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Abstract

The vapor phase air oxidation of methanol to formaldehyde was investigated
over molybdenum oxide, tin oxide and their mixtures in an integral fow reactor
at atmospheric pressure between temperature of 513 and 573 K, a space time of
10-40 hr g-cat/g-mol methanol and a molar ratio of 0.04-0.1 mol CH3;0H /mol
air. Experiments were done under such conditions that the effects of internal and
external heat and mass transfer effects were negligible.

The effects of several process variables, temperature, space time and methanol/
air ratio on the conversion of methanol and the selectivity of the catalyst for
formaldehyde production were determined. The results indicated that the impact
of the process variables on the conversion, selectivity and yield of formaldehyde
were in the following decreasing order T > W/F > R.

A screening study indicated the optimum catalyst composition to be 50%
Sn0; and 50% MoQ3, while conversion increased with temperature and W/F
selectivity decreased. This catalyst proved to be highly active and selective to
formaldehyde production. Selectivity and yield of up to about 100% were obtained
at 100% conversion at a temperature of 553 K, a space time (W/F) of 40 g-cat/g-

mol methanol per hour and a molar ratio (R) of 0.04 mol CH3;OH /mol air.
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The rate expression

. 2
ki Py
k1 P2,

r=
1+ 2k2Po,

was deduced assuming a steady-state involving two-stage irreversible oxidation-
reduction process. It represented the experimental data satisfactorily. Arrhenius

plots of the two rate constants gave activation energies of 31.7 and 18.1 kcal/g-mol.
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Notation

Various symbols, superscripts. subscripts, and abbreviations used frequently in
this work are summarized below. All notation is fully defined where it first arises

in the text.
Symbols
a4m  area of the particle per unit mass, m? /kg
4,  defined as per Equation 7.9 and ’I‘able 4.2
A, defined as per Equation 7.9 and Table 4.2
C,  constant pressurc heat capacity per unit mass of fluid, J/gmol K

D molecular diffusivity of the species being transferred into the sys-

tem of interest, m?/s
D,pg  bulk diffusivity, m?/s
D.  combined diffusivity (I{nudsen and molecular diffusion), m?/s
D,  effective diffusivity, m?/s
Dr  Knudsen diffusivity, m?/s

D,  catalyst particle diameter, m




NOTATION

E(Y)

F;

h

JD

JH

M
-[VP r
N Re

jVSc

T
N Re

vi
expected value of the random variable Y,
molar flow rate of component 7, g-mol/hr

mass velocity based on the total cross-sectional area of the reac-

tor, kg/m? s

mass velocity based on the total (superficial) cross-sectional area

of the reactor, kg/m? s

heat transfer coefficient between the catalyst particle and the

bulk fluid, g sec™3/K
mass transfer factor
heat transfer factor

molar flux of species ¢ towards the surface relative to molar av-

erage velocity, mol/m? s, Equation 3.16
thermal conductivity of the fluid, g cm sec™3/K
reaction rate constant, Equation 3.7

molecular weight of the gas mixture

Prandtl number = Q}%&

Reynolds number = Qﬂﬁ

Schmidt number = ;%

DypG

modified Reynolds number =
#(l—ep)
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NOTATION

Py

Tma

Y

S

=y

W

vii
film pressure factor of.species ¢, Pa
partial pressure of species 7, Pa
partial pressure of species 7 in the bulk, Pa,
partial pressure of species 7 at the surface, Pa
reaction rate, mol/s g-catalyst
molal reaction rate of component 4, mol/s g-catalyst
pore radius, m
parameter as per Equation 2.67
gas constant, J/ mol I

molar ratio of reactants, g-mol C H;OH /g-mol air multiplied by

100

molar ratio of reactants, g-mol CH,OH /g-mol air
cata.lyst specific surface area, m?/kg

time of reaction, hr, Equation 2.3

temperature, K

temperature in the bulk fluid, I

temperature at the catalyst surface, K

weight of catalyst, g




NOTATION viii
W/F  space time, hr g-cat/g-mol methanol

X1,X,X;5,Xy  temperature, space time, reactants’ molar ratio, and catalyst’s
composition, respectively, Equation 4.6
z; fractional conversion of component ¢
Superscripts
m " order of the reaction

Subscripts

o condition at reactor inlet
Greek Symbols

o« defined as per Equation 3.5

B; parameter associated with the independent variable &;, Equation

4.1
64 ratio of stoichiometric cocfficients, Equation 3.22
AG  molal free energy of the reaction, J/mol
AH  molal heat of reaction, J/mol
AY  pressure grzxdient, Pa, Equation 2.46
€  catalyst porosity
€,  porosity of the pellet

n  effectiveness factor



NOTATION

X

fraction of available sites occupied by j

0;
A mean free path, cm, Equation 3.28
p fluid viscosity, kg/m s
II  total pressure, Pa
p  fluid density, kg/m?>
Py apparent density of catalyst particle (mass per total particle vol-
ume), kg/m?3
7  pressure-dependent residence time, hr g-cat atm/g-mol
T tortuosity factor (takes care of length and shape factors)
¢  shape factor, assumed 0.9 for irregular granules
®  Thiele-type modulus given by Equation 3.31
Abbreviations
C  conversion of methanol
ESR  Electron Spin Resonance
F formaldehyde '
M  methanol
S selectivity of the catalyst
T  total liquid product



NOTATION
k%% water

Y  yield of formaldehyde
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Chapter 1

Introduction

The subject of chemical kinetics is concerned with the quantitative study
of the rates of chemical reactions and of factors upon which they depend. It
includes empirical studies of the effects of concentration, temperature and hydro-
static pressure on reactions of various types. Such studies may be of practical
value in connection with technical processes. Kinetic studies of chemical reactions
in which the objective is to arrive at a reaction mechanism are of fundamental
interest.

The aim of any kinetic study is to attain a high yield and good selectivity. The .
use of an empirical rate éxpression 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 behavior, since then it may be safe to extrapolate outside the
range of experimental data.

The discovery of solid catalysts and their application to chemical processes in
the carly years of this century has led to breakthroughs in the chemical industry.
Since then, this industry has diversified and grown in a spectacular way through

the development of new or the rejuvenation of establishecd processes, mostly based
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on the use of solid catalysts. Because of tile importance of catalysts in modifying
the economics of chemical synthesis, a considerable amount of research activity has
been directed towards improving the existing catalysts or discovering new ones.

For thermodynamically feasible reactions, catalysts help increasing the rate
of reaction because they provide an alternate mechanism, each step of which has a
lower free activation energy . This suggests that an intermediate substance might
be formed by one or more of the reactants and the catalyst surface.

Catalytic reactions are classificd 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 associated
with two or more phases, and occur at the interphase.

These reactions are very important in industry. One such reaction is the
partial oxidation of methanol to formaldehyde, which is widely used as an inter-
mediate chemical in a large variety of organic compounds. Because of its relatively

low cost, higher impurity and reactivity, it has become one of the world’s most im-

portant industrial and research chemicals. More than 3.0 x 10° tons of H,CO are

produced from CH,OH ‘ annually in the U.S. alone [40]. There are two catalytic
processes for converting methanol to formaldehyde. One uses Ag as a catalyst at
temperature range bet.ween 870 and 920 I<. It is essentially an oxidative dehydro-
genation process [46]. The process.operates on the fuel-rich side of the explosion
limit, e.g., 30-40% CH,O0H vapor in air, and leads to a selectivity of 90% for
H,CO at 90% CH,0H conversion [46]. The main by-products are CO, CO,, H,
and HCOOH. The second commercial process utilizes an iron-promoted MoQs

catalyst and much lower temperature, i.e., 620 K. The feed typically contains
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6-9 mole percent CH,OH vapor in air. Selectivity to formaldehyde is typically
90% at near complete methanol conversion. It has been known that metal oxide
catalysts containing molybdenum trioxide give better yield for the production of
formaldehyde.

There are three stages of practical importance in the pyrolytic oxidation of

methanol:

%02 + CH3OH(0) —_ HC’HO(!]) -+ HQO(g) AH Q298 K = =37 kcal

20:+ HCHOy) — CO + H,0yy  AH @ 208 K = —56 heal

30+ C0O — CO, AH @ 298 K = —68 kcal

At ambient temperatures, the rates of these reactions are insignificant. Since
the rate of a chemical process is normally an exponential function of the tempera-
ture, the logical course is to operate at high temperatures. Unfortunately, the first
and second oxidation stages occur in temperature ranges that overlap; the result
is that under ordinary o.perating conditions, formaldehyde is destroyed almost as
quickly as it is formed. Pure formaldehyde vapor begins to decompose at 573 K, so
it would be convenient.to find a way to induce the primary oxidation of methanol
to take place at a lower temperattﬁ‘e level. This calls for the use of catalyst.

However, with the aid of a catalyst, the aim of the straight oxidation of
methanol is to induce the primary oxidation 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
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second stage occurs homogeneously in the gas phase and its rate will depend on the
rate at which heat can pass into, and spread through, a poor heat-conductor. Thus
although the thermodynamic conditions favor the decomposition of formaldehyde
[26], the poor conductivities of both catalyst and gas tend to retard this reaction
and so preserve the formaldehyde.

In studying such systems several devices are available to measure the reaction
rate either in a differential or in an integral reactor. In the differential method
the reactor operates at a 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 because there are several hidden parameters.
In this investigation, a fixed-bed integral reactor operating at atmospheric pressure
was used.

Since 1931 when Adkins and Peterson [2] discovered the high activity of the
mixed Fe;03-MoO; catalyst for oxidation of methanol to formaldehyde, most
patents and fundamental research dealing with this process have been concerned
with the Fe,03-Mo0, system. The activity may be substantially ascribed to
MoQOj;. However, it is only recently that the importance of tin-oxide based catalytic
systems has begun to b'e recognized. These catalysts occur in many forms and are
used in a wide range of application .from clectrolysis to gas-phase reactions [23].

This study focuses on the oxidation of methanol over oxide catalysts contain-
ing MoO; and Sn0O, and their mixtures. The motivation of such study is the
lack of information regarding the use of tin oxide with molybdenum trioxide as a

catalyst for this reaction.
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The objectives of this rescarch were -

¢ to study the effect of process variables, i.e. temperature (T), space time
(W/F), methanol to air molar ratio (R), and catalyst composition on the

conversion, selectivity, and yield of the methanol oxidation reaction;

* to study the kinetics and postulate a possible mechanism for the catalytic

oxidation of methanol to formaldehyde;

e and to develop a suitable rate expression, which would satisfactorily repre-

sent the experimental data.




Chapter 2

Literature Review

A great deal of interest exists for the study of new or modified form of
solid catalysts for existing processes and new applications. Development has often
been realized by improvement in the experimental characterization techniques.
In broad sense characterization includes chemical surface and bulk composition,
physicochemical propertics manifested in adsorption and reaction kinetics. For
years several metal catalysts had been used for the production of formaldehyde.
Recently the metal oxide catalyst process has assumed increased importance since

it has proven to give better yield.
2.1 Development of Formaldehyde Production

As previously mentioned in chapter one, the first comprehensive study for the
oxidation of methanol to formaldehyde on a metal oxide catalyst, MoOz, Fe,0,
and their mixtures was carried out by Adkins and Peterson in 1931 (2]. Since then
several other researchers have studied the use of other metal oxides as catalyst for
this particular reaction. It is observed that MoQOj; has proven to be an extremely

good catalyst with high selectivity for this reaction. The other metal oxide added
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to it in most cases act as a promoter. Its pL;rpose is to enhance conversion without
sacrificing the selectivity gained by the Mo00Q;. Details about metallic catalysts
can be found in a comprehensive bibliographic review on formaldehyde research
published by Walker [54] . Also details about metal oxides catalysts can be found
in Dosi [16], Jain [24], and Diaz [15]. The most recent research works related
to formaldehyde production including catalysts properties, reaction kinetics and
reaction mechanism are summarized below:

Bliznakov et al. [8] proposed that the selectivity of V305 catalyst for conver-
sion of methanol to formaldehyde increased by adding TeO, and Mo00O3. They
found that the binary system V,05 — T eO; gave an unsatisfactory degree of con-
version, while the three component V405 — MoO3 — TeO, catalyst had a stable
activity and oxidized methanol with a specific rate comparable with the industrial
iron-molybdenum catalyst.

Gasser and Baiker [19] studied methanol oxidation on vanadium oxide cata-
lyst. The results indicate that amorphous vanadium undergoes structural changes
more easily. than its crystalline counterpart and may thus be an interesting catalyst
precursor. |

The mechanism of partial oxidation of methanol over MoOs; was studied: by
Chung et al. [13]. Tile reaction can be represented by a mechanism involving
methoxy intermediate chemisorbed on oxygen vacancy sites. Formaldehyde and
CO are mainly produced from methoxy on terminal oxygen (Mo=0) vacancy sites.

Louis et al. [31] studied two types of Mo00O3 on SiO, catalyst for the oxida-
tion 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
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formaldehyde and methyl formate. This c.ould not be clearly for the impregnated
catalyst. They proposed a mechanism which invoives the formation of formalde-
hyde from methanol by its migration on silica, where it further reacts with methoxy
groups to form methyl formate.

Yang and Lunsford [57] found that molybdenum oxide supported on high
surface area silica to be an active catalyst for methanol oxidation to formaldehyde,
but at high conversion the sclectivity is considerably less than that reported for
comumercial catalysts. Kinetic isotopes studies confirmed an ealier observation that
the breaking of C-H bonds in the methyl group was slow in the catalytic cycle.

To increase the yield of formaldehyde obtained with the industrial catalyst,
Estevey et al. [17] proposed that.the addition of chromium (III), even in small
quantities, produced a lower Mo/Fe atomic ratio and increased the specific surface
area.

Methanol oxidation over nonprecious transition metal oxide catalysts sup-
ported on 1/8-in v — Al,O3 tablets was studied by Ozkan et al. [43]. The catalyst
oxides of (Cr, Mn, Fe, N, Cu) were prepared using the incipient wetness tech-
nique. All the ca.talysts: exhibited similar activities for methanol conversion. How-
ever, formaldehyde was observed only on non-copper catalysts in small quantities.
Dimethyl ether was the major reaction product over these catalysts.

The kinetics of the vapor-phase air oxidation of methanol to formaldehyde
over Mo0Oj; and Sb,0, catalysts and their mixtures was studied by Diaz [15]. On
the basis of his study a catalyst containing 67% Sb,04 — 33% MoOs proved to be
highly active and selective to formaldchyde formation.

Recently, Neophytides and Vayenas [40] investigated a new process for formalde-
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hyde production. They studied the anodic 6xic1ation of methanol in the solid elec-
trolyte fuel cell CH;OH, H,CO, CO, CO,, Ho, H,O Ag|Zr02(8%Y;03)| Ay, air
operating at atmospheric pressure. It was found that methanol can be selectively
oxidized to formaldehyde with simultaneous production of electrical energy. Se-
lectivity to formaldehyde was of the order 90% at methanol conversions exceeding
30%. The main by-products were CO and COs,.

