E-02
-.1280 0.1086E-01
-.1214 0.127SE-01
-.1399 0.1235E-01
-.3159 0.1445E-01
-.1763 0.1260E-01
=-.1182 0.13%0E-01
=-.1060 0.1434E-01
=-.5839E-01 0.1374E-01
-.1227 0.1686E-01
-.1013 0.1471E-01
=-.1515 0.1804E-01
-.4237E-01 0.1806E-01
-.4283E-01 0.1848E-01
-.9817E-01 0.1904E-01
-.9373E-01 0.1841E-01
#® 4 FORM =1.0 ¥ =1.0

L L L] L L LY L

TEMPERATURE

K1

W0 R IO O T o o o o s

K2
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€9 ¢3)

0 0 D D D L At L LY T ML 2 00 0 0 R O A o

623.00
4.0
6.0
8.0
10.0

648.00
4.0
6.0
8.0
10.0

673.00
4.0
6.0
8.0
10.0

698.00
4.0
6.0
8.0
10.0

RATE CONSTANTS FOR MECHANISM # 5

AVERAGE

AVERAGE

AVERAGE

AVERAGE

MASS BALANCE

0.6043E-03
0.4738BE-03
0.4294E-03
0.3233E-03

0.4577E-03

0.1386E-02
0.1180E-02
0.1180E-02
0.7868E-03

0.1133E-02

0.2637E-02
0.1646E~02
0.1130E-02
0.1848E-02

0.1575E~02
9.3595E-02
¢1.3166E-02
0.1916E-02

0.1396E-02

0.2446E=-02

-.5604E-01
=.5415E-01
0.2587E-01
-.2126

=-.7422E-01

0.1140

0.5729E-01
0.2485E-01
0.2440E-01

0.5531E-01

0.5948E-01
0.4577E-01
0.4971E-01
0.3842E-01

©.4834E~01

0.5427E-01

0.4002E-01

0.462CE-01

0.2602E-01

0.4477E~Q1

FOR ¥ =0.5 ¥ = 0.5
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O
TEMPERATURE R K1 K2
(x) (%3

0 A o A e R

623.00
4.0 0.2436E-02 «.5691E-02
6.0 0.2362E-02 =_4386E-02
8.0 0.1796E-02 -.2899E-02
10.0 0.1905E-02 -.2623E-02
AVERAGE 0.2125E-02 -.3900E-02
648.00
4.0 0.5612E-02 -.1202E-01
6.0 ®  0.4795E-02 -.2707E-02
8.0 0.4003E-02 -.6631E~02
10.0 0.5225E-02 -.6351E-02
AVERAGE 0.4909E-02 ~.8426E-02
673.00
4.0 0.579TE-02 ~.1880E-01
8.0 0.5284E-02 -.1003E-01
8.0 0.4728E-02 -.7229E-02
10.0 0.5576E=02 -.T026E-02
AVERAGE 0.6346E-02 -.1G77E-01
698.00
4.0 0.1078E-~01 -.2232E-01
6.0 0.1030E-01 -.1691E-01
8.0 0.6720E-02 -.1054E-01
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10.0 0.5226E-02

AVERAGE 0.8255E-02

RATE CONSTANTS FOR MECEANISN # 6

LT TP

=.T255E=02

~.1426E-01

FORM =2.0 ¥ =0.5

LT LT .

TEMPERATURE

® )

..-““‘.!l-t'ﬂ‘“t-.i‘..."tt“"‘t#tit.l*ttt.t..tt"tl‘*'ttt..

