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ABSTRACT

_ The  vapor phase oxidation of methanol. to forrhé.ldehyde
qver' molybdegum trioxide , tungsten trioxide a.nd"their mixtures has o
been investigated in an integral fixed bed tubular reacter, 'at atmos-
pheric pressure. A preliminary study of the effecté of the composi-
tions of‘.the mixed oxide catalyst on the yield of £ormal‘::léhyde at
440°C indicated that ‘maxi»mum yield was obtained with a catalyst

containing 45% Tungsten trioxide. A detailed kinetic study was. made

3 - 55% MoO, catalyst.

The effect of various process variables namely, the

for methanol o%a.tion over 45% WO

concentration of methanol in feed, ratio of catalyst weight to methan- ’

ol feed rate, and the process temperature on the conversion, selecti-

vity and yield was determined . ' ‘

hoi

The products were analyzed by a gas ch'romatOgraph\ (
and a gas partioner . Fifteen weight percent sucrose -ogtaacetate on
colmpak T was used in the gas chromatograph for analyzing the liquid
products, and hexamethylphosphoramide (HMPA) and molecular sieve
13X columns were used in the gas partioner for analyzing the ga:seoua

products.

~

The tungsten trioxide - molybdenum trioxide catalyst was
found to highly active for methanol oxidation . The maximum yield with
94, 9% sele_c_:y'.vity and 95.6% conversion was obtained at 426°C with

a W/F ratio of 48.0 gm.-hr./mole. and 10 mole% methanol in air.

It was found that of several models proposed , only one
correlated the data satisfactorily, This model has been derived on

the basis of a two stage oxidation - reduction"Jz;lechaniqm.

K
CH,OH + s__ — . HCHOW) + s

3 red.



.. . . "V ’ ‘ .l ' '
//' _ . -ix - : \ S
. e . Lo .
’ . : K . .' =, ‘

2

O&(g) + jsred.. s sox.

L

Where sox was an active site of lattice or adsorbed

oxygen , and 8 .eq. W28 the reduced site of lattice oxygen or the em-

pty ,sitg. . - T ' * /

’ -

The rate of reaction was expressed by -
A ,

j Ky Py

- . ‘T =
5

i a

O .
" s s ) K / " ) .
| 1+kk_K1.p 2K,.p ;) )

. : 2 . _
’_/ — Where Kl and K 5 are temger‘atgre .dependent rate constants.
. » . . : s
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I~ INTRODUGCTION
) ™
) f;\

A: "'Importance of Chemical Kinetics

T -

~

Chemical kinetics is a study of various fa.ctors which influence
“the rate of a chemijcal reactm‘ It is useful for gaining 1na1g,ht into the
nature of a rea.ctmn syatem It also help®\in understandmg how che:rm-—
cal bonds are, broken a.nd\ in est:.ma*biﬁg their'energy and stab111ty It is
k:mportant f.rom the point of view of reactor design. Chemical kinetics
is used in selectmg the batch or contmuous process, in finding the effect
of concentra.h_qn of reagents and operahhg conditions on the course of
reaction. A correla:tiori between the reaction rate and the process vari-
-ables is importé.nt in obta.ining optimu.m and.ie éonomic process design.
.In genera.l, emp1r1ca.1 rate expresgmns are sufficient for design- .
_ing the equ:.p'ment but true r@equaﬁons help m the extrapolation of the
reaction conchtmns.. It is important that rea.ctmn mechanism is studied
for nearly actual operating plant-conditions to make it more usgeful,
I-hgh yueld of desired product has to be kept in mind when studying the

reaction from an industrial point of view.



B. Catalytic Reactions *
; J . : \

. katalysis describes all processes in which the rate of reaction
is influenced by the presence of a lsubst'ance which remains chemically
unaffected, Catalysts can increase the rate of therrﬁodyna.mic'ally feas-
ible rea&ﬁona only, A catalyst helps in increasing the rate of reaction
because it provides an alternate mechanism, each step of which has a
lower free energy of activation, This suggests ‘hat an intermediate
substance might be formed by one or more of the reactants and the cat-
aly st surface,

' Catalytic reactions are clas@ed acgording to whether they occur
7 ’ ! M '
in single phase (homogeneous) or at an interface between two phases

{heterogeneous). "In the present investigation, oxidation of an oxygenated T~
hydrocarbon catalyzed at a sol{f/sgurface is studied. \ 2 .