Formaldehyde production from methanol using a porous vycor glass mems-
brane reactor was studied by Song and Hwang [49]. They investigated the reac-
tion kinetics in a fixed bed differential reactor over 99.998% silver needle catalyst.
The membrane reactor performance was experimentally analyzed at atmospheric
pressure to study the effect of changing operating variables such as temperature,
space velocity, air/methanol feed ratio and membrane surface area.

Klissurski et al. [28] studied the activity and selectivity of multicomponent
oxide catalysts containing Co, Ni, Fe, and Bi molybdates. The unsupported and
silica-supported catalysts, some of them promoted with phosphorus and thallium,
have been characterized by x-ray diffraction, infrared spectroscopy, Moessbauer
spectroscopy, surface aréa and porous structure measurements. The selectivity
of the investigated catalyst towards the oxidation of methanol to formaldehyde
remains extremely high over a wide temperature interval (350-390 degree C). Sig-
nificant difference in thermal stability of the catalyst during exploitation has been
observed and attributed to the presence of a support and promoters.

Sohrabi et al. [48] put forward a two-step mechanism for the oxidation of
methanol using a mixture of ferric and molybdenum oxides as catalyst. According

to this mechanism, methanol is first oxidized to formaldehyde, accepting an oxygen
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molecule from the catalyst and cha.ng;ing.the latter into the reduced form. In the
second step, the reduced catalyst is transforined into the original form on obtaining
an oxygen molecule from the gas phase.

Anhydrous formaldehyde is required for many syntheses and therefore its pro-
duction is of potential interest. Meyer and Renken [37] found that catalysts based
on alkali compounds are active in the dehydrogenation of methanol in absence of
oxygen. Sodium carbonate doped with indium shows a selectivity of up to 75%

for methanol conversion not exceeding 60%.

2.2 Characterization and Properties of Tin Ox-
ide
It is possible for tin to be present in various forms including metallic oxide as
either stable oxide SnO or SnO,. Tin oxide is an n-type, wide-gap, semiconducting
oxide material which is transparent to visible light. Consequently, it is important
as an electrode material, in solar cell applications, as a sensor material and as a
transparent conductor in electronic displays.

The chemical activity of tin oxide and particularly its redox properties make it
an important catalytic material in both pure and mixed oxide forms for gas phase
reactions and for electrocatalytic or photoelectrocatalytic reactions. Although tin
oxide functions as an oxidative catalyst in most studies, it can also function in a
reductive manner.

Complete review of tin oxide-based catalytic systems can be found in Hoflund
[23]. It describes some important aspects relating to these catalytic systems.

Buiten [9] studied the oxidation of propylene with molecular oxygen at 370°C
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and atmospheric pressure by means of SnO, — M 003 catalysts. SnO, showed
some catalytic activity. However, SnO, covered with a monolayer of molybdenum
oxide is 5 to 10 times more active in the oxidation of propylene than SnQ, alone,
and gives a completely different product distribution. On the basis of this study,
it was concluded that although M o005 did not form a bulk compound with Sn0O,
surface, it could be bound to the SnO, surface, which then exhibited a peculiar
catalytic activity.

Based on this study, Tan et al. [51] studied the oxidation of olefin to ketone
over Sn0z~ M o003 catalysts. They found that propylene is converted to acetone at
100-160°C with more than 90% selectivity over SnQO;— M 00s. They proposed that
the active site seems to involve an acetic point, which is formed by the combination
of tin oxide with molybdenum trioxide.

The mechanism of methanol oxidation over SnOy — M 00, catalyst from the
viewpoint of the active molybdenum site was investigated by Niwa et al. (38].
They examined the activities of various mixed oxides, including Fe,Os — MoOs,
and found higher activities over SnO; — Mo00; and Ti0, — M 003 catalysts than
over Fe,03 — MoOj; catalyst. In the case of mixed SnO; — MoOj3 catalysts,
form‘aldehyde was formed sclectively at 180°C.

The catalytic activity of antimony oxide catalyst dispersed on Sn0O,; for
propene oxidation was studied by Ono et al. [42]. They ’proposed that the forma-
tion of CO and CO, is dominant on SnO; catalysts. This gives an indication that
tin oxide catalysts play an important role in giving the catalyst high oxidation
activity. IKinetic features obtained using simple redox mechanism indicate that

the reoxidation step is the rate-determining step over SnO,.
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Reddy et al. [45] reported the direct correlation between low-temperature
oxygen chemisorption (LTOC) capacity of a series of SnO, supported V205 and
MoOj3 catalysts and their catalytic activity for the partial oxidation of methanol.
They found that the amount of oxygen chemisorbed at —78°C on V,0s /Sn0,
and MoO3/SnO, correlate directly with the conversion of methanol at 175°C.
These catalysts have shown high selectivity for the formation of formaldehyde.

Selectivity was over 95% for 1305/5n0, and 90% for Mo00z/Sn0,.



Chapter 3

Theoretical Aspects

The relationship between rcaction rate and operating variables is an impor-
tant factor in the design of any catalytic process. This chapter gives a general
outlook about the types of mechaniéms that are used for kinetic analysis and their
characteristics. It also deals with heat and mass transfer related properties on

catalyst surface.

3.1 Kinetic Analysis

Chemical kinetics deals with the quantitative studies of the rates at which
chemical processes occur, the factors on which these rates depend, and the molec-
ular acts involved in reaction processes. A description of a reaction in terms of
its constituent molecular acts is known as the mechanism of the reaction. The
term mechanism (7] describes all the individual collisional or elementary processes
involving molecules (atoms, radicals and ions included) that take place simulta-
neously or consecutively in producing the observed overall rate. Heterogeneous
catalytic reactions consist of at least three single steps: adsorption, surface re-

action, and desorption. Considerable simplification results when there is a single

13
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rate-determining step. However, only when surface reaction is the rate-limiting"

step are overall kinetics governed by the kinetics of the reaction step. On the

other hand, if desorption of product is the rate-limiting step, then overall kinetics

measured in the gas phase do not reflect the kinetics of the surface-reaction rate

[14].

3.1.1 Mechanistic Steps in Heterogeneous Catalytic Reac-

tions

The sequence of physical and chemical steps which occur in an heterogeneous

catalytic reaction is as follows [10]:

™

Mass transfer of reactant from the main body of the fluid to the gross exterior

surface of the catalyst particle.

Molecular diffusion and/or Knudsen flow of reactants from the exterior sur-

face of the catalyst particle into the interior pore structure.

. Chemisorption of at least one of the reactants on the catalyst surface.

Reaction on the surface. (this may involve several steps).

Desorption of (chemically) adsorbed species from the surface of the catalyst.

. Transfer of the products from the interior catalyst pores to the gross ex-

ternal surface of the catalyst by ordinary molecular diffusional/or Knudsen

diffusion.

Mass transfer of the products from the exterior surface of the particle into

the bulk of the fAuid.
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Steps 1, 2, 6, and 7 arc physical processes, while steps 3 to 5 are basically chemical
in character. The rates of the various steps depend on a number of factors in
addition to the concentration profiles of the reactants and product species.

Steps 1 and 7 are highly dependent on the fluid flow characteristics of the
system. Hence, the rate of these steps depends on the mass velocity of the fluid
stream, the particle size. and the diffusional characteristics of various molecular
species. These steps limit the observed rate only when the catalytic reaction is
very rapid and the mass transfer is slow. Steps 2 and 6 depend on the degree of
porosity of the catalyst, the dimensions of the pores, the degree to which the pores
are interconnected, the gross dimension of the catalyst particle itself, the rate at
which the reaction occurs at the catalyst surface, and the diffusional characteristics
of the reaction mixture. In order to derive a true rate equation, the preceding
factors, which may affect the mechanism significantly, must be minimized as much
as possible. It is convenicnt to employ the concept of a rate-limiting step in the
treatment of these processes so that the reaction rate becomes equal to that of the

slowest step.
3.1.2 Kinetic Model
In heterogeneous catalysis it is desirable to derive the rate expression based
on the Langmuir-Hinshelwood theory [29].
Langmuir-Hinshelwood Mechanism

This type of mechanism 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
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chemisorbed molecules on adjacent sites. Rate equation is derived by assuming a
ratc mechanism and selecting the slowest step as rate-controlling. Further details

are given by Smith [47] and by Yang and Hougen [56].

Modified Langmuir-Hinshelwood Mechanism

When the rate of adsorption of reactants offers significant resistance, the as-
sumption of adsorption equilibriwmn in the original Langmuir-Hinshelwood theory
is not valid.

The modified mechanism considers that reactants adsorbed on the surface
increase by adsorption and decrease by reaction. When the two rates are equal, the
equilibrium conditions are established. This mechanism is generally termed redox
mechanism. Oxidation of oxygenated hydrocarbons can be treated as irreversible
two- or three-stage oxidation-reduction reaction. A three-stage mechanism has

been reviewed by Diaz [15]. A two-stage mechanism is briefly described here.

Two-stage redox mechanism

The oxidation of methanol to formaldehyde taking place by a two-stage redox
mechanism can be visualized to occur through the following two steady-state steps,

with the equilibrium shifted to the right side

CHsOH + Sop 4 HCHOy) + Hy0 + Soea (3.1)
O?(g) + Sred _/»2_) So:c (32)

The rates of the above reactions are given by:

ry =k Py} (3.3)
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re = ky Pl (1 - ) (3.4)
Qry =19 (35)

where 6 is defined as the fraction of catalyst surface covered by adsorbed or lattice
oxygen and « the number of oxygen molecules required to convert one molecule
of methanol. It is equal to 0.5 in the present case. Based on Equations 3.3, 3.4

and 3.5, the following expressions can be derived:

1

1+ %rs,

kP
r=r = —7>—""—0
aky P
1+ 5t
2 Og

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 3.1, where

P,\,[ = R\/o(l o .’l?) (38)
1
P02 = Pog - ;PAI._-,-'L' (39)
and

Py = partial pressure of methanol at time t
Py, = partial pressure of methanol in the feed
Po, = partial pressure of oxygen at time t
Pog = partial pressure of oxygen in the feed

'z = conversion of methanol to formaldehyde
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Table 3.1: Two-stage redox mechanism

18

No. Reaction Integrated Rate Equation
Order
m n
CH,OH O,
5 Wi _ _20=20"-1, &
1 0.5 0 Fr — k) xpgis + ko
Mo
- 0.5 0.5
2 |05 0.5 | Yoty = — 1 - 2oL e sl
F 2[(1-z)93 1] ki k2 PR [(1=x)0-5~1]
W _Pyy 1, o =Py,
3 1 0 Fla(l-5) — "k T % m(1-x)
4 |1 05 | W _Pa _ 1 _ 40 {Pog=05Pa,m)**~(Pog)®
: Fh-z) = "k %2 In(1-z)
Poo—0.5Py\ r
5 1 1 l¥_ PA[Q' _ ___.]____ ‘ "20{ l,n;[ by o ]
F In(1-r) ky kaln(l—-ux) Pog
wi_ ___ 2 4 o«
6 1-5 0 ol kIP{iS(I_I)O.S + k2
Mo
- = 0 w P} _ 1 _ 2oPP (P02—0-5PM°$)°'5—(Pog)“]
{ 1.5 5] T 2[(1=5)-0521] = % [ [(1=z)-05-1]
Pl a0 (Poo=0.5Px1, )
8 |15 1| Bt = £ - a2 —]
[(1-2)=9°-1] T k1 k2[(1-2)=95-1] Pog
2) Wi _ —l 4o
9 = 0. Fz kIPA{O(l—JJ) + ka2
Wp2 rl-zy _ 1 daPp, (1—z) = 0.5 _ 0.5
10 |2 0.5 | TP, (58) = 57 — = ——[(Pog — 0.5Pp,z)*% — (Pog)®®]
. Ppoo—-0.5Py, =
W p2 (l=zy _ 1 _ 2aPy,(1~-2); Fo Mo
11 2 1 FPAIO( z )— k kax ln[ POg ]
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3.2 Plug-Flow Reactors

The operation of catalytic reactors is defined by a number of parameters. For
instance, a change in mass defines whether the reactor is a batch or a flow reactor.
Exchange of temperature defines whether the reactor is adiabatic or isothermal.
There are other important parameters in defining the operation of the catalytic
reaction such as reactor volume, residence time, and space time. The experimental
study of catalytic kinetics usually involves measuring the extent of conversion of
the gas passing in steady flow through a batch of solids [30].

For a heterogencous catalytic reaction, the rate must be expressed per unit
weight or per unit area of the catalyst. A material balance for any species, J, over

a differential clement of the reactor (Figure 3.1) gives the following:
input 4+ generation by reaction = output -+ qccumulation
At steady state the accumulation is equal to zero, hence
(Fy) + (r;dW) = (F; + dF}) (3.10)

The rate of formation of species J in terms of the catalyst weight, W, is given by

dF,
p = — 3.11
ER7 (3.11)
where
F; = molar flow rate of j, g-mol j/hr

W = mass of catalyst, g

r; = net rate of formation of j, g-mol j/hr g-catalyst
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dw
F, —6 F} (:)) T F +dF ) -

Figure 3.1: Notation for plug flow reactor

Defining the fractional conversion of reactant compound, i, into species j as:

T;= z_;—o ‘ (3.12)
therefore
EFy = Fia; (3.13)
and
dF; = F; dz; (3.14)

where F}, is the molar flow rate of reactant compound i, g-mol i/hr.
Substituting the above differential rate expressions over the entire plug-flow reactor

gives the plug flow performance equation

|24 = dx;
—_ = bt} .15
~/r T (3 )

o 1o
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3.2.1 Initial Rate Equation’

All the results of this stucdy were derived from a steady, plug-flow, integral

reactor. The reaction rate and the concentration vary significantly in the axial

cdirection of a plug-flow reactor. There are several assumptions that are made

before deriving the corresponding rate equation:

o

4.

The velocity profile in the reactor is flat. i.e. plug-flow exists. This can be
verified by the small size of the catalyst particles and due to the presence of

the fine porous plate at the inlet of the reactor.

The reactor operates isothermally, i.e. there are no thermal gradients in the
reactor. This ideal state can be approximated by inserting the reactor in a
fluidized sand bed and by having catalyst dilution, i.e. adding inert solids

to the catalyst bed.

There is no change in the total molar flow rate during the course of the
reaction. This assumption can be verified by the large excess of air which

consists of 78.5 mol percent (inert) nitrogen.

There is no pressure drop across the reactor.