623.00
4.0
6.0
8.0
10.0

648.00
4.0
6.0
8.0
10.90

673.00
4.0
8.0
8.0
10.0

AVERAGE

AVERAGE

K1

0.2944E~04
0.1308E-04
0.1406E-04
0.7530E-05

0.1738E-04

0.1090E-03
0.9283E-04
0.1262E-03
0.3541E-04

0.908SE-04

0.3563E-03
0.1646E-03
0.7321E-04
0.5043E-04

Lt

X2

0.2412E-01
0.2422E-01
0.4558E-01
0.1920E~01

©.2828E-01

0.2979
-.2791
-.6582E-01
-.1228

=.4245E-01

-.1959
-.1451
-.1524
-.1144

I3
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AVERAGE 0.1611E-03 -.1520
§98.00
: 3.0 0.4411E-03 -.2321
6.0 0.3502E-03 -.1118
8.0 0.1600E-03 ~-.1091
10.0 0.7512E-04 -.1108
AVERAGE 0.2566E-03 -.1410
RATE CONSTANTS FOR MECHANISM 2 7 FORM =20 N =1.0
L] L L1 %] 0000 e L1 2 F L]
TEMPERATURE R K1 K2
(x) L)
"...-“t-.-".““ﬂ‘..‘. R 0 0 T Ol o o
623.00
4.0 0.2907E-04 0.4765E-02
6.0 0.1782E-04 0.481SE-02
8.0 0.1396E-04 0.9211E~02
10.0 0.77T1E-05 0.3849E-02
AVERAGE 0.1716E-04 0.5660E-02
648.00
4.0 0.1092E-03 0.6122E-01
6.0 0.9348E-04 ~.5473E~01
8.0 0.1300E-03 -.1324E-01
10.0 0.3617E-04 -.2386E-01
AVERAGE 0.9222E-04 -.7652E-02
673.00
4.0 0.3601E-03 -.3878E-01

291
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8.0 0.1666E-03 -.2894E-01
8.0 0.7422E-04 -.3008E-01
10.0 0.5153E-04 ~.2264E=01
AVERAGE 0.1631E-03 =.3011E-01
658.00
4.0 0.4453E-03 -.4613E-01
6.0 0.357T0E-03 -.2259E-01
8.0 0.1626E-03 -.2221E-01
10.90 0.7628E-04 =-.2254E-01
AVERAGE 0.2603E-03 -.2837E-01
RATE CONSTANTS FOR MECHANISM # 8 FOR M = 2.0
LLL LT LT L Lt ] -‘W*-“.*....‘t““‘*“*.**‘.."*ﬁ.‘.‘*-
TEMPERATURE R K1 K2
(x) ¢4
el Ll L 2 T 1 b gl
623.00
4.0 ~.1428E-03 0.5561E-02
6.0 ~.6200E~-04 0.5826E-02
8.¢ Q.2151E-04 0.5083E-01
10.0 -.3833E~04 0.7000E-~02
AVERAGE -,5541E-04 0.1730E-01
848.00
4.0 -.1861E=-02 0.1163E-01
8.0 0.3542E-03 0.1927E-01
8.0 0.1373E-01 0.1536E-01

bl L b b Lt ]

292
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10.0

673.00
4.0
6.0
8.0
10.0

698.00
4.0
6.0
8.0
10.0

RATE CONSTANTS FOR MECHANISM # 9

=.1260E-03

AVERAGE 0.3024E-02

0.9762E-01
0.8050E-03
0.5622E-03
0.4558E-03

AVERAGE 0.2486E-01

0.4328E-02
0.4446E-01
0.1046E-02
0.3209E-03

AVERAGE 0.1254E-01

0.1210E-01

0.1459E-01

0.1726E-01
0.2081E~01
0.2002E-01
0.2129E~01

0.1985E-01

0.2288E-01

0.2787E-01

0.3037E=-01

0.2826E-01

0.2734E-01

FOR¥ =1.5 § =0.0

L e Lt ] LLE L] W
TEMPERATURE R K1 K2
(x) A
- L 1 3] .““.“‘.“""t“--“-..‘..‘..“‘.“
823.00
4.0 -.8892E-03 0.6166E~02
g.0 -.5118E-03 0.6739E-02
8.0 -.2826E~03 0.8255E=-02
10.0 -.4098E=-03 0.7789E~02
AVERAGE -.5234E-03 0.6737E-02

o
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648.00

4.0 =.1730E-02 0.9586E-02
6.0 =.1103E-02 0.1104E-01
8.0 0.3124E-02 0.1661E~01
10.0 -.8703E-03 0.1262E-01
AVERAGE -.1449E-03 0.1246E=-01

673.00
2.0 0.1677E-01 0.1786E-01
6.0 0.2109E-02 0.2017E~-01
8.0 0.1274E-02 0.2058E-01
10.0 ~.8446E-03 0.1518E-01
AVERAGE 0©.4828E-02 0.1845E-01