After the effects of heat and mass transfer and diffusion have been minimized,

selection of the rate-determining chemical step is in order. For gaseous reactions

catalyzed by solid surfaces, each separate 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 non adsorbed reactant with one that is adsorbed.
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Rate expressions may be expressed by a combination of three terms; the
kinetic term, the pbtential term and the adsorption term. Detailed expressions for
these general rate equations can be found in a paper by Yang and Hougen [56]. In
this paper there are several curves that in a general way show the effects of total
pressure and feed composition on initial rates (rates at zero percent conversion).
Each curve would be of a 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. In general where adsorption is controlling, the rate
curve plotted against conversion at constant pressure and temperature is concave

downwards whereas when surface reaction is controlling it is concave upwards.

3.3 Mass and Heat Transfer

A catalyst particle can be cffective only if the reactants can reach the catalytic
surface. The transfer of reactant from the bulk fluid to the outer surface of the
catalyst particle requires a driving force, the concentration difference. Whether
this difference in concentration between bulk fluid and particle size is significant
or negligible depends on the velocity pattern in the fluid near the surface, the
physical properties of the fluid, and the intrinsic rate of the chemical reactions at
the catalyst; that is, it depends on the mass-transfer coefficient between fluid and
surface and the rate constant for the catalytic reaction.

There will be also a temperature difference between bulk fluid and catalyst
surface. Its magnitude will depend on the heat-transfer coefficient between the

fluid and catalyst surface, the reaction-rate constant, and heat of reaction.
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3.3.1 External Mass Transfer in Fixed Bed Reactors

Average transport coefficients between the bulk stream and particle surface
can be correlated in terms of dimensionless groups which characterize the flow
conditions. In the gas phase system, it is convenient to define a mass transfer

coefficient based on a partial pressure driving force (kp;) as

J;

_— 3.1
Py, — P, (3.16)

kl’.i =

The mass transfer coefficient based on a concentration criving force (k¢ ;) therefore
is

kci=kp;R,T (3.17)

It is common practice to correlate mass transfer data in terms of the well-known

Chiltor-Colburn jp factor [12]

. ]\.‘ ' 7 ; . .
i = ~GLNY (3.18)

where Ng. is the Schmidt number and is given by

L
Ng. = —— 3.19
se="D (3.19)
and:
Ji = molar flux of specics i towards the surface relative to molar av-

erage velocity, mol/m? s
P;p, = partial pressure of species i in the bulk, Pa
P;; = partial pressure of species i at the surface, Pa

R, = gas constant, J/gmol K



CHAPTER 3. THEORETICAL ASPECTS 24
p = fluid density, kg/m3
p = fluid viscosity, kg/m s

D = molecular diffusivity of the species being transferred into the sys-

tem of interest, m?/s

G, = mass velocity based on the total (superficial) cross- sectional area

of the reactor, kg/m? s

The jp factor can be expressed in terms of the film pressure factor for species A,

Pf'_.h as
(IL+84Pa) — (IT + 6,4Pas)
Pra= RIETTVN (3.20)
n+6APA,a
then jp can be expressed as
kpaPr g -
—”C‘ LA 23 | (3.21)
where:
IT = total pressure, Pa
P4 = partial pressurc of species A, Pa
P4, = pressure of species A at the catalyst surface, Pa
and é,4 is given by .
5 = r+s4+...—a—1D (3.22)

a

where a,b,r,s,... are the stoichiometric coefficients of the reaction

acA+bB+...=rR+sS+..
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The cffect of mass transfer can be determined from the following relation
Tma = kG atm@(PaPy,) (3.23)

where:

Tm4 = molal reaction rate of component A, gmol s g-catalyst
a— N f l AT .1 Ay M - - 212 /o
Gy = arca of the particle per unit mass, em /g
¢ = shape factor, assumed 0.9 for irregular granules

The pressure gradieht, AY, can be determined from the equations proposed by

Yoshida et al. [58]. The pressure gradient is given by the equation

APy  rpa

A)‘ = JDA - Um ¢Gm

(o)™ E (Vo (3.24)

Further details can be found in Ajaka [3]. Calculations and estimations for the

external and internal mass transfer effects are shown in Appendix E.
3.3.2 Heat Transfer

Heat transfer to or from a fixed bed of catalyst often represents a significant
problem. In laboratory studies aimed at a determination of the rate expression
for the intrinsic chemical reaction, external gradients in temperature and con-

centration can be made negligible by operating under the following constraints

[10]:

1. Using a reactant stream that is diluted with inerts to reduce the reaction
rate so that the energy evolved per unit volume is greatly reduced below

that encountered in the absence of inerts.
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2. Employ high mass velocitics to minirize resistance to heat and mass trans-

for.

Heat transfer between a fluid and particle surface occurs by the same molecular and
convective processes which describe mass transfer. For heat transfer the equation

analogous to Equation 3.18 is

: h s -
= _VN 3-2
Ju =( C.C )N B, (3.25)

where Np, is the Prandtle number and is given by:

Np, = % (3.26)
where
p = fluid viscosity, g/cm s
C, = constant pressure heat capacity per unit mass of fluid, J /gmol IX
k = thermal conductivity of the fluid, g cm sec™3/K
G = mass velocity bascd on the total cross-sectional area of the reac-
tor, g/em? s
h = heat transfer coefficient between the catalyst particle and the

bulk fluid, g sec™3/K

The effect of heat can be verified from the difference between the temperatures
of the bulk fluid and that of the catalyst surface. This is given by the following

relation
Tma ( _AH4)

Sha (3.27)

T, - T, =

where:
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T; = temperature at the ca.t.aly.st surface, I<
Ty, = temperature in the bulk fluid, Ik
AH, = molal heat of reaction of A, J /gmol

Calculations for the heat transfer effects are shown in Appendix E.

3.4 Diffusion

External surface arca of porous catalysts constitutes a small fraction of the
total surface area on which the reaction takes place. One or inore of several
different mechanisms may be responsible for the mass transfer process. For the
majority of catalysts and conditions used in industrial practice, the only significant
mechanisms are bulk diffusion and Knudsen diffusion. The relative importance of
these two processes depends on the relative values of the mean free path and the

pore dimensions.

3.4.1 Molecular or Bulk Diffusion

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 molecular
or bulk diffusion is applicable. The mean free path (1) is the average distance a
molecule travels between intermolecular collisions. A rough equation for \ is given

by Wheeler [55]:
1073
II

/\ = (3.28)

where II is the pressure in atm and \ in cm.

The effective diffusivity is independent of the pore diameter, and within a given
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catalyst pore ordinary bulk diffusion coefficient ‘may be used in Fick’s law to
evaluate the rate of mass transfer and the concentration profile in the pore.
The effect of molecular diffusion is minimized by using high velocity of gas

stream passing through the catalyst bed, and the space time is kept constant.
3.4.2 Knudsen Diffusion

Knudsen diffusion prevails whenever the mean free path between collisions
is large compared with the pore diameter. It depends on the molecular velocity
and the pore radius, and it is independent of pressure. The molecules hitting
the walls are momentarily adsorbed and then arc given off in random directions
(diffusely reflected). After a collision with the pore wall, the molecule will usually
fly to another spot on the wall before having a collision with a second gas phase
molecule. Many collisions with the walls will take place for each collision between
gas phase molecules.

The effective Knudsen diffusivity is given as:

Dy = 19400~ éjp,, \/g (3.29)
where
Dgi = Knudsen diffusivity, em?/s
T = temperature, I\
€ = catalyst porosity
T = catalyst tortuosity

S, = catalyst specific surface area, cm?/g
g
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pp = catalyst particle density, g/ cm?®
M = molecular weight of the gas mixture, g/gmol

The relation between the bulk diffusivity and Knudsen diffusivity is given by

s>

D4p
= Ds (3.30)
where 7 is the pore radius, cm.
3.4.3 Effectiveness Factor

The effectiveness factor indicates the relative importance of diffusion and re-
action limitations. Quantitative analytical treatment of the effects of mass trans-
fer and reaction within the porous structure were first carried out by Thicle (52],
Wheeler [55], and Aris [5). Emphasis was on the development of a technique that
can be used to analyse quantitatively the factors that determine the effectiveness
with which the surface arca of a porous catalyst is associated. Hence, the effec-
tiveness factor, 7, for a catalyst is defined as the ratio of the actual rate for the
entire catalyst particle to the rate evaluated at the exterior surface conditions.

The intrinsic chemical reaction rate expression can be determined by the
proper choice of experi.mental conditions that eliminate both external and intra-
particle mass transfer resistance. By evaluating the effectiveness factor 7, the true
reaction rate can be calculated.

With the assumption that the reaction is first-order, a new Thiele- typg module

is defined as:

k1 ppS,

23 (3.31)

(I)S:'F

where
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= radius of catalyst particle, cm

=3

k) = rate constant for first order reaction
pp = apparent density of catalyst particle (mass per total volume),
g/cm3
Sy = surface arca per gram of catalyst, cm? /g
D, = effective diffusivity given by
D
D, = —/=+ (3.32)
T
where
D. = combined diffusivity (IKnudsen and molecular diffusion), ecm?/s
&p, = porosity of the pellet
T = tortuosity factor (takes care of length and shape factors)

At equimolar counter-diffusion, D, is given by the equation

1 1 1
= +

D. =~ Dap T Dr (3.33)

then the effectiveness factor is
(3.34)

For large values of ®,(>30), tanh(®,) approaches unity and the effectiveness factor
approaches 3/®,, hence the reaction is diffusion-limited within the pellet. At low
values of ®,, the effectivencss factor approaches unity and hence the reaction is

surface-reaction limited.
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3.5 Catalyst

A catalyst is defined as a substance that affects the rate or the direction of a
chemical reaction, but the amount that is consumed by the reaction is negligible
compared to the consumption of reactants [10].

The major factor that determines the catalyst activity is its chemical compo-
sition. However, with constant chemical composition, the catalytic characteristics
may vary over a wide range depending on the conditions and method of catalyst
preparation.

The catalytic properties of a catalyst are measured by the following charac-

teristics:

1. Catalytic activity which is defined as the ratio of the rate of reaction at any

time to the rate of reaction with a fresh catalyst..

Lo

Selectivity characterized by the ratio of formation of desired product to the

overall rate of conversion of the initial product.

3. Stability includes thermal stability, resistance to poisoning, and reproducibil-

ity in its behavior.
4. Mechanical strenéth.

5. Hydrodynamic characteristics which are determined by the size, shape and

density of the catalyst grains.

The optimum combination of these properties will provide high quality of a catalyst

for a particular reaction.
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3.5.1 Reaction Mechanisms for SnO; — MoOj;

The mixed SnO,; — Mo0Oj3 catalyst has been known for its peculiar activity
in the oxidation of propylene [9,51] and ethyl benzene [4]. Catalytic activities are
much enhanced by mixing these oxides. However, detailed investigation of the
structure of the mixed oxide did not detect a new compound consisting of SnQO,
and MoO; [9,4]. It was believed that active sites could be attributed essentially
to the boundary surface of SnO, and A 00,

The concentartion of Mo®* is very stable and is not oxidized to Mot even
by calcination at 500°C. There.fore, it scems that the A/0% on SnO, — MoO; can
be regarded as a relatively unoxidizable species.

Furthermore, it has been reported by Takita et al. [60] that the solid acidity
increases on mixing SnQ; and AfoQ;. This increase in the acidity may be associ-
ated with the A00;, as mentioned above. The origin. of acidity may appear to be

by the interaction of water and Afo*t, as indicated by Giordano et al. [20], i.e.,
Mo** + H,O — (Mo* — OH)™ + H* (3.35)

The oxidized Mo®* site probably turns into Ao+ or Mo3+ on reduction. It is not
easy to decide as to which is the plausible reduced state of molybdenum ion. If the
reduced site is the Mo'", which can be usually observed in reduced molybdenum
oxide, and if the oxidizing surface may be represented as in Figure 3.2 [38], the

reaction mechanism can be described as follows:

1. Methanol may initially interact with Mo®t — OH to give a surface methoxy

group in place of an OH group.

2. Abstraction of the hydrogen to produce formaldehyde.
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These two steps are repeated after reoxidation of the surface with oxygen.

It is well known that methanol yields methoxy radicals under electron-bombardment,
and the OH group exchanges easily with D,0 to produce CH30D in a liquid
state. The reaction route for methanol oxidation, the methoxy group attached
to the metal cation, has been regarded as one of the most likely species (41,44],
However, it seems that the rate-determining step involves the cleavage of the C-H

bond.

CHLOH
3 l Hon
H H
HoC
&, .0 o .0 - 0s 3 o g
S N N Mol “ho] |
, Sn/ ! (l) O\Sn/O ? :
(V) (v) (v
) (v)
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HCHOT
O 6. 4 T H
< 0
O'HO\' O/MO\J R3] & 0 N 0
[ Y i ' \O\Sn,O/ \c')
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Figure 3.2: Reaction mechanism of methanol oxidation or Sn0y — MoQOy
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Chapter 4
Methodology

The strategics followed in designing the experiments are fully explained in
this chapter. The description of the experimental scheme for the selection of the
best catalyst composition, as well as the methods used to select the rate equation,
and the procedure to evaluate the parameter estimate of the kinetics models are

also given in detail.

4.1 Design of Experiments

The objectives of this work were to verify the effect of process variables (T,
W/F, R) and catalyst. composition on the yield of formaldehyde, establishing the
reaction networks, and finding the kinetic model or models that fit the experimen-
tal data adequately.

However, it is to be noted that the kinetic study had to be carried out with
the catalyst that gives the highest yield. Therefore, a set of experiments were
designed in such a way as to achieve the best catalyst composition.

The operating conditions considered in this study were chosen in ranges close

to the typical ones for the industrial production of formaldehyde, except for the

34
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temperature range which was chosen clos.e to the range suggested by Niwa et al.
[39]. These ranges are: temperature between 513 and 593 K, methanol/air molar
feed ratio between 0.04 and 0.1g-mol methanol per g-mol air in the feed, space
time between 10 and 40 hr g cat/ g-mol methanol fed, and total operating pressure
of 1 atm. Five different levels of the catalysts were prepared to study the effect of
catalyst composition. These levels were 10, 30, 50, 70, and 90 weight percentage

of SnO, in the SnO, — M o003 catalyst.
4.1.1 Optimal Catalyst Composition

Two-level fractional factorial design [6] for the three operating variables,
namely the temperature, the space time and methanol/air feed molar ratio, was
used at each level of the catalyst composition to determine the optimal catalyst
composition. First the following full second-order model was employed to express

the yield :

E(Y) = Bo+ A+ Pz + ... + frax (4.1)
+Buat + B+ .. + Bk

+B12x12; + Pravias + ... + Bre1 ko1 Tk

where k = 4, since there are four variables.

Then the model was reduced by excluding the non-significant parameters.
The final expression of the model was used to maximize the yield with respect to
the catalyst composition at the center point for the remaining operating variables.

Construction of a two-level fractional factorial design for the case of the three
operating variables is illustrated in Table 4.1. Values of the operating variables

are quoted in coded form, where -1, 1, and 0 are the lower value, the upper value,
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and the center point of the operating variables, respectively. The forth variable
is quoted in coded form as -1, -0.5, 0, 0.5, and 1, where these codes represent the

different level of catalyst composition defined previously.

Model Building

In model building, the most independent variable is not measured directly
but is calculated from other quantities. In this case liere, the yield can be expressed
as the product of selectivity and fractional conversion and is defined by Y. The
temperature is defined as:

T — 543

Xy =—7— 4.2
= (42)

The space time is defined as:

W/F — 25

-Y') = 4.3
=2 (43)
The methanol/air molar feed ratio is defined as:
R —0.06
XNy = —0-— 4.4
°T0.02 (44)
The catalyst composition is defined as:
' . X —50 -
_X4 = 20 (40)

where X is the weight percentage of SnO, in the SnO, — M 003 catalyst. Then
the full model can be expressed as:
E(Y) = ao+arX; + a Xy + a3X3 + a4 X,y (4.6)
+;112X1 X2+ @3 X1 X3 + a X Xy + a3 X0 X5 + ass X3 Xy
Fag X X, + a.u.\"f + (ngX.f + a33X§ + aguyX 3

(4.7)
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Table 4.1: Two-level fractional factorial design for the three operating variables
at each level of catalyst composition.

LX0 [ [ ] X, ]

A1 1] -1
1 |-1f-1]-1
5 N N S R |
1 (11 -1
0{01}{0]|-1
0oJofo| -1
0ojofo| -1
1] 1 ]-05
1(-1]-11]-05
5 T T T S R
111(1]|-05
0j0]|o0[-05
0/lolo-05
0olo|o0|-05
111700
11-1]-1]00
101 |-1]00
1111100
0010 |00
00| o01}00
001|000
1]-1]1]05
1 -1]-1]05
101105
1{1]|1]05
0j0|o0]|05
0|0} 0/(05
0/l0/|o0/}05
aA[-1] 1] 1
1 |-1]-1] 1
I O O R
11411
olo|o| 1
0ojo0 0] 1
ojlofo| 1
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4.1.2 Kinetic Experiments

After determining the optimum catalyst composition, a full scale design was
considered for the kinetic stucy. Each set of experiments consisted of sixteen runs.
In each set the space time was kept constant while the temperature was varied
at four different values. Methanol/air molar feed ratio was also changed at four
different values for each temperature.

The samples considered for analyzing were collected at steady state. All these
experiments may provide complete information on how one variable interacted

with the other two.
4.1.3 Selection of Rate Equation

There are several approaches to find the rate expression that fits the data
best. The relationship between conversion, flow rate and reaction rate in a steady
flow system, is given by the equation:

|24 z dx
Foh (&8)
where z is the fractional conversion of the reactant material and r is rate of the
reaction.

This general rate equation of a catalytic flow system is based on unit mass of
the catalyst. In order to obtain a rate equation that can accurately predict the
reaction behavior, the mechanism that controls the reaction must be obtained.
‘The mechanism of a reaction can be detected by the initial rate method described
by Yang and Hougen [56]. The initial rate is obtained by plotting the fractional

conversion versus the space time and determining the slope of the curve as the

space time approaches zero. Ouc can predict the mechanism from the shape of
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the curve obtained by plotting the initial rates versus the partial pressure of the
reactants’ molar ratio.

Besides the initial rate procedure, there are several methods that use the finite
values of conversion in order to establish the true rate equation which represents
the data. The method of linearization of the rate equation was used to solve for

the rate constants using linear regression method.
4.1.4 Mathematical Modelling

Analysis of the experimental results can only be accomplished through math-
ematical modelling of kinetics. The integrated form of the rate equations in Table
2.1 can be rearranged into a new form as shown in Table 4.2, where Y = Ag+ A,z
represents a typicai straight line, }” being the dependent variable, X the indepen-
dent variable, 4o the intercept and A, the slope. The values for ¥ and X are
calculated from the experimental data by substituting the values of W/F and the
respective partial pressures. The parameter of these equations are estimated by
a linear least-square regression technique. The best estimates of these parame-
ters are taken as those that minimize the sum of squares of deviations between
observed and predicted values of all the response variables rather than one re-
sponse variable. By doing so one can expect more precise estimates of the model
parameters.

After the conversion of the estimation algorithm the model adequacy is con-

firmed by several checks:
e Determine whether the estimate parameters are reasonable.

o Check for the discrepancies between observed and predicted values of the
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responses.

e Plot the residuals versus the predicted values of the responses. In general,

trends in the plots of residuals indicate lack of fit.
o Plot the observed values of the responses versus the predicted values.

These kinds of plots offer casy ways to detect inadequacies.
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Table 4.2: Correlated ¥ and X relations for two-stage Redox Mechanism

No. Reaction Ay 4, Y X
Order
m n
CH;O0H O,
= o =2 Wi (1~x)>>—1
1 0.5 0 B2 T Fz [ T PUS ]
Mo
2) 0.5 052 =20 | w__ P2 (Pog=0.5Pyr, )% =(Pog)®®
= 9 DN E® Tk T 2[(1—2)05 =] [ P [(1—2)05 1] ]
=1 o W _Pu, zPar,
3 1 0 ky ko F In(1—-z) [l'n.(l-:z)]
4 1 0.5 =L =zia W Pap, [(P°2°_O‘SP“"””)O'S_(POS)O'S]
S o F In(i~2) In(1=3)
= 1 1 =1 =20 W _ P, : 1 [POQ—O'SP“oz]
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Chapter 5

Properties of Materials

This chapter deals with the various properties of materials used in this re-
search, mainly the reactant material (methanol) and the main product of the
reaction carried out in this research (formaldehyde). A general discussion of the
physical and chemical propertics is given. Health and safety factors, as related to

use, handling and storage of materials. are discussed as well.

5.1 Formaldehyde

Formaldehyde, H,C = O, is the first of the series of the aliphatic alde-
hydes. It was discovered by Butlerov in 1859 and has been manufactured since
the beginning of this century. At ordinary temperatures, pure formaldehyde is
a colorless gas with a pungent, suffocating odor. It is produced and sold as wa-
ter solutions that contain variable amounts of methanol or other alcohols. These
solutions are complex equilibrium mixtures of methylene glycol, (CH,(OH),),

poly(oxymethylene glycols), and hemiformals of these glycols.
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5.1.1 Source, Synthesis and Uses

Today, all the world’s commercial formaldehyde is manufactured from methanol
and air by either an older process using a metal catalyst or a newer one using a
metal oxide catalyst. Reactor feed to the former is on the methanol-rich side of
a flammable mixture and virtually complete reaction of oxygen is obtained. Con-
versely, feed to the metal oxide catalyst is lean in methanol and almost complete
conversion of methanol is achieved.

As a basic chemical building unit, formaldehyde is an intermediate in a large
variety of organic compounds. The largest use of formaldchyde is in the manufac-
ture of amino and phenolic resins. Other important uses include wood-industry
products, molding compounds, foundry resins, and adhesives for insulation. It
1s also used in the synthesis of chelating agents, for example, in the manufac-
ture of ethylenediaminetetraacetic acid ( EDTA). Other important uses are in the
manufacture of permancnt-press finishes of cellulose fabrics and of acetal resins.
Other applications of formaldehyde are in the manufacture of a great variety
of chemicals, elastomel.'ic sealants, herbicides, fertilizer coatings, and pharma-
ceuticals. Pyridines and isocyanates consume large amounts of formaldehyde.
Methylenediphenyl isocyanate (MDI), used in the production of polyurethane
foams, coatings and elastomers, is expected to be one of the fastest growing con-

sumers of formaldehyde.

5.1.2 Physical and Chemical Properties

‘The physical properties of formaldehyde are given in Table 5.1 [27]. Formaldehyde

is noted for its reactivity and its versatility as a chemical intermediate. It is used in
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Table 5.1: Physical properties of monomeric formaldehyde.

Property Value
density,g/cm?>

at-80°C 0.9151

at-20°C 0.8153
boiling point at 101.3 kPa, °C -19
melting point,°C’ -118
vapor pressure, Antoine constants, Pa

A 9.28176

B 959.43

C 243.392
heat of vaporization, AH,

at 19°C, kJ/mol 23.3
heat of formation, AHY?

at 25°C, kJ/mol -115.9
std free energy, AGY

at 25°C, kJ/mol -109.9
heat capacity, Cp°, J/(mol.I¥) 35.4
entropy, S°, J/(mol.KK) 218.8
heat of combustion, kJ/mol 561-571

critical constants
temperature, °C
pressure, MPa
flammability in air
lower /upper limits, mol ignition temperature, °C

137.2-141.2
6.784-6.637

430

44

the form of anhydrous monomer, solutions, polymers, and derivatives. The pure,

dry gas is relatively stable at 353-373 I, below this range it starts to slowly poly-

merize. This action is greatly accelerated if there are traces of polar impurities.

At ordinary temperatures, formaldehyde gas is readily soluble in water, alcohols,

and other polar solvents. Its heat of solution in water and the lower aliphatic

alcohols is approximately 63 kJ/mol. The reaction of unhydrated formaldehyde

with water is very fast; the first-order rate constant at 22°C is 9.8 s—1 [27).

The decomposition of formaldehyde without a catalyst at temperature be-
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low 573 KX is a very slow process. and tllle rate of decomposition increases with
temperature; CO and H, are the main products of the decomposition.
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,0.
In an aldol-type reaction, formaldehyde condenses with itself vielding hydroxy

compounds. This reaction occurs mostly under alkaline conditions.
5.1.3 Health and Safety Factors

Solutions of formaldehyde are unstable. Both formic acid (acidity) and
paraformaldehyde concentrations increase with time and depend on temperature.
Formic acid concentration increases at a rate of 1.5-3 ppm/day at 65°C. Although
low storage temperature minimizes acidity, it also affects polymerization, which
is inhibited by addition of methanol or of stabilizers. Material of construction
preferred for storage vessels is stainless steel.

According to the material safety data sheet provided by the manufa.cturer,»
concentrations of 0.5-5.0 ppm may cause eye, nose and throat irritation, and
lacrimation; 10-20 ppm may cause difficulty in breathing, burning of the nose
and throat, cough and profuse lacrimation; 25-50 ppm may cause tissue damage
and serious respiratory tract injury. Prolonged or repeated exposure may result
in respiratory impairment and pulmonary sensitization. Long term exposure to
formaldehyde has been shown to be associated with an increased risk of cancer of
the nose and lung in humans. Data regarding health and safety factors are given

in Table 5.2 [27].
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Table 5.2: Health and safety factors for formaldehyde concentration.

Factor Value
expose time

8-h time-weighed average, ppm 3

ceiling 5

max peak above ceiling, ppm for 30 min 10
minimum level for sensory detection

air borne, odor detectable at ppm 1

in water, odor detectable at mg/1 20-50
profuse lacrymation, ppm 20
eye irritation, ppm 0.05-0.0

'5.2 Methanol

Methanol (methyl alcohol), CH;0H » Is a clear, water-like liquid with a mild
odor at ambient temperatures. Methanol has been called wood alcohol (or wood
spirit) because it was obtained commercially from the destructive distillation of
wood for over a century. However, the wood alcohol contained more contami-
nants (primarily acetone, acetic acid, an d allyl alcohol) than the chemical-grade
methanol available today.

For many years the largest use for methanol has been as a feed stock in the
production of formaldehyde, consuming almost half of the methanol produced.
However, formaldehyde’s importance to methanol will decrease as newer uses in-
crease, such as the production of acetic acid and methyl tert-butyl ether (MTBE).

Methanol’s direct use as a fuel may be significant in special circumstances.
5.2.1 Source, Synthesis and Uses

Methanol is manufactured from synthesis gas which, in turn is usually pro-

duced from methane. All new plants usc low pressure technology which is dis-
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tinguished from older, high pressure plants by the reactor design and capacity.
Above 150 t/day rates, centrifugal compressors generally can be used to compress
synthesis gas to methanol-reactor pressure. Basically, two types of reactors are in
commercial use: the shell and tube reactor and the quench type. Both reaction
loops have similar equipment. The main difference is that shell-and tube-type
reactor recovers heat of reaction by generation of steam on the shell side, while
quench-type recovers this heat in a separate heat exchanger that preheats boiler
feed water. Alcohols other than methanol are produced in small quantities with
ethanol the chief impurity. Other by-products produced in small amounts are
aldehydes, ketones, ethers and esters. Methanol is purified by distillation. The
complexity required depends on the desired methanol purity and the purity of the
crude methanol.

Historically, almost half of all methanol produced has been used to produce
formaldehyde. In the future formaldehyde will lose some of this position owing
to methanol use in the production of faster-growing chemicals such as acetic acid,
methyl tert-butyl ether (MTBE), and oxinol (a methanol-tert-butyl alcohol blend
for gasoline octane improvement). One area of promise for methanol is its direct
use in fuels. Potentially it can be used as a replacement for diesel fuel and gasoline
or a gasoline extender. Another potential large market for methanol, is its use in
the production of single-cell protein (SCP), which is used as animal feed additives.
Methanol is also considered for use in many other areas. These include its use as
feed stock to produce olefins, as a reducing-gas source for steel mills, to remove

nitrogen from sewage sludge, and it is used also in fuel cells.
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5.2.2 Physical and Chemical Properties

The physical properties of methanol are given in Table 5.3 [27].
Methanol undergoes reactions that are similar of alcohols as a chemical class
[33]. From an industrial standpoint the reactions of particular importance are
dehydrogenation and oxidative dehydrogeneration to formaldehyde over silver or
molybdenum-iron oxide catalysts and carbonylation to acetic acid catalyzed by
cobalt or rhodium. The acid-catalyzed reaction of isobutylene and methanol form
methyl tert-butyl ether. Methyl esters of carboxylic acids can be prepared by
acid-catalyzed reactions with isotropic removal of water to force the reaction to
completion. The direct reaction of methanol with ammonia gives mono-, di- and
trimethylamine. Methyl hydrogen sulfate, methyl nitrite, methyl nitrate, and
methyl halides are formed by the rcaction of methanol with appropriate inorganic

acids.

5.2.3 Health and Safety Factors

Methanol may be stored and handled in clean carbon-steel equipment. In
order to minimize vapor emissions, storage tanks should be constructed with an
internal floating roof with an inert gas pad. Because of the flammability of the
product, tanks are usually enclosed by a dike and protected by a foam-type (either
CO; or dry chemical) fire extinguishing system. Air pressure should never be
used to load or unload methanol. Pumping is preferred but inert gas should be
used when pressure loading or unloading is required. The most general health
hazard associated with methanoi is blindness, usually as a result of ingestion. The

ingestion of methanol has resulted in a wide range of responses, probably owing
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to the concurrent intake of varying amounts of ethanol. Ethanol is selectively
metabolized by the body, allowing detoxification by respiration to occur to some
extent. 25-100 ml of methanol can cause death if taken by mouth. The initial
symptoms vary: weakness, fatigue, headache, dizziness, nausea, and abdominal

pain are typical.