698.00
4.0 0.9054E~02 0.2255E-01
6.0 0.9082E-02 0.2930E-01
8.0 0.8672E-03 0.4480E-01
10.0 0.56591E-03 0.3407E-01
AVERAGE 0,4916E-02 0.3268E-01

RATE CONSTANTS FOR MECHANISM # 10 FOR ¥ = 1.5

‘.‘t.‘.'..---"“*t-t-'-*.t.““!t-.-.*

TEMPERATURE R

(x) ¢4

K1

Ry

K2

t"‘.ll-‘.—“l.tt-“‘I.t‘.‘l‘-tt‘t.t.tttt.“l“ﬁ#“'..tt‘!**-...

623.00
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4.0 0.6869E-04 0.9740E-02
6.0 0.5056E-04 0.8968E-02
8.0 0.3991E~04 0.8895E-02
10.0 0.2914E-04 0.6771E-0Q2
AVERAGE 0.4707E-04 0.8593E-02
648.00
4.0 0.2285E-03 0.4464E-01
6.0 0.1933E-03 0.5500E=-01
8.0 0.4268E-03 =.B190E=01
10.0 0.1129E-03 0.5574E-01
AVERAGE 0.2404E-03 0.1837E-01
673.00
4.0 0.1144E-02 -.1654
6.0 0.3200E-03 0.1721
8.0 0.1908E-03 0.1032
10.0 0.1512E-03 0.9149E-01
AVERAGE 0.4515E-03 0.5036E-01
698.00
4.0 0.8224E-03 1.463
8.0 0.1433E-02 =.9355E=-01
8.0 0.3702E-03 =-5.940
10.0 0.1850E-03 0.1030
AVERAGE 0.7026E-03 -1.117

295

RATE CONSTANTS FOR MECHAKISHM # 11 FORM=1.5 B =10

bbb e b LE LS L LI T EL LT L P TT VLT Y T T e ol L LLL ]

L2 2L L] T

TEMPERATURE R K1 K2
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x) €3]

‘.‘tl‘.“*tt“..Btt.“—.t-“‘l‘lt“‘“‘t“‘t"tt.“.'l-.t.t-‘*-t

623.00
4.0
6.0
8.0
10.0

AVERAGE

648.00
4.0
6.0
8.0
10.0

AVERAGE

673.00
4.0
6.0
8.0
10.0

AVERAGE

698.00
4.0
6.0
8.0
10.0

AVERAGE

0.6657E-04
0.4856E-04
0.3848E-04
0.2739E-04

0.4525E~-04

0.2270E-03
0.1919E-03
0.4407E-03
0.1126E-03

0.2431E-03

0.1167E-02
0.3206E-03
0.1919E-03
0.1519E~03

0.4580E-03

0.8271E-03

0.1478E-02

0.3743E-03

0.1847E=-03

0.71681E-03

0.1383E-02
0.1736E-02
0.1746E-02
0.1300E-02

0.1668E-02

0.8913E-02
0.1106E~01
=.15899E~01
0.1163E-01

0.3903E-02 .

=.3220E-01
0.3584E-01
0.2232E-01

'0.1981E-01

0.1144E-01

0.3411
-.1877E-01
-.4237
0.2174E-01

-.1992E-01



Appendix E
Thermodynamic Aspects

The equilibrium constant of the gaseous reaction
aA+bB=zX +yY

is given by _ ,
K= ity

ATB
where A, B, X and Y are the chemical species involved, a, b, z and y are
the respective quantities, in moles, taking part in the reaction, and P is the
partial pressure of the reactant concerned.

At constant pressure In K = =2Z° where —AG?® is the standard Gibbs function
change. In the present case values for K are taken from literature.