Table 5.3: Physical properties of methanol.

Property Value
boiling point at 101.3 kPa, °C 64.7
freezing point,’C' -97.68
entropy, 5°, J/(mol.Iy) : 218.8
critical constants

temperature, °C 239.43

pressure, kPa 8096

volume, mL/mol 118
critical compressibility factor, z 0.224
heat of formation, (liquid)

at 25°C, kkJ/mol : -239.03
std free energy, (liquid)

at 25°C, kJ/mol -166.81
heat of fusion, J/g 103
heat of vaporization, at boiling point J/g 1129
heat of combustion, at25°C' J/g 22662
flammable limits in air

lower /upper limits, vol autoignition temperature, °C 470
flash point, closed cup, °C 12
surface tension, mN/m 22.6
specific heat .

of vapor at 25°C, J/(g.K) 1.370

of liquid at 25°C', J/(g.K) 2.533
vapor pressure, at 25°C', kPa 16.96
solubility in water miscible
density, at 25°C' g/cm? 0.78663
viscosity of liquid at 25°C’, mPa.s 0.541
thermal conductivity at 25°C, W/(m.K) 0.202




Chapter 6

Experimental Aspects

This chapter describes the equipment used in this study, and its operation,
as well as the procedure for preparing the catalysts and analyzing various samples.
The experimental apparatus used in the kinetic study was similar to the ones used

by Dosi [16], Jain {24], Hahn [22], and Diaz [15).
6.1 Kinetic Studies

The kinetic data were collected from an integral-flow, fixed-bed catalytic
reactor under steady-state conditions at a pressure of 1 atm, a temperature range
between 513 and 593 K, a space time (W/F) between 10 and 40 hr g—cat./g-mol»
feed and a molar ratio (R) between 0.04 and 0.1 g-mol CH3;0H /g-mol air in the
feed. Heat and mass transfer were negligible under the operating conditions (see

Appendix E).
6.1.1 Experimental Apparatus

A schematic diagram of the apparatus is shown in F igure 6.1. The exper-
imental setup comsisted essentially of a packed bed reactor, a furnace (fluidized

sand bath), a hot inlet chamber, a feed and facilities for controlling sampling,
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a liquid trap, metering and analysis of the product. The main sections of this

apparatus are described in detail in the following sections.

Reactant Feed Section

Two streams of gases were connected to the system. A first stream carrying a
mixture of gases (9.76% CO,, 9.89% CO, 80.35% N,), was used to prepare gaseous
mixture for calibration. A second stream carried air (21.5% O,, 78.5% N,). The
calibration gas mixture and the compressed air were purchased from Air Products
(Brampton, Ont.). Flow rates for the gas streams were measured by rotameters
(body) model no. 622 PSV, with flow meter tube size R-15-2-AA from Matheson
of Canada Ltd. (Whitby, Ont.). Another air stream was used for fluidizing the
sand bed which suwrrounded the reactor assembly.

Dry air was passed at high velocity through a temperature controlled hot iﬁlet
chamber (temperature=473 K). The temperature was controlled by a variable
autotransformer of the type 3 PN 1010 from STACO, Inc. and a temperature
controller (Honeywell). In this chamber methanol was injected into the feed stream
by means of a syringe p.ump, model 901 from Harvard Apparatus Co. Inc. (Millis,
MA) and 10 cm® gas tight syringes model 1010-LT from Hamilton Co. (Reno,
NV). Methanol was éontinuously vaporized and carried away in the air stream.
Pure methanol was purchased from BDH Ltd. (Toronto, Ont.). 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 externally by a heating tape from Canada Wide Scientific Ltd. (Ottawa,
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Ont.). The feed stream going to the reactor was preheated in a stainless steel

tubing wound around the reactor.

Reactor Section

A schematic of the reactor assembly is shown in Figure 6.2. The reactor was
a 316 stainless steel tubing of length 19.05 cm and 1 cm I.D. 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 (Honeywell).
The reactor and preheater were kept immersed in a constant temperature fluidized
sand bath.

The container for the fluidized sand bath was a 9 cm OD steel cylinder. Sand
size was between 0.37 and 0.25 mum (40/60 mesh). A porous stainless steel plate
was welded at the bottom. Compressed air for the fluidization was obtained from
the building air supply. A metering valve controlled the air supply to the sand

bed. Sufficient air was passed at all times in order to keep the sand fluidized

and maintain a uniform temperature around the reactor. Ceram-A-Flexbeaded

heating wircs were wrapped around the cylinder and connected to one of the
autotransformers and in series with a temperature controller (Honeywell). The
temperature of the sa;ud bath was adjusted by changing either the input voltage
in the autotransformer or more éasily, by changing the temperature set in the
temperature controller. At steady state the temperature of the sand bed and that

of the reactor were within 2 to 3°C, thus insuring isothermal operation.
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Figure 6.1: Schematic diagram of the experimental apparatus
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Figure 6.2: Reactor and Pre-heater
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Sampling and Analysis Section

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 analysis. Within the liquid trap, connected
on line, there was a sampling bottle coutaining small amount of water, where
products such as HCHO. CH;0H, H,0 were continuously condensed and/or
absorbed by H,0O. This bottle was of pyrex with a 29/42 ground joint at the top
where a two-hole rubber strapper was fitted. A properly isolated 4L Dewar fask
containing ice surrounded the sampling bottle. Gases and uncondensed vapors
passed through a 0.635 cm OD stainless steel tubing placed in a 32 c¢m long and
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 inside
the tube drop back into the liquid trap (a 13 cm long zlmd 5.8 cm OD acrylic tube
filled with molecular sieve 13X). All traccs 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 chromatograplf
cquipped with a thermal conductivity detector (TCD), dual columns, and temper-
ature programming capability. Chromatograms, retention times, and peak areas
were produced by an integrator (HP-3380A). Liquid samples were analyzed by

injecting them into the same gas chromatograph.

6.1.2 Gas Chromatographic Analysis

A 10.97 m long and 0.3175 cm OD (36° x 0.125”) Hayesep A stainless steel

column was utilized to analyze the gas products containing CO, C'O,, N,, and



.CHAPTER 6. EXPERIMENTAL ASPECTS 56

Oz. A 0.5 em® sampling loop was used to inject the gas sample into the column.
The following operating conditions were found suitable for the separation: initial
column temperature 25°C, initial time 8 min, program rate 32°C/min, final col-
umn temperature 100°C, final time 30 min, and carrier gas (helium) flow rate of
30 cc/min at 25°C. For calibration purpose, several different mole ratios of the
calibration gas mixture to the compressed air were injected into the column. A
plot of the peak area versus the mol % of CO, C'O,, and O, was found to be linear
in the range of interest. A typical analysis of the gas mixture is given in Figure
6.3.

A 152.4 cm long and 0.3175 cm OD (5° x 0.125”) Hayesep T stainless steel col-
umn was used for analyzing liquid products containing CH,0, H,0, and CH;0H.
The following operating conditions were found suitable for the separation: Injec-
tor temperature 150°C, detector temperature 200°C, initial column temperature
100°C, initial time 0 min, program rate 32°C/ min, final column temperature
140°C, final time 8 min, and carrier gas (helium) flow rate 30 cc/min. A liquid
sample of 0.2 uL was used for all analyses. A certified formaldehyde solution from
Fisher Ltd. was used to prepare the standard solutions for calibration. A plot of
the % area versus the concentration of the corresponding compound was found to
be linear in the range of interest. A typical analysis of the liquid product is shown

in Figure 6.4.
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Figli're 6.3: A typical GC chromatogram for the gas products
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Figure 6.4: A typical GC chromatogram for the liquid products
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6.1.3 Preparation of Catalyst

Pure molybdenum trioxide catalyst was obtained by the thermal decompo-
sition of ammonium molybdate tetrahydrate. It was heated at 423 K for 6 hours
and for 2 hours each at 473 I, 573 Ik, and 673 K. Finally it was calcined at 773
K for 6 hours and activated at 873 IX for 2 more hours.

Pure tin oxide catalyst was prepared by drying tin(IV) hydroxide gel in a
120°C oven for 12 hours, and then calcining at 500°C for 6 hours. The S n(OH),
gel was precipitated by adding excess amount of ammonium hydroxide solution to
stannic chloride (tin(IV) chloride 5-hydrate, SnCl,.5H,0).

In order to prepare the proper weight ratio of M 003 : Sn0, a known amount
of ammonium molybdate was dissolved in water completely to which tin(IV) hy-
droxide gel was added. The amount of the gel was prepared in such a way as to
obtain the desired molybdenum to tin oxides weight réxtio. The resulting solution
was slowly evaporated to dryness and then calcined at 500°C for 6 hours.

The catalyst thus formed was ground to a particle size of 0.246 to 0.175 mm,

60/80 mesh. To obtain the proper W/F ratio, a weighed amount of catalyst was

mixed with pumice stone to a volume of 7 em®. Pumice stone, a porous indigenous
rock, usually containing 67 to 75% silica and 10 to 20% alumina of glassy texture,
was crushed, sieved to 60/80 mesh, and calcined at 500°C for 12 hours.

Ammonium molybdate tetrahydrate (NgHayMorOqy 4 H. 20) and stannic chlo-

ride (tin(IV) chloride 5-hydrate, SnCl.5H,0) were bought from BDH Ltd. (Toronto,

Ont).
An Accusorb 2100E Physical Adsorption Analyzer from Micromeritics Instru-

ments Corp. of Georgia, U.S.A., was used to determine the specific surface area
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using the Langmuir equation or the Bet method (1].
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Chapter 7

Results and Discussion

The effects of several variables, namely SnO,/M 005 ratio, reaction temper-
ature, partial pressurc of methanol, and space time, on conversion, selectivity, and
vield of the oxidation of methanol to formaldehyde were studied. Experimental
data were obtained under steady state isothermal conditions at nearly atmospheric
pressure and between 513-593 KK, using an integral fixed-bed reactor. The conver-
sion of methanol (C) is defined as moles of methanol reacted per mole of methanol
fed. The yield of formaldehyde (Y) is defined as moles of formaldehyde formed
per mole of methanol fed. The selectivity of the catalyst (S) is defined as the
ratio of number of mdles of formaldchyde formed to that of the total products
(formaldehyde, carbon dioxide and carbon monoxide) formed per unit time. The
ratio of moles of methanol to moles of air in the feed multiplied by 100 is defined
as (R). The feed rate was kept constant except set (P), which shows the effect of
feed velocity on conversion. The methanol concentration in the feed was changed
by altering the flow rate of air. The space velocity (W/F) was varied by changing
the weight of the catalyst charged in the reactor.

Preliminary experimental data obtained had indicated that the experimental
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apparatus was operating properly. This was verified by running few experiments
under similar operating conditions as previous researchers had with a known cat-
alyst. In addition, the analysis of the products from these experiments had shown
that the results were reproducible. This was confirmed by running the experiment

at standard conditions or by repeating some of the experimental runs.

7.1 Results with Inert Medium

The advantages of diluting the catalyst with an inert medium in the catalyst
bed were to enhance the isothermal condition [10] and to standarize the reactor
bed size to 7 cm?.

In order to verify how the inert medium affected the reaction, a set of exper-
imental runs, termed set M, was carried out. |

Set M kept the operating conditions of the center point, i.e. R = 6. Tempera-
ture was varied between 623 and 698 I\ at intervals of 25 IX. Results for these runs
are shown in Table 7.1 and Figure 7.1. It can be noticed that methanol conversion
due to thermal or support effects was very small, less than 10% at 698 K. Since
the range of operating. temperatures used in the kinetic study were between 513
and 593 K, the conversion of methanol on pumice stone was less than 1%. It was

considered to be negligible.

7.2 Results with Molybdenum Trioxide

In order to test the performance of the experimental apparatus a set of runs,
termed set A, was carried out using MoO; as catalyst. For this set of runs the

intent was to verify the proper belhavior of a known catalyst system, by studying
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the effect of temperature on conversion, selectivity and yield of methanol oxidation
while keeping the remaining operating conditions constant.

The temperature was varied between 598 and 698 K. Other operating condi-
tions were set at the center point of the fractional factorial design, i.e. W/F=25
hr g-cat/g-mol methanol fed and R = 6. Results for these runs are shown in Table
7.2 and Figure 7.2. The reaction with a Mo0; catalyst followed the expected
behavior [2,33,34,35,16,39,57,15] and proved to be very selective to formaldehyde
production.

It can be noticed also that the conversion slightly increased with temperature
and reached a maximum of about 50% which made this catalyst alone of very little

use for a chemical industry.

7.3 Results with Tin Oxide

A set of experimental runs, termed set G, was carried out in order to study
the effect of tin oxide catalyst on the conversion, selectivity and yield of methanol
oxidation to formaldehyde. The operating conditions were the same as those for set
A except that the temI.)erature range was lower, between 523 and 623 K. Results
for these runs are shown in Table 7.3 and Figure 7.3.

It is obvious frm;n Figures 7.2 and 7.3 that the activity of SnO, catalyst is
higher than the activity of M 00, éatalyst even at lower temperatures. It gave high
conversion of methanol. However, its selectivity to formaldehyde was very small
and even negligible at high levels of conversion. This indicates that methanol was
oxidized completely to carbon oxides on SnO, catalyst. These results agree with

those found by Buiten [9] for the oxidation of propylene on $n0, catalyst.
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Table 7.1: Effect of temperature on conversion, selectivity and vield of methanol
oxidation with inert medium

Run Temperature (IX)

Conversion (%) Selectivity (%) Yield (%)

Mo01
MO02
MO3
MO4

623
648
673
698

1.3
3.0
4.5
6.0

3.0
2.0
1.5
1.2

0.3
0.6
0.7
0.7

Table 7.2: Effect of temperature on conversion, selectivity and vield of methanol
oxidation with Mo0Qj; as a catalyst '

Run Temperature (IX)

Conversion (%)

Selectivity (%) Yield (%)

A0l
AQ02
AQ3
A04
A05

598
623
6438
673
698

0.7

1.1
30.0
35.0
42.0

1.0
1.0
0.95
0.93
0.90

1.0
1.0
28.5
32.5
38.0

Table 7.3: Effect of temperature on conversion, selectivity and yield of methanol
oxidation with SnO, as a catalyst

Run Temperature (K)

Conversion (%)

Selectivity (%) Yield (%)

GO1
GO02
GOo3
G04

523
548
373
598

5.0
20.0
8.6
90.0

0.44
0.35
0.098
0.0

0.022
0.071
0.077

0.0
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Figure 7.3: Effect of temperature on conversion, selectivity, and yield with SnO,
as catalyst.
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It was found that half or more of the reacted propylene was completely broken

down to C'Q and CO,.