If one defines A and B as the original reactants and X and Y as the reaction
products, it will be apparent that, when K is very large, the equilibrium
mixture will contain very little of the originél reactants and the reaction may
be regarded as substantially complete and irreversible. On the other hand,
when the value of K is near unity, the decomposition of the gas is very sensitive
to variations in K, so that the reactions most likely to influence the quality
of the product are those for which the value of log,, K passes through zero in

the temperature range concerned.
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Table E.1: Thermodynamic Equilibium Constants (logyo K;) for Pyrolysis and
Oxidation of Methanol

Chemical reaction Temperature, Ik

60C 700 800 900 1000 1100

CH3-OH = H-CHO + H, -1.22 -014 069 +135 1.86 2.28
H-CHO — CO + H» 9.16 534 548 562 570 5.7S
CH;-OH + ‘Og — H-CHO + H.O | 1741 1544 1398 1283 11.92 11.16
H. CHO + 02 — CO + H,0 23.79 2092 1877 1T.12 1576 14.65
CO + 02 — CO, 20.06 16.54 1390 11.84 10.20 §S.86

E.1 Dehydrogenation Method

The first stage in the pyrolitic decomposition of methanol is
CH;-OH=H.-CHO + H,0

and the equilibrium mixture, corresponding to one mole of methanol originally,
may be represented,

(1-z)CH3-OH — zH - CHO + zH,
At atmospheric pressure, the equilibrium constant K is thus given by K= 7,

which reduces to z2 = 1+_h The values of log,;, K at different temperacures are
given in Table E.1, so that z can now be evalnated for any chosen temperature.

E.2 Oxidation Method

By using a catalyst the first stage becomes a heterogeneous reaction whereas
the second one remains homogeneous. This second stage is the oxidation
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of the hydrogen liberated in the pyrolitic decomposition of formaldehyde. so
that the critical temperature for the second oxidation stage is that at which
formaldehyde decomposes, i.e. 573 L.

Atmospheric oxygen is the obvious choice for use in a commercial oxidation
process and can be considered to consist of one part of oxygen to four parts
of nitrogen (for this analysis). The basic reaction may be represented:

CHs - OH + 5(0z +4Nz) — H- CHO + H;0 + 2N,

The use of the reactants in these proportions is impracticable because the
mixture is explosive. This can be inferred considering data from Table 4.5.
The problem here is to bring the temperature of the products of this reaction
down to the level at which decomposition of formaldehyde is negligible, i.e.
573 K. The preferred method in practice is to dilute the reactants until the
reaction temperature drops to about its critical value -here taken as 573 K.
The most convenient diluent is, of course, air, and if to each mole of methanol

a volume of air equivalent to 3z(Q + 4N>) is added, the result of the reaction
would be

(z-1)
9

CH - OH + 2(O; + 4N,) — H. CHO + H,0 + 0, + 22N,

in which the products are assumed to be at 573 I.

‘The heats of reaction at different temperatures for this an other reactions of
Present interest are given in Table E.2, and the heat contents of the rclevant
gases and vapours are shown in Table E.3. With data from these tables the
change in heat content of the reactants between 298 K and 573 K is given by

3.68 + S(2.007 + 4 x 1.935) = 3.68 + 4.873¢

This is the heat of reaction at 573 K, which is given as 36.7 keal. On equating
these two quantities one gets z = 6.8. If the assumption that the critical
temperature used here, 573 K\, is correct, the ideal mixture to use in 2 straight
oxidation process is CHz - OH + 3.4(0, 4+ 4N,) or 5.6 % methanol in air.
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Table E.2: Heats of Reaction (keal) at Constant Pressure for Reactions Occurring
in the Manufacture of Formaldehyde

Chemical reaction Temperature, Ix

500 600 700 SO0 900 1000 1100

CH;-OH = H-CHO + H, 215 -21.8 -220 -221 -222 923 .224
H-CHO — CO + H; 22 26 -28 .30 31 .31 -31
CHy-OH + 30, — H-CHO + H,O | 36.8 367 367 368 369 369 37.0
H.-CHO + 70, — CO + H,0 56.1 359 559 559 560 561 56.3
CO + 0, — CO, | 67.80 67.79 67.76 67.70 67.74 67.55 GT.45

By repeating these calculations one can see that the temperature range 573-

673 K corresponds to working mixtures in the range 5.5-8 % of methanol.
Therefore, this study concentrates on this range.
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Table E.3: Heat Contents (keal/mol) of Gases and Vapourb Inw oh ed in the Manu-

facture of Formaldehyde

Gas or vapour

Heat content (kcal/mol) at temperature, I\

300 400 500 600 700 SO0 900 1000 1100
02 2.083 2792 3.524 4.279 5.058 5.856 6.670 7.497 8.335
H, 2.036 2.731 3430 4.129 4831 5.537 6.24S 6.966 7.692
N, 2.085 2282 3485 4.198 4.925 5.669 6.428 7.203 7.992
H,O 2382 3.194 4.025 4.882 5.771 6.690 T7.635 8.608 9.606
CO 2.086 2.78¢ 3.490 4.210 4.946 5.700 6.4T1 7.257 8.056
CO, 2254 3.195 4.223 5.323 6.4S1 7.690 8.939 10.222 11.535
CH;0H 269 38 521 675 844 1030 1229 1438  16.57
HCHO 2410 3.209 4289 5.386 6.587 7.876 9.258 10.707 12.22




Appendix F

Heat and Mass Transfer Effects

F.1 Mass Transfer Effects

The data for partial pressure clrop to determine the maximum ---'- values are
obtained from run Q104. If the -—1 is small the mass transfer eﬁ‘ects on the
catalsyt surface can be neglected.

The calculation is based on the method of Yoshida et al.[172]. Figure 2 of
their paper is used to determine the L versus ?}'- correlation. The results are
recorded in Table F.1. The cond.ltzons which apply to this table are:

Temperature =623 X
W/F = 50 geas/molcy;oph™?
R = 10 [100 x molcy,oph™! /moly;h™1)
¢ = Shape factor (0.9 for irregular particles)
Gm = Molal mass velocity of gas based on the total cross
section of the catalyst bed in Emel.
= BEAL'tIRQEn:
= DRUEIN8 = 01071 gEmel,
w = Weight of catalyst (1.5259 g)
am = Surface area of catalyst per unit mass

302
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= 61000 em?®/g

(#;)in = Mole fraction of component j in the feed
(¥5)out = Mole fraction of component j in the product
¥; = Mole fraction of component j at the interface
= l:..-l:'(.v-,)o...
Tij = Molal reaction rate of component j per unit mass of catalyst
R, = Dimensionless term of component j
= Imi__
- m@Grm

For example in the case of formaldehyde:

— D.02301 _ =nQ gmol
TmF = Jiss = 0.01308 b
- — 001508 __ o = -6
Re = JOS8 . 2565 x 10

The values shown in Table F.1 can be obtained by following steps similar to
those in the preceeding calculations, where

(Fy)in = Flow rate of component j in the feed
(F})out = Flow rate of component j in the product

From these results

AP;
B

7

) < 0.0001

hence, the effects of mass transfer can be neglected.



APPENDIX F. HEAT AND MASS TRANSFER EFFECTS 304
Table F.1: Data for Mass Transfer Eﬁ'ects
Componment | (FiJn  (Fiow | (¥i)in (%dow ¥ |Tms X102 R - | (B oa
gmol/h gmol/h gmol/h x 10® x 10°
02 0.064 0.048 [0.191 0.14 0.165 3.15 8.357 3.24 | « 0.0001
N, 0.242 0.242 | 0.719 0.704 0.712 - - - < 0.0001
CH,OH 0.035 0.008 ]0.091 0.022 0.056 0.505 0.85 151 | <« 0.0001
HCHO 0.0 0.024 0.6 0.06T7 0.034 1.51 2568 T7.67 | < 0.0001
H,O 0.0 0.023 0.0 0.066 0.033 1.49 2534 763 | < 0.0001

F.2 Heat Transfer Effects

Calculation of temperature drop from catalyst particle to ambient gas stream
was carried out by using the method of Yoshida et ¢L[172]. The values used,
again from run Q104, are given in Table F.2.

From Section F.1 we have

Gm
am
¢

TmF
T

From the standard thermodynamics

thus,

= 0.1071 gmol/h-cm?