7.4 Results with Mo-Sn Oxide Mixtures

There is abundant literature regarding the use of MoQs as catalyst for the
oxidation of methanol to formaldehyde. Several mixtures of M 003 with other
oxides have been investigated [22,16,24,15]. However, little information is avail-
able regarding tin oxide catalyst for this réaction. Hence, the primary goal of
this study was to produce high yield Sn-Mo oxides catalyst for the production of
formaldehyde under the specified operating conditions.

In order to find an optimum catalyst composition, one that gave the highest
vield, five new catalysts were prepared by mixing different amounts of ammonium
molybdate and tin hydroxide gel in such a way as to give the desired weight ratio of
Sn0,/MoQ;. This high yield catalyst was characterized later in a kinetic study.
Table 7.4 shows the catalysts used, their composition and their tag for proper
identification. It is to be noticed that there was a change in the color with a
change in the composition of the catalysts. As the amount of A 003 increased the
catalysts color became lighter.

A statistical model was built in order to determine the optimal catalyst com-
position. In this model the random variable, Y, is the product of conversion times
selectivity. The independent variables X, Xo, X3, X, represent the tempera-
ture, the space time, the reactants’ molar ratio, and the catalysts’ composition,
respectively. The data used for model building are represented in Table 7.5.

The complete form of the model that represented these data is:
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Table 7.4: Catalysts’ composition.

Catalyst | Tag set (#) | MoO; (wt%) SnO, (wt%) Color
I A 100.0 0.0 blue
II B 90.0 10.0 cream-green
III C 70.0 30.0 green-yellow
IV D 50.0 50.0 dark green
A% E 30.0 70.0 yellow-green
VI F 10.0 90.0 yellow
VII G 0.0 100.0 cream-blue
E(Y) = ag+ o, X| + X, + a3X;5 + a, X (7.1)

+a12X1 X + a3 X0 X3 + a4 X Xy
Fa23XNo X3 + 24 Xo Xy + a34X3X,
Fay 1X'f + U'z-ng? + Ctsa-Yg + Clq‘fo
The linear regression of the data after excluding the non-significant parameters
gave the following model:
E(Y) = 45.88+ 7.538X, + 6.94X, + 0.4380X; — 12.22X, (7.2)
—17.19.X, X, — 11.25X, X, — 0.4434 X3 X, — 35.12X2,
Equation 7.2 indicates that the yields would increase with an increase in tempera-
ture and catalyst to feed flow rate ratio (W/F). The yield would also increase with
the decrease of tin oxide content in AMo0O; /SnO, catalysts. Another information
that can be deduced from the above model is that temperature and space time
have the greatest impact on the methanol oxidation to formaldehyde, while the

effect of methanol/air molar fecd ratio is almost negligible. As a result the inter-

action between the temperature and the tin oxide content was significant, and so
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was the interaction between the space time and the tin oxide content, while the
other interactions and squared terms were not significant. Therefore they were
excluded from the model.

The above model was maximized with respect to the catalyst composition
at the center point for the remaining operating conditioﬁs. The maximum value
of E(Y) was obtained at the center point of the catalyst composition. The effect
of catalyst composition at the center point of the operating variables is repre-
sented graphically in Figure 7.4. It is obvious that the conversion of methanol
increased significantly as tin oxide content in the catalysts mixture was increased.
This behavior was as expected since tin oxide catalyst is generally more active
than molybdenum oxide catalyst. However, the selectivity of the catalyst cie—
creased sharply when the SnO, weight % increased more than 50%. It can be
concluded that the maximum yield was obtained when the catalyst composition
was 50% SnO; — 50%AM 00,.

The results of this work agreed with those obtained by Buiten [9] for the
oxidation of propylene by means of SnQ, — M 003 catalysts. SnO, showed some
catalytic activity; half or more of the reacted propylene was completely broken
down to CO and C'O,. Mo0O; was found to be a much less active oxide. However,
Sn0O; covered with a monolayer of molybdenum oxide was 5 to 10 times more
active in the oxidation of propylene than S$nO, alone, and gave completely different
product distribution. It was concluded that although MoQ; did not form a bulk
compound with SnO,, it could be bound to the SnO, surface, which then exhibited
a peculiar catalytic activity. These results were confirmed later by Niwa et al.

(39,38] for the oxidation of methanol over S nQqy —MoQ; catalysts. They concluded
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that methanol is selectively oxidized to formaldehyde over 3005 catalysts at
temperatures above 350°C, but was oxidized to carbon oxides only on $nQ,. For
the mixed SnO; — MoOj; catalyst, formaldehyde was formed selectively even at
180°C. Thus it can be postulated that the high oxidation activity arises from the
presence of tin oxide itself and the high formaldehyde selectivity from the presence
of molybdenum oxide.

Coupling the results obtained at the center point of the operating conditions
with those obtained from the fractional factorial design and model building scheme,
a composition of 50% SnO,; and 50% A 005 weight percent was chosen to be an
optimum composition of the catalyst which was used for further detailed kinetic
stud'y of the reaction.

The surface area of this catalyst (0.246 to 0.175 mm particle size) as deter-

mined experimentally was 51.2 n?/g.
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Table 7.5: Two-level fractional factorial design for the three operating variables
at each level of catalyst composition.

Run Temperature W/F R Sn0,; | E(Y)
number (K) hr g-cat/g-mol g-mol CH3;OH /g-mol air wt % %

BO1 513 10 0.08 10 1.10
B02 573 10 0.04 10 16.24
B03 513 40 0.04 10 | 28.53
Bo4 573 40 0.08 10 | 67.65
BO5 543 25 0.06 10 | 25.78
B0O6 543 25 0.06 10 | 25.12
BO7 543 25 0.06 10 | 26.55
Co1 513 10 0.08 30 4.56
co2 573 10 0.04 30 |60.61
Cco3 513 40 0.04 30 | 28.33
Co4 573 40 0.08 30 | 68.91
Co05 543 25 0.06 30 | 39.84
Co6 543 25 0.06 30 |[42.65
C0o7 543 25 0.06 30 | 35.05
D01 513 10 0.08 50 | 11.29
D02 573 10 0.04 50 63.65
Do3 513 40 0.04 50 34.29
D04 573 40 0.08 50 83.58
D05 543 25 0.06 50 | 69.88
Do6 543 25 0.06 50 67.43
DOo7 543 25 0.06 50 66.88
E01 513 10 0.08 70 | 28.84
E02 573 10 0.04 70 | 5.81
E03 513 40 0.04 70 40.01
E04 573 40 0.08 70 0.0

E05 543 25 0.06 70 | 26.7
E06 9543 25 0.06 70 25.0
EQ7 543 25 0.06 70 | 26.02
FO1 513 10 0.08 90 | 29.06
F02 573 10 0.04 90 0.0

Fo3 513 40 0.04 90 8.76
Fo4 573 40 0.08 90 0.0

F05 543 25 0.06 90 1.02
F06 543 25 0.06 90 1.11
FO7 543 25 0.06 90 1.04
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Figure 7.4: Effect of catalyst composition on conversion, selectivity, and. yield of
the oxidation of methanol to formaldehyde.
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7.5 Kinetic Analysis of Data

7.5.1 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:

o Catalyst Activity - The activity of the catalysts remained fairly constant
for all the runs for the kinetic study. This was confirmed by carrying out

replicate runs at the center point conditions after making each set of runs.

¢ Homogeneous Reactions and Reactions in the Absence of Catalyst - As in-
dicated in section 6.1, the amount of product produced in the absence of

catalyst at the operating conditions for the kinetic analysis was negligible.

e Side Reactions - The main by-products of methanol oxidation over Mo-Sn
oxide catalysts were carbon oxides. Carbon monoxide is believed to be
caused by the thermal decomposition of formaldehyde [39]. Carbon diox-
ide 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 more than 5% of
the total product, were very few. These runs were not considered for kinetic
analysis. No traces of formic acid, dimethyl ether, dimethoxy methane or

methyl formate were found in the analysis of the products.
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® Pressure Drop Through Catalyst Bed - There was no pressure drop across
the reactor. This was confirmed by measuring the pressure at the inlet and
at the outlet of the reactor. It was generally the same as the atmospheric
pressure for almost all the runs. The total pressure in the catalyst bed was

thus taken as 1 atm for ease of calculation.

¢ Plug Flow - In the present study. the velocity profile in the reactor was
assumed to be flat. The flat pattern in the tube is afected by a number of
factors. The two most important ones are axial dispersion and channeling.
The effects of axial dispersion was considered to be negligible for L/d, > 350,
where L was the length of the bed and d, the diameter of the catalyst particle.
Channeling can be avoided by having a large d;/d, ratio, larger than 20
according to some authors [46]. The ratio of d;/d, in the present case was
44. Hence, the assumption of plug flow could not result in any significant

€ITor.

o Diffusion - Diffusion can be of two kinds:
(a) Molecular Diffusion: This kind of diffusion is significant only when the
mean free path of diffusing molecules is small with respect to the pore ra-
dius. In such cases, the partial pressure of the different reactants control the
diffusion process. It is insignificant unless the pressure is very high or the
pore radii is very large. Since the present work was conducted at nearly at-
mospheric pressure, molecular diffusion was expected to be negligible. A set
of runs, termed set P, was taken at the same operating conditions and with

different feed velocity of methanol to check the effect of molecular diffusion.
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It can be seen from Figure 7.5 that there was no effect of the feed velocity
on conversion. Hence, it can be assumed that molecular diffusion did not
control the reaction.

(b) Knudsen Diffusion: When pore size of catalyst (or porous medium) is
small, collision between molecules and walls controls the diffusion process.
In the present study the catalyst particles used had an average particle di-
ameter of 0.21 mm. For such small catalyst particles, Knudsen diffusion did
not affect the results significantly.

A set of runs, termed sct Q, was carried out at the center point operating
conditions but changing particle diameter to find out if Knudsen diffusion
affected the results. Results arc shown in F igure 7.6. It is obvious that
conversion was ncarly the same. In case Knudsen diffusion was affecting
the results significantly, changing catalyst diameter would have resulted in
significant change in the rate of reaction. Therefore, for such small particles

the effectiveness factor can be considered one [18,47,11].

Resistance to External Heat and Mass Transfer - In order to simplify the cor-
relation for experimental data, it is necessary to minimize these resistances
so that they become negligible. The values of partial pressure and tempera-
ture in the buik stream and at the gas-solid interface may differ significantly
in certain systems. The cﬁ;ect of heat and mass transfer is explained in detail
in section 3.5. A sample calculation based on the method of Yoshida et al.
[58], that estimates the temperature and pressure drops from the bulk phase

to the catalyst surface, is given in Appendix E. The maximum temperature

" drop of 0.1 K and the maximum pressure drop of less than 100 Pa suggested
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that the heat and mass transfer effects were negligible.
7.5.2 Effect of Process Variables

The effect of temperature (T), space velocity (W/F), and methanol to air
molar feed ratio (&) on conversion of methanol (C), yield of formaldehyde (Y),

and selectivity of the catalyst (S) were investigated.

Effect of Temperature

The effect of temperature on conversion, yield and selectivity was investigated
in the temperature range between 513 and 593 K. An increase in the tempcratur'e
resulted in an increase in the overall conversion of methanol. This increase is
more accentuated at higher space times. However, at temperature equal 573 K
there were some cases where selectivity to formaldehyde decreased due to further
oxidation of methanol to carbon oxides. In some cases conversion reached 100%

and selectivity remained nearly at 100%. F igures 7.7-7.9 clearly show these effects.

Effect of W/F

The effect of W/F on conversion selectivity and yield was studied at temper-
atures between 513 and 573 I{, methanol to air molar feed ratio between 4 and 10.
For all methanol concentrations an increase in W/F caused a dramatic increase
in the conversion without affecting the selectivity significantly. This conforms the
fact that an increase in W/F ratio with constant feed, gas flow rate and methanol
results in increased contact time. Similar results have been reported in the litera-

—

ture for other metal oxide catalysts. Figures 7.9-7.11 show the importance of an .

adequate contact time to attain high yields.
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Figure 7.7: Effect of temperature on conversion, selectivity, and yield of the oxi-
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dation of methanol to formaldehyde at W /F of 40 and R of 4
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Figure 7.12: Effect of space time on products distribution of the oxidation of
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Effect of I\/Iethanol—Air Flow Rates

The effect of methanol to air molar flow ratio in the feed, R, on conversion,
selectivity and yield was studied at temperatures between 513 and 573 K, for space
times between 10 and 40 hr g-cat/g-mol methanol. For most cases little increase
in conversion was found with an increase in methanol concentration. However, at
higher conversions the selectivity decreased with an increase in methanol concen-
tration in the feed. This is clearly observed in Figures 7.12 and 7.13.

The effects of different operating variables have been found to be the same as
those found by Dosi [16], Jain [24] and Diaz [15].

As a result of this study it was found that the best operating conditions at
which the yield was nearly 100%, considering the detecting capabilities of our

instruments, are a reaction temperature of 553 K, a W/F ratio of 40 and R of 4.
7.5.3 Initial Rates

As indicated in section 4.1.3 it is necessary to determine the initial rate in
order to obtain the rate equation that can accurately predict the reaction behavior.

The value of the equilibrium constant K, for methanol oxidation is of the
order of 10'% at 250°C and 10'8 at 450°C, while the value of free energy change
AG for the reactions varies from -22.7 Kcal/mole at 527°C to -26.2 I{cal/mole at
25°C. Hence this reaction can be considered highly irreversible.

The results of section 7.5.1 have shown that the effects of heat and mass
transfer, diffusion, fouling and deactivation were negligible. It is desirable to
minimize the resistances offered by cach of these physical steps in order to simplify

the interpretation of the experimental data, and thus to deal only with the chemical
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aspects of the reaction.