= 61000 cm?/g

= 0.9

= 0.0151 gmol/g-h
=623 K

Cp =8.0076

Cp=2 Cp;-y;

j=1

_cal
gmol — K

Also to calculate the molal heat of reaction, ~AH, per mole of formaldehyde
produced,
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Table F.2: Data for Heat Transfer Effects

Component ¥ Cp; Cpy-v; | ABR T
cal Kenl

xmrol=Is gmol=Iy
O, 0.1633 7.94 13125 | 0.0
. N, 0.7115 7.12 5.0658 0.0

CH;OH [0.056¢ 16.8 0.9475 | -45.08
HCHO 0.0335 11.6 0.3886 | -25.29
H,O 0.0332 8.83 0.2032 | -57.8
CO 0.0 7.56 0.0 |-2641
CO2 0.0 12.32 0.0 | -94.05

}: from reference [1GG)

o Heat of reaction for formaldehyde production

AH, = ~57.8 -~ 28.28 + 48.0S + 0.0 = — 38.01
o Heat of reaction for formaldehyde conversion to CO

AHp; = -26.41 - 57.8 +28.29 + 0.0 = — 55.92
e Heat of reaction for formaldehyde conversion to CO,

AHz = —94.05 — 57.8 + 28.29 + 0.0 = — 123.56

In the present case as selectivity is 100% no moles of CO or CO, were pro-

duced, therefore
e, - Kcal

gmol

AH = AH, = - 38.01

Hence,
—AHr,p

Q= 2m#CPCry

33010 x 0.0151

QF = G000 % 0.9 % 2.007 % 0.1071
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Qr = 0.01219K

The maximum AT obtained from Figure 4 by Yoshida et al[172] is 0.1 K.



Appendix G

Factorial Design Model

G.1 Sample Calculation of Model Building

The information obtained in data set J is used to perform the following calcu-

lations. Data set J can be found in Section D.2. Program MODEL FORTRAN
obtains the following-output.

Cox SEL X1 X2 X3 TEMP W/F R

0.513 1.000 -1.0 -1.0 1.0 548.0 16.25
0.747 1.000 1.0 -1.0 -1.0 698.0 16.25
0.774 0.444 -1.0 1.0 -1.0, 648.0 38.75
0.803 0.183 1.0 1.0 1.0 698.0 38.75

® »op oo

MATRIX: X

1., =1. =1, 1
1. 1. =1, =1,
1, -1 1. -2
1. 1 1. 1
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MATRIX: X TRANSPOSE
1. 1. 1. 1.
=1. 1. =i, 1.

-1. -1. 1. 1.
1. -1, -1, 1.

MATRIX: X TRANSPGSE X

MATRIX: X TRANSPOSE S

XTs(1) = 2.627
XTs(2) = -0.261
XTS(3) = -1.373
XTs({4) = -0.261

MATRIX: X TRANSPOSE C

XTC(1) = 2.837
XTc(2) = 0.263
X1¢(3) = 0.317
XTc(4) = -0.205

MATRIX: (X TRANSPOSE X) INVERSE

0.25 0.00 0.00 o0.00
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0.00 0.25 0.00 0.00
0.00 0.00 0.25 0.00
0.00 0.00 0.00 0.25

MATRIX: (X TRANSPOSE X) INVERSE X TRANSPOSE C

Co = 0.70925
€1 = 0.06575
€2 = 0.07925
C3 = -0.05125

MATRIX: (X TRANSPOSE X) INVERSE X TRANSPOSE S

S0 = 0.65675
S1 = -0.06525
52 = =-0.34325
$3 = -0.06525

YIELD 2ND ORDER EQUATION PARAMETERS

Y( 1) = 0.4658
Y(2) = -0.0031
Y(3) = -0.1914
Y( 4) = ~0.0799
Y( 5) = =0.0043
Y(6) = -0.0277
Y(7) = -0.0009
Y(8) = -0.0272
Y(9) = 0.0124
Y(10) =  0.0033

Taking data from these results our models result as follows:

¥1 = 0.7093 + 0.0657X, + 0.0792X, — 0.0312X, (G.1)
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¥2 = 0.6567 — 0.0652X, — 0.3432X. + 0.0652X (G.2)

Y5b20,-Mo0s = 0.4G38 ~ 0.0031X,; — 0.1914X, ~ 2.0799X,
—0.0043X7 — 0.0277X; X, — 0.0009X, X,
—0.0272X3 + 0.0124X.X5 + 0.0033X2  (G.3)

G.2 Replicate Runs for Kinetic Analysis

The analysis of the replicate runs is based solely on the reaction vields obtained
during the kinetic analysis, i.e. sets M, N, O, P, and Q. In Table G.1, ¥
represents the mean of the sample, s the standard deviation of the sample, s?
its variance. The 95% confidence interval was calculated using the following
formula [14]: .