For catalyzed reactions chemical steps involve activated adsorption of reac-
tants, surface reactions on active sites, and activated desorption of products. Yang
and Hougen [56] described a technique to determine the rate-controlling chemi-
cal step. They developed the initial rate method that is helpful in redﬁcing the
numbers of possible rate- controlling steps by eliminating some of them. Initial
rate was obtained by plotting the fractional conversion of methanol versus space
time and determining the slope of the curve as the space time approached zero.
Figures 7.14-7.16 show this phenomenon. According to Yang and Hougen [56] the
effect of feed composition in a bimolecular reaction upon the rate of disappear-
ance of the limiting reactant falls into six types of rate curves, assuming only one
rate-controlling step. The plots of initial rates, To, versus the moles percentage of
methanol in the feed are given in Figures 7.17-7.19. A comparison of the curves in
these figures with the type of curves used by Yang and Hougen [56] for identifying
various mechanisms, suggested that the controlling step during the reaction was
either adsorption of reactants or a surface reaction between the reactants. Also it

was concluded that the desorption of products was not a rate-controlling step.
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Figure 7.14: Effect of methanol-air low rate ratio on conversion, selectivity and
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7.6 Kinetic Modelling

The mechanism and the gencral kinetics of the oxidation of methanol over tin-
molybdenum oxides have been found to be similar to those obtained by Jiru et al.
[25], Mars and Krevelen [36], Machiels et al. [32] and Yang and Lunsford [57).
Mars and Krevelen suggested that the oxidation reactions involve a two-stage
redox mechanism. According to this mechanism the overall reaction of the oxida-

tion of methanol to formaldehyde is represented by the following two steady-state

steps
CH30H + S, 2% HCHO\y) + Hy0 + Syo (7.3)
O2(g) + Srea =2+ Syy (7.4)

The appropriate modified Langmuir-Hinshelwood rate expression for the above

reaction is

. 1
10 ¥ - s
IA\I =1 | S C'IHP"\" ((.D)

14 m:;’“
where rps is the rate of oxidation of methanol to formaldehyde, m and n are the
reaction order constants with respect to methanol and oxygen and « is the number
of oxygen molecuies required to oxidize one molecule of methanol to formaldehyde.
The partial pressure of methanol is (Py = Pyr,(1 —z)) and the partial pressure of

oxygen (Pp, = Pog —0.5Py,z), where z is the conversion of methanol. The above

equation thus can be rewritten as:’

k1(Pag,(1 — )™

TMo= 1+ ok (Parp(1—-z))™ (7.6)
k'Z(PO'z’_O'SPA!oI)"
Recalling the plug-flow reactor material halance,
W z dx soa

= [/ — (7.7)

R\'[,, Jro TAS
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and substituting the value of 1, from Equation 7.6 gives

W 1 2 dx + o [T dz (73)
= {.
Fyp, klpﬂ}o xo (1 — x)m ko Jag (Pog - 0.5PMO.’E)”

where Fjyy, is the molar flow rate of methanol in the feed. It has been used for
simplicity as F' in this work.

Equation 7.8 was integrated for different values of m and n between 0 and 2.
The integrated form of the rate equation was rearranged as shown in Table 4.2

where o = 0.5 and

V=4, + .4, X (7.9)

The values for Y and X were calculated from the experimental data by substituting
the vales of W/F, and the respective partial pressures. 4, and 4; were determined
using a linear regression analysis method. These values were used to calculate the

rate constants A, and A,.

7.7 Results of Kinetic Modelling

For the two-stage redox mechanism, different values of m and n between 0 and
2 were examined over the whole experimental data. Proper fit was found from
513-573 I for n=2 and n=1. No other values of m and n were found to fit the
data best. The parameters were not estimated at temperatures above 573 IL due
to the complete conversion of methanol. The maximum absolute relative error was
found to be 10%, which indicates that this model fits methanol oxidation most
satisfactorily (see Appendix D).

The orders of the reaction with respect to methanol and oxygen were found

‘to be higher than those found by Hahn [22], Dosi [16], Jain [24] and Diaz [15] (see
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Table 7.6). This indicates that the rate of this particular reaction with SnO, —
MoQs3 catalyst is higher than the rates with other oxide catalysts. The values of
the rate constants, &; and kj, predicted by this model (Table 7.7) were used to
calculate the average activation encrgy.

It can be noticed from Table 7.6 that the values of k; and ks increased sig-
nificantly with an incredse in temperature. This proved that the rate of this
particular reaction over Su-Mo oxide catalyst increased sharply with an increase
in temperature. This is duc to the increase in catalyst activity due to tempera-~

ture. The Arrhenius plot of Ln & and Ln A, vs % gave straight lines, as shown

‘Table 7.6: The order of the reaction with different catalysts

Catalyst m n | reference
MoO3 — MnO, | 1 0.5 | Hahn [22]
MoO; — V505 1 0.5 Dosi [16]
MoO; —TW0O; | 1 0.5 Jain [24]

.A'IOO;; - Sl)zo.l 1.5 1 Diaz [15]
MoQOz — 5n0, | 2 1 | this work

Table 7.7: Variation of the rate constants &, and k; with respect to temperature.

Temperature ky ko
(K) g-mol/sec g-cat atm.? | g-mol/sec g-cat atm.
513 0.54 x 1072 0.19 x 10~°
533 1.95 x 1072 0.36 x 10°°
553 " 5.26 x 1072 0.70 x 10~°
573 14.30 x 1072 1.24 x 1073

in Figures 7.20 and 7.21, respectively. The respective equations relating &, and &,

with temperature were:
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= _.‘7' 3
Ln &y = 25.86 — 15.923 x 10

(7.10)

Lll k-z =483 —

243 x 10°
9 STX 0 (7.11)

The activation energies obtained from Equations 7.16 and 7.17 are 31.7 and 18.1
kcal/g-mol, respectively. These values indicate that the first step in the reaction
offers much higher resistance compared to the second step.

The overall activation energy of the oxidation of methanol to formaldehyde
was calculated on the basis of the temperature dependence of the rate (Figure
7.23). It was found to be equal to 17.5 keal/g-mol. This value is within the range
(16-20 kcal/g-mol) reported by Golodets [21] for the oxidation of methanol over
different oxide catalysts, and very close to the values obtained by Bliznakov et al.
(8] for the oxidation of methanol to formaldehyde over modified vanadia catalyst.

The reaction mechanism postulated in th'is rescarch was similar to the one
suggested by Mars and Krevelen [36] for the oxidation of several hydrocarbons
over V20s. In their case they suggested that the lattice oxygen ions in the catalyst
particles interact with methanol during the oxidation reaction. Therefore, it is
reasonable to assume that the reaction takes place by one of the following two

mechanisms:

1. Methanol reacts with lattice oxygen of catalyst giving a reduced catalyst.

The reduced catalyst then reacts with molecular oxygen in the gaseous phase.

2. Adsorbed oxygen on the catalyst surface reacts with methanol in the gaseous
phase and the rate of removal of adsorbed oxygen from the catalyst surface

is equal to the rate of adsorption of oxygen on the catalyst surface.



(1‘
i
- S

CHAPTER 7. RESULTS AND DISCUSSION 100

Both mechanisms discussed above, the first in which lattice oxygen atom reacts,
and the other in which adsorhed oxygen molecules or atoms are removed, lead
ultimately to the same rate expression.
Jiru et al. [25] studied the kinetics of methanol oxidation over iron-molybdenum

oxide catalyst at 270°C using a micro catalytic pulse technique. The two-stage ox-
? idation mechanism was confirmed by determining the rate of interaction between
methanol and the catalyst without the participation of oxygen in the gaseous phase
and the rate of interaction between oxygen and partially reduced catalyst without
i the participation of methanol in the gaseous phase. This mechanism foresces the

same type of oxidation-reduction mechanism as the one postulated by Mars and

Krevelen. It envisages the participation of the lattice oxygen of the oxide catalyst
in the oxidation processes.
i It is difficult to prove the participation of lattice oxygen in the catalytic
oxidation process in the manner described by Jiru using pulse technique. The
possibilities exists that the lattice oxygen participates in the reaction. However,
in this type of experiments, oxygen could have been adsorbed by the oxide catalyst,
and when methanol was injected into the reactor by the pulse technique, it reacted
with the adsorbed oxygen.

Machiels et al. [32] have proposed a mechanism for the methanol oxidation

process over molybdenum containing catalyst, which involves the following steps:

3 1. Dissociative adsorption of CHsOH (CH30- + H*) to form surface methox-

ide 1ons.

2. The abstraction of a methyl hydrogen by a surface oxygen.
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3. This is followed by a rapid intramolecular rearrangement and the desorption

of formaldehyde as well as the other products.

The slowesﬁ step was the breaking of a C-H bond to form adsorbed formaldehyde.
This mechanism has also been widely accepted by Yang and Lunsford [57].

The color of a catalyst is one of its characteristic properties, and a change
in color may signify a change in the sti‘ucture. In our experiments, the .catalyst
samples turned black after several days of operation. This change in color of the
catalyst indicated that probably lattice oxygen is being removed from catalyst
particles.

As a consequence of the Mars and Krevelen [36] mechanism, catalytic prop-
erties have been shown to depend on the nature and mobility of surface oxygen
species, on clectron transfer capability which facilitates the redox process dur-
ing the catalytic reaction and also on geometric considerations, particularly the
distance between active cations.

It appears from the present study that all these factors are favorable in the
case of SnO; — Mo0Q; catalyst resulting in higher activity and selectivity for the
reaction of methanol to formaldehyde. These catalysts, as well as the reaction, are
very important from a commercial point of view. Sn-Mo oxide catalyst gave a very
high yield to fc.armaldehycle and proved to be a promising catalyst for industrial
use. The present work px'éxricles a background for further surface and structure

studies of the SnOy; — Mo0O; catalyst.
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Figure 7.21: Arrhenius plot of Ln ky vs 1/T
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Figure 7.22: Arrhenius plot of Ln %, vs 1/T
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Chapter 8

Conclusions & Recommendations

In this study, the oxidation of methanol to formaldehyde was investigated.

Reaction networks were studied. Several models were examined to fit the data.
8.1 Conclusions

The main conclusions drawn from this research project are:

e The optimum catalyst composition was found to be 50% M 003 and 50%
SnO;. This catalyst was chosen for further detailed kinetic study of the

reaction.
e The reactor performance was not affected by axial dispersion or channeling.
e The reaction rate was not affected by molecular and Knudsen diffusion.

o The effects of heat and mass transfer from the catalyst pellet to the bulk

phase is very small and it can be considered negligible.

¢ The conversion of methanol increased with temperature. This increase was
more accentuated at high space’time. On the other hand the selectivity of

the catalyst decreased at temperatures above 553 I,

105
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An increase in W/F ratio with constant feed gas flow rate and methanol

concentration, resulted in an increase of the conversion of methanol.

Generally, the increase in conversion with an increase in the concentration

of methanol in the feed was small.

Following the method of Yang and Hougen [56], it was found that the des-

orption of the products was not a rate-determining step.

The best operating conditions that gave almost 100% yield were a temper-

ature of 553 K, a space time of 40 and a methanol/air ratio of 0.04.

A two-stage redox mechanisin fitted the data best. The order of the reaction
was found to be 2 with respect to methanol concentration and 1 with respect

to oxygen concentration.

For the two-stage redox mechanism the values of the activation energies
obtained were 31.7 and 18.1 kcal/g-mol. These values indicate that the oxi-
dation of methanol proceeds via the oxidation step in the oxidation reduction

mechanism.

The overall activation encrgy of the oxidation of methanol to formaldehyde

over Sn-Mo oxide catalysts obtained was 17.5 kcal/g-mol.

8.2 Recommendations

The following suggestions are recommended for further research:

o More data point should be taken at closer temperature ranges so as tq re-

assess the rate constants and the order of the reaction for the reaction mech-
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anism.

¢ Kinetic studies at lower methanol/air molar feed ratios (less than 4%) should

be undertaken.

¢ Further application of statistical models for kinetic studies should be under-

talen.

e Chemisorption studies should be undertaken to analyse the role of lattice

oxygen in the Mo-Sn structure.

¢ ESR spectra should be studied to determine the effect of the amount of each

oxide on the overall activity.
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Calibration Curves
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Appendix B

Mass Balance

The quantitative analysis was achieved by injecting the organic liquid product
using a 1.0 p/ syringe into the gas chromatograph. The detector of the GC was
a thermal conductivity detector (TCD). The percentage areas produced by the
chromatograms were converted to concentrations percentage using the calibration
curves. Calibrations curves were produced by injecting standard solutions of the
expected products. The % peak arca and the concentration of each of the products
was found to be linear in the region of interest. On the other hand gas products
were analyzed by using the on-line analysis. A 0.5 em? sampling loop was used to
inject the gas sample into the column.

The mass balance was performed based on carbon-containing products. A

sample calculation is given in this Appendix.
B.1 Sample Calculation

This calculation is based on the experimental data of run number K33.

From the liquid analysis the mole ratios are:

W
7= 0.8430
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M
T 0.3240

where F/W and M/W are the ratios of the number of moles of formaldehyde and

methanol to the number of moles of water in the liquid product, respectively.

The total number of moles of liquid product T is:

T'=F + M+ W

w  F M

ttTSTtT
therefore;

o _ 1

T T o1+ M
= 0.4615

r_Fow

T W T
= 0.3890

M M W

T WX T
= 0.1495

From the gas analysis, the mole ratios are:
cO
N,

CO,
N,

= 4.861 x 1073

= 2.523 x 10~3

As nitrogen remains unreacted:

(B.1)

(B.2)

(B.3)
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APPENDIX B. MASS BALANGE 126

moles of IV, in the feed = moles of N, in the product

moles of V, in the feed = 0.2893 moles/hr

Therefore;

Fro, = moles of CO, in product
= 2.523 x 1073 x 0.2893

= 7.3 % 107" moles/hr

Feo = moles of CO, in product
= 4.861 x 1073 x 0.2893

= 1.41 x 107° moles/hr

Fo, = moles of CO,; in product
= 0.2092 x ().2895
= 0.0592 moles/hr
Material Balance
M, = moles of methanol in the feed
My, =M+ F + Feo, + Fco (B.4)
From stoichiometric relationships:
W = F+2(Fco, + Fco) (B.5)
placing the value of W from relation B.5 into B.1

T = M,+F+ Feo, + Feo
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Fo F
T M, + F 4+ Feo, + Feo
. F
r = T X (M, + F + Fco, + Fco)
rearranging:
Fo- L x (J‘fo+F092 + Feo)
ey

= 0.0207 -moles/hr
T = 0.0532 moles/hr

M = 7.9534 x 107 moles/hr

Carbon Balance Check

In feed = 0.0304 moles/hr
In products = 0.0207 + 0.0079 + 0.00141 + 0.00073

= 0.0307 moles/hr

Error in Material Balance:

0.0304 — 0.0307
0.0304

x 100% = —0.9868%
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MASS BALANCE

Conversion = 1 — ——

Selectivity =

Yield

F+ Feo, + Feo
= 0.90630 = 90.6%

Selectivity x Conversion

0.67308 = 67.3%

128




P

Appendix C

Experimental Runs

In this Appendix the experimental runs of the kinetic study are presented.
The following tables are taken from the output of the computer program that

performs the mass balance.

C.1 Two-Level Fractional Factorial Design Runs

T = temperature ()

W/F = space time (hr g-cat/g-mol)
R = methanol/ air feed ratio

C = conversion of methanol

S = selectivity of the catalyst

Y = the yield of fo;nmldehydc
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BO3
B0O4
BO5
BO6

BO7

Co1
co2
Cco3
Co4
Co5
Cos6

co7

DO1
D02
D03

D04

513

573

513

573

543

543

543

513

573

513

573

543

543

543

513

573

513

513

10

40

40

25

25

25

10

10

40

40

25

25

25

10

10

40

40

.08

.04

.04

.08

.06

.06

.06

.08

.04

.04

.08

.06

.06

.06

.08

.04

.04

.08

.01097

.16237

.28532

.67460

.25778

.25121

.26551

.04504

.60608

.28333

.75518

.39844

.42651

.35051

.11293

.63648

.34286

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.91253

.00000

.00000

.00000 -

.00000

.00000

.00000

.83583

.01097
.16237
.28532
.67460
.25778
.25121

.26551

.04504
.60608
.28333
.68912
.39844
.42651

35051

.11283
.63648
.34286

.83583
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D05

D06

Do7

EO01

E02

E03

EQ4

E05

E06

EO7

FoO1

Fo2

FO03

Fo4

FO5

FO6

FO7

543
543

543

513
573
513
573
543
543

543

513
573
513
573
543

543

543

25

25

25

10

10

40

40

25

25

25

10

10

40

40

25

25

25

0.

0.

06

06

.06

.08

.04

.04

.08

.06

.06

.08

.04

.04

.08

.06

.06

.06

0

0

0

.69799
67429

.66875

.28840
.00000
.84797
.00000
.00000
.00000

.00000

.02942 .
.00000
.82609
.00000
.00000
.00000

.00000

.00000

.00000

.00000

.00000

.05894

.47182

.00000

.26702

.24997

.26025

.00000

.00000

.10526

.00000

.01016

.01108

.01041

.69799

.67427

.66875

.28840

.05894

.40009

.00000

.26702

.24997

.26025

.02942

.00000

.08696

.00000

.01016

.01108

.01041
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C.2 Effects of Process Variables Runs

T = 513 K
I11 0.04 0.08854 1.00000 0.08854
I12 0.06 0.10416 1.60000 0.10416
I13 0.08 0.11270 1.00000 0.11270
Ii14 0.10 0.12485 1.00000 0.12485
T = 533 K
I21 ~0.04 0.20932 1.00000 0.20932
I22 0.06 10.21978 1.00000 0.21978
I23 0.08 0.23747 1.00000 0.23747
I24 0.10 0.24057 1.00000 0.24057
T = 553 K

I31 0.04 0.43201 1.00000 0.43201
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I32

I33

I34

I41

I42

I43

I44

0

0

I51

I52

I53

I54

.06

.08

.10

.04

.06

.08

.10

.04

.06

.08

.10

0.43891
0.46875

0.49758

0.63576
0.64474
0.74806

0.74681

0.91535
0.93020
0.97863

0.96842

W/F=20 hr g-cat/g-mol methanol

0.19301

0.20668

0.22542

1.00000

1.00000

1.00000

1.00000

1.00000

0.80828

0.74745

0.90164

0.70950

0.67172

0.66584

1.00000
1.00000

1.00000

0.43891

0.46875

0.49758

0.63576

0.64474

0.60465

0.55821

0.82532

0.65997

0.65737

0.64481

0.19301

0.20668

0.22542
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Ji4

J21
J22
J23

J24

J31
J32

J33

Ja1
Ja2
J43

J44

Js1
J52

J53

R
R
R
T = 593 K

.04

.06

.08

.10

.04

.06

.08

.10

.04

0.06

.08

.10

.04

.06

.08

0.22803

0.32780

0.36201

0.37500

0.39615

0.58920

0.61397

0.60390

0.63197

0.91337

0.94880

0.94965

0.98424

1.00000

1.00000

1.00000

.00000

.00000

.00000

.00000

.00000

. 00000

.00000

.88936

.89508

.00000

.84312

.80105

.79174

.90341

.69455

.68569

.22803

.32780

.36201

.37500

.39615

.58920

.61397

.53708

.56567

.91337

.79995

.76072

77927

.90341

.69455

.68569
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J54

K11

K12

K13

K21

K22

K23

K31

K32

K33

K34

0.

10

.06

.08

.10

.04

.06

.08

.10

.04

.06

.08

.20

1.00000

W/F=30 hr g-cat/g-mol methanol

0.24638

0.31463

0.32432

0.33244

0.49756

0.51571

0.52128

0.54444

©0.69311

0.74096

0.74195

0.77006

0.67880

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

0.90490

0.88798

0.67880

0.24638

0.31463

0.32432

0.33244

0.49756

0.51571

0.52128

0.54444

0.69311

0.74096

0.67140

0.68380
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K41

K42

K43

K44

L1i1

L12

L13

L14

L21

L22

L23

L24

.04
.06
.08

.10

.04
.06
.08

.10

.04
.06
.08

.10

1.00000

1.00000

1.00000

1.00000

W/F=40 hr g-cat/g-mol methanol

0.35563

0.39080

0.40239

0.41695

0.67070

0.69051

0.70881

0.71918

0.97553

0.85017

0.81414

0.76048

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

.97553

.85017

.81414

.76048

.35563

.39080

.40239

.41695

.67070

.69051

.70881

.71918

136

ey




APPENDIX C. EXPERIMENTAL RUNS

L31

L32

L33

L34

L41

L42

L43

L44

.04

.06

.08

.10

.04

.06

.08

.10

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.93007

.88201

.85471

.83583

.73686

.71234

.67029

.00000

.93007

.89201

.85471

.83583

.73686

.71234

.67029




Appendix D

Results of Regression

The results of the linear regression of the modelling are presented in this
Appendix. Samples of plots of the model having the best fit are also prese;lted.
Ra is the actual rate, g-mol/s
Rp is the predicted rate, g-mol/s
ky is the first-step rate constant, g-mol/g-cat s atm?
lc.g is the sccond-step rate constant, g-mol/g-cat .s atm

pre is the percent relative error

Model 1 m=2 & n=1
T=513 K
k1 k2
0.54E-02 0.19E-05
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10

10

20

20

20

20

30

30

30

30

40

40

40

40

.08

.10

.04

.06

.08

.10

.04

.06

.08

.10

.04

.06

.08

.10

.T477E-06

.87T96E~-06

.9517E-06

.1054E-05

.1630E-05

.1745E-05

.1904E-05

.1926E-05

.2081E-05

.2657E-05

.2739E-05

.2807E-05

.3003E-05

.3300E-05

.3398E-05

.3521E-05

.7511E-06
.8997E-06
.9614E-06
.9928E-06
.1472E-05
.1756E-05
.1892E-05
.1939E-05
.2097E-05
.2583E-05
. 2762E-05
. 2846E-05
. 2752E-05
.3300E-05
.3527E-05

.3655E-05

.29

.02

.83

.69

.60

.52

.70

.79

.80

.84

.39

.36

.01

.81

.80
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T=533 K
k1 k2
1.95E-02 0.36E-05

10 .04 .1768E-05 .1641E-05 7.17
10 .06 .1856E-05 .1816E-05 2.15
10 0.08 .2005E-05 .1895E-05 5.49
10 0.10 .2032E-05 .1911E-05 5.95
20 0.04 .2768E-05 .2977E-05 ~7.55
20 0.06 .3057E-05 .3330E-05 -8.94
20 .08 .3167E-05 .3456E-05 -9.14
20 .10 .3345E-05 .3545E-05 -5.98
30 .04 .4202E-05 .4228E-05 -0.62
30 .06 .4355E-05 .4654E-05 -6.87
30 .08 .4402E-05 .4800E-05 -9.04
30 .10 .4597E-05 .4934E-05 -7.31
40 .04 .5664E-05 .5365E-05 5.27
40 .06 .5831E-05 .5900E-05 -1.18
40 .08 .5986E-05 .6150E-05 -2.75
40 .1 .6073E-05 .6270E-05 -3.24
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T=553 K

10
10
10
10
20
20
20
20
30
30
30
30

T=573 K

10

10

0

0

5.26E-02

.04

.06

.08

.10

.04

.06

.08

.10

.04

.06

.08

.10

14 .3E-02

.04

.06

.3707E-05

.3741E-05

.3918E-05

.4148E-05

.4975E-05

.5185E-05

.5100E-05

.5337E-05

.5853E-05

.6257E-05

.6265E-05

.6503E-05

0.5369E-05

0.5444E-05

.3346E-05
.3597E-05
.3737E-05
.3852E-05
.5258E-05
.5654E-05
.5709E-05
.5858E-05
.6339E-05
.6815E-05
.6923E-05

.7T082E-05

1.24E-05

0.

0.

5415E-05

5676E-05

4.61

7.12

-5.67

-9.06

-11.95

-9.78

-8.91

-10.49

-0.86

-4.26
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10

10

20

20

20

20

30

0.

08

.10

.04

.06

.08

.10

.04

.6317E-05

.6306E-05

.7TT13E-05

.8012E-05

.8019E-05

.8311E-05

.8444E-05

0.6275E-05

.6291E-05

.7562E~05

.7957E-05

.8051E-05

.8265E-05

.8090E-05

.66

.24

.96

.68

.40

.56

.19
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Appendix E
Mass and Heat Transfer Effects

The calculations for the partial pressure drop between the main stream and
the catalyst surface, as well as the calculations for the temperature drop from

catalyst particle to ambient gas stream are presented in this appendix.
E.1 Mass Transfer Effects

The effects of mass transfer include the diffusion between the catalyst surface

and the bulk fluid and the diffusion inside the pore itself.
E.1.1 External Diffusion

The estimation of the external diffusion is based on the method of Yoshida
et al. [58]. The data for this estimation are taken from run L24. The conditions

which apply for this run are as follows:

T =533K

W/F = 40 hr g-cat/g-mol methanol

R = 0.1 g-mol methanol/g-mol air
W =1216g
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¢ = Shape factor (0.9 for irregular particles)

CLTH

T'mj

TmM

Ry

(yJ)l'n,

(Y5 )out

Yj

YAr

Ry
YAL

/ ) . AP, . . ) .
The value of 224 is obtained from It versus =52 given in Figure 2 by Yoshid
Pas J P & g 3

=Surface area of catalyst per unit mass

=511649 cm?/g

148

=Molal mass velocity of gas based on the total cross section of

the catalyst bed, g-mol/hr-cm?

__ 0.0304+0,30-
=T F(1.0/2)2

=Molal reaction rate per unit mass of the catalyst

= QIO 0.0301) 1y 01798 g-mol/hr g-cat

1.216

=Dimensionless term of component j

—_ Ty
amdGm

=0.42577

0.01798

= 511649)(0.9) (0.42577) —

=Mole fraction of component j in the feed
=Mole fraction of component j in the product

=Mole fraction of component j at the interface

—0.0.9140.02808

2

9.171 x 1078

952 = 0.059495

=QUTLXI028 541 o 106

0.059495

a et

al. [58]. This value is much lower than 0.0001, hence the external diffusion effects

are neglected. Note that M represents methanol in the above calculations. Similar
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calculations were made for the other components, as shown in Table E.1, and all

showed that '—AFI:-L is less than 0.0001.

Table E.1: Data for mass transfer effects

Component | (¥;)in  (Yj)our  ¥s T R; % %?"
Ene %100 x10% | x10°
0O, 0.194 0.156 0.175 | 0.91 4.61 0.263 | <«0.0001
CH;OH 0.091 0.028 0.59 1.8 9.17 1.54 | <« 0.0001
HCHO 0.0 0.063 0.032 1.8 9.18 2.9 | < 0.0001
H,0 0.0 0.063 0.32 1.8 9.18 2.9 | <« 0.0001

E.1.2 Internal Diffusion

Internal diffusion can be cither molecular or pore diffusion.

Molecular Diffusion

The effect of molecular diffusion was verified Ly changing the feed velocity
while keeping all the process variables constant. The effect of changing the feed

velocity on conversion is shown in Table E.2

Table E.2: Variation of conversion with feed velocity

run | temperature | W/F | R | CH3;0H rate | conversion
number (K) g-mol/hr (%)
P01 553 30 |0.06 0.0152 49.76
P02 553 30 | 0.06 0.0304 51.57
P03 553 30 |0.06 0.0752 52.13
P04 553 30 |0.06 0.15193 50.51
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Pore Diffusion

The effect of pore diffusion was studied by measuring the conversion of
methanol at three runs of identical conditions but with different particle size.
The results of these runs are shown in Table E.3. It was concluded that the pore

diffusion is not controlling.

Table E.3: Variation of conversion with catalyst size

run temperature | W/F | R | catalyst size | conversion
number (IX) (mm) (%)
Q01 553 30 ]0.06 0.2125 49.51
Q02 553 30 |0.06 0.2735 51.31
Q03 553 30 |0.06 0.3585 51.58

F..2 Heat Transfer Effects

Calculations of temperature drop from catalyst particle to ambient gas stream
was carried out by using the method of Yoshida et al. [58]. The data of run I<32
at W/F = 30 hir g-cat/g-mol feed were used for these calculations.

The heat capz.mcities, Cp, of the product were estimated making use of the

following equation

C, = 4 + BT + CT* + DT® (E.1)

The values of the constants A, B, C, and D are given in Table F.2

From standard thermodynamics
n
Cp =2 Cp yj . (E.2)
j=l1

thus
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C, at 353 K = 7.587 cal/g-mol K

Table E.4: Data for heat transfer effects

Component | A B C D Ch; Y; AHS
X107 x10°  x10° | —eel o —heal
0, 6.713 -0.0088 4.170 -2.544 7.56 0.19 0.0
N, 7.440 -32.4 6.40 -2.79 7.13 40.74 0.0
CH;0H 5.052 169.4 6.179 -6.811 | 15.157 0.057 | -48.08
HCHO 5.607 5.4 713 -5494 | 11.03 0.021 | -28.29
H,O 7.701  4.595 2.521 -0.859 S.58 0.021 | -57.8
cO - - - - 7.58 0.0 -26.41
co - - - - 12.32 0.0 -94.05

The molal heat of reaction —AH, per mole of methanol reacted was estimated

using the group contribution Table E.4.

¢ Heat of reaction for formaldehyde production

AH; = —57.8—28.28 +48.08+ 0.0 = —38.01 kcal/gmol

e Heat of reaction for formaldehyde conversion to CO

AH, = —26.41 —57.8428.29 + 0.0 = —55.92 keal/gmol

e Heat of reaction for CO conversion to C'O,

A3 = —94.05 - 57.8+28.29 + 0.0 = —123.56 kcal/gmol
Since the selectivity is 100% for this case, the heat of reaction is:

—AH = —AH; = -38.01 kcal/g — mol
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The conditions that apply for this run are as follows:

T

W/F

R

W

Qm

Gm

ij

T'mM

Qu = 511649 x 0.9 x 7.858G x 0.684239

=533 KX
= 30 hr g-cat/g-mol methanol

= 0.06 g-mol methanol/g-mol air

= Shape factor (0.9 for irregular particles)
=Surface arca of catalyst per unit mass

=511649 cm?/g

=Molal mass velocity of gas based on the total cross section of

the catalyst bed, g-mol/hr-cm?

=000L0407 ) 634239

=Molal rection rate per unit mass of the catalyst

= %—(0"—193?{2‘030'” =0.0247 g-mol/hr g-cat

-AH TmM
m éc’me (ES)

0.0247 x 38.01

Qu =

=3.93 x 10~

From Figure 4 in the paper of Yoshida et al. [58], the value of AT that corresponds

to this value of @,/ is less than 0.01 K, hence the catalyst surface temperature

effect can be neglected.