Y = tv.a/2$ (GA‘)

where n is the number of replicates and a is the probability that this confidence
interval does not contain the real mean. tvef2 is the t-probability density
function with v degrees of freedom of the sample (n-1). In this case s® is an
estimate of the real variance, because there are not enough data to justify it
as the real variance.

The replicate data showed constant activity of the catalyst during the kinetic
study. It is observed though, that at least one point may be good candidate
for an outlayer. however more studies may be required as this happened at a
large concentration of catalysts and it was not observed in other cases.



APPENDIX G. FACTORIAL DESIGN MODEL 311
Table G.1: Replicate Runs for Kinetic Analysis
Set M N 0 P Q
105 0.321 0.584 0.941 0.974 1.000
205 0.230 0.0651 0.926 1.000 1.000
302 0.207 0.575 0.895 0.966 1.000
305 0.192 0.600 0.910 0.959 0.894
405 0.159 0.606 0.921 0.750 0.8G7
Y 0.2218 0.6032 0.9186 0.9298 0.9522
$ 0.0011 0.0294 0.0173 0.1017 0.0661
s 3.733 x 107° 8.643 x 10~ 2.992 x 10~* 1.034 x 102 4.369 x 10-2
tues2m 0.0758 0.03G5 0.0214 0.1262 0.0820




Appendix H

Least Squares Criterion

H.1 Fitting a Straight Line

The simplest model for relating two variables is a straight line

E(Y) = 8y + Bix (H.1)

where E(Y) denotes the expected value of a random variable Y.

The assumptions associated with the form H.1 are as follows. First the “de-
pendent” or “response” variable Y is a continuous random variable with prob-
ability density function P(Y); so that

E(Y) = j_: Yp(Y)dY

The “independent” variable x is not a random variable. Its values are re-
garded as exact. In practice the interpretation of these assumptions is that
any fluctuation associated with a value of X has a much smaller influence on
Y that the fluctuation associated with Y itself. The postulated straight line
relationship between E(Y) and x is completely characterized by the two pa-
rameters B, and B, whose values are unknown. Estimated of Bo and B; can
be obtained by fitting model form H.1 to data for Y and x.

312
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A measured value of Y is denoted by v and equation H.1 can be expressed
equivalently as

y=Go+5x+s (H.2)
where ¢ is a random error term having probability density function p(s). If
that straight line model H.1 does describe the relationship between E(Y) and
x adequately then the mean value of p(s) will be zero. ¢ can be expressed

as representing the departures of a measured value y from its expected value
which is given by the straight line form H.1.

In determining the particular values of 8, and 3, departure of data points
from the best fitting line can arise from two sources. One is experimental
error, the lack of exact reproducibility in virtually all scientific measurements.

The other is inadequacy of the selected model form.

In model form H.2 the values of the parameters 8, and 3, and the random
error £ are unknown. However for any selected values 3, and By the error £
at datum u can be estimated by the residual e, defined as '

eu = Yu = (Bo + Aixu) (H3)
where
Yu = the measured response value for datum u
Xu = the independent variable value for datum u
5’0, G = selected values for the parameters

Several criteria can be used to determine the best fitting straight line, but
the most common, and the most appropriate under the assumptions to be
specified shortly, is the least squares criterion. If n data points are used to fit
model H.2 then the values fy and 8, for which 3™"_, €2 is minimized are called

the least squares estimated of the parameters and are denoted by B and f,.

The distinction between € and e is that £ involves the true but unknown values

of the parameters B, and B, whereas e involves estimates of those parameters.
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Even when the least squares estimates 5, and B, are used the residuals e are
not the random errors £ since the residuals in this case refer only to the data
being uscd for the fit and not to other sets of data that can be obtained.

As stated above, least squares estimates f, and B, for the parameters in
equation H.2 using data (x1,¥1)s++ - o {Xn, ¥n) are those values of 3, and B, for
which

2 ] R -

2o =2 [vu—(Bo+ Bixa)]’ (H.4)

u=t u=1

is minimized. If no constraints are imposed on fy and B; then the minimum
occurs at those values of 8 and 3, for which

d [, .
58; -uzz:leu- =0 (H'D)
and - ;
2 ie‘" =0 (H.6)
aﬁl u=1 u.
Equations H.5 and H.G can be expressed as
o+B > %= v (B.7)
u=l u=l
o> x+bh =3 xuvn (H.8)
u=1 u=1l u=l

and their unique solution is
0=¥ - Ak (H.9)

5 _ 2uzi{Xu¥u) — OXF
B = T2 oy (H.10)
where X = 1 5% x, and § = I Y

Using the least squares estimated Bo and [3’1 from equations H.9 and H.10 the
least squares straight line can be expressed as

Ly

F = Bo + Bix (H.11)
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Table H.1: Collected Data for Least Squares Criterion

Data point Values of Independent Measured
number Variables Response Values
u X1 X2 .occ- Xp ¥
1 Xu X2 X1p ¥1
2 Xa1 Xm X2p y2
3 X3, X2 Xap ¥a
n Sn1 Np2 Xnp ¥n

H.2 Fitting Linear Models

A general linear model form can be written as

EY)=8ix +---+ BoXp

(9]
—
ci

(H.12}

It is obvious that at least p data points must be available if unique estimates
of p parameters are to be obtained. Suppose that there are n data points (n
> p) which can be tabulated as indicated in Table H.1.

Let us now define the following matrices for this general case. The dimensions

of each matrix are in parentheses below the matrix notation.

(ax1)

N1

[ ¥n |
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(xxp) -

[ 5,

| 5, |

[ Xn2 " Xpp

316

For any selected values é =(4,..., BP)T, where superscript T denotes the

transpose of a matrix, a matrix of residuals eT can be constructed where

g 4
(nx1)

€

€1

e=Y-X3

n - (len + -

| ¥~ (BiXar + -

+ Bpxlp) 1

+ BpXap) |

Least squares estimated of the parameters B are obtained by minimizing eTe,

the sum of squares of residuals with respect to B. The set of equations

sr(eTe) = 0

57 = 0
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can be written in matrix form as
X'X3=x"y (H.13)

where é = (5., Bp)T are the least squares estimates of the parameters. The
solution of equation H.13 is

A= @TX)"XTY (H.14)

where superscript -1 denotes the inverse of a matrix. The fitted response
values for the data points can be expressed as

- -
-

N

Y=| . |=X (H.15)

[ ¥

and the residuals from the least square fit as

e= X-—i (H.IG)
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X-Ray Diffraction
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Table L1: Crystalline Structure of Different Oxides
Compound Crystal Space Group a b ¢ B
szMomom Hexagonal P ma? 20.03 8.08 717 -
B-Sby 04 Monoclinic C2/c 12.06 4.83¢ 5.383 | 104°35/
a-MoO; Cubic ~ FmSm 5.549 - - -
B-MoQO3 Orthorombic PrnMa 13.85 3.696 3.966 -
Mo-doped Sh,O, | Monoclinic C2/c 12.0571 4.8335 5.3838 | 103.579°
Mo,0y; Monoclinic P2 /a 24.52 5439 6.701 | 94.28°
Mo;0qy Orthorombic Pnma 2449  5.457 6.752 -
Moz Oy Orthorombic Pba? 2161 19.63 3.951 -
MoaSh- Cubic Im3m 9.5713 - - -
a-Sb,0, Orthorombic Pna2, 5.456 4.814 11.787




Appendix J

Electronic Spin Resonance
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q = 1.993 g = 1.936

500 &

3500 G

Figure J.1: ESR Spectrum of MoQy,

3500 G

Figure 1.2: ESR Spectrun of Sh,0,
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g = 1.9205

500 G

3500

Figure 1.3: ESR Spectrum of Catalyst Composition: 67% ShaOy 33% MoQy