C. Method\ef Study

A nufnber of methods are available for measuring the reaction ‘

rate, Differextial op/integral reactors can be used in batch or continuous

flow systems, e differential rea'c-;tor is operated at small conversion,
Reaction rate is assumed constant.‘ Beceuse of small conversion, it is:
generally difficult to analyze products precisely. In integ’x’-al reactors,
conversion is high, but it is difficult té\:;.ntegrate the rate expression -
because of & number of hidden parameters,

. In the present investigation, ‘a fixed bed integral flow reactor was
.. used, Nearly atmospheric pressure was maintained, To obtaih high

yield, témperature was kept between 300°C to 500°C.



D, Objective of the Present Work

The purpose of the present investigation was to find a possible
mechanism for the oxidation of methanol to formaldehyde over a mixture
of Tungsten oxide and Molybdenum oxide catalyst. It was intended to
develoﬁ a suitable rate expression which satisfact;:)rily represented the
data, |

To obtain such a rate equation, it was desired to study the effect

of various process variables on conversion, yield and selectivity,

"'{_». | ‘ ’ *



monograph series

"methanol has been written by Dosi

II, LITERATURE SURVEY

L

N

Formaldehyde was discovered by the Russian chemist Buterov
in 1859 ,‘ as the product of attempted synthesis of methylene glycol,
Hoffmann first prepared formaldehydé from methanol in 1890 and he
established formaldehyde as the first member of the aldehyde group,

A comprehensive bibliography on formaldehyde research was
published in 1964 }:(.3{) Walker as part of the American Chemical Society's

.. A review of the literature on the pxidation of

.(2) (3)

and Hahn The present survey
is limited to literature on methanol oxidation over heterogeneous catal-

ysts published after 1971, Various mechanisis prgg{;sed for similar

reactions have also been reviewed,

A, Metal Catalysts

The principal method for producing formaldehyde presently used
is oxidizing methanol over silver catalyst at a high temperature (500°C -
800 C). Effluent gases consist of 18-20% hydrogen, less than 1% oxygen

and small amounts of carbon oxides and methane,

Ld

g



(4)

Kurina' ’ has obtained a kinetic rate equation for methanol oxid-

ation to formaldehyde, Diem I:Ians(s) obtained 88% yield and 98, 5% con-

{reréion of methanol over silver catalyst, He used air washed with 4-20%

methanol for the reaction, Obraztsov”’ studied methanol oxidation over

silver catalyst, He observed that conversion of methanol increases
while selectivity for formaldehyde produc-tion decreases as oxygen to

M " - ] -
methanol ratio is ingreased. ¥

Several other catalysts have been tried for this particular reaction
|

(8)

They include zeolites cdntaining transition metals , activated and dis-

(9) (10)

persed phase metallic catalyst' "', lead tetraacetate and alloy catalysts
‘ . 1

of 5e or 5b with silver( ).
The reaction mechanisms proposed, for the formation of formalde-

hyde are either a dehydrogenation, followed by the oxidation of hydrogen

" or a combination of dehydrogehation an}i__ oxidation reactions,

CH3OH = HCHO + H, - 20 Kcals, {2.1)

H, + 1/20,— H,0 -+ 58 Keals,

°

. Proper control of the reaction temperature is important as pyro-
lyti.c decomposition of HCHO at higher temperatures increases signifi-
cantly, The function of oxygeén in the above reaction is to supply heat
of reaction for first endo-thermic step and to oxidize and rémove any

substance from catalyst surface which poisons the catalyst.

B. Metal Oxide Catalysts
h

“.

The use of metal oxide catalysts for methanol oxidation is achiev-
ing increasing importance in recent years. "This process employed a
metal o;cide or mixtures of different metal oxides as a catalyst, It used

feed gas containing methanol with a large e‘xcess of air and yielded a

(2.2)



, 390°C yvielded 95% selectivity and 94 - 99% conversion(

forfnaldehydé product containing very little methanol in the product
(0 '-—1%) Reactmn temperatures were generally in the range of 300°C -
500° G, The yleld of formaldehyde by this process was much higher com-

pared to tI)\a.t obta1ned by_t_hc_a‘uee of a pure metal catalyst, The reaction

takes place as

CH,OH + 1/20; —— HGHO + H,O + 38 Keals. (2. 3)

(12)

Adkins studied in detail methanol oxidation over iron oxide and
molybdnum' oxide catalysts. Molybdenum oxide catalyst was found to be

highly selective though overall conversion was low, I:;'on oxide catalyst
-~

gave high conversion but converted nearly all methanol té carbon oxides, ™

An equimolar mixture of these compounds was found to be suitable for

obtaining a high yield of forrﬁaldehyde.. Iron oxide and molybdenum oxide
catalysts have been studied by various workers (13,14,15, 16,17, 21, 22)
recently, PhiIlipe(B) has reported a yield of 95.1 - 96,9% at 400 - 450°C,

The use of 77 - 81% molybdenum oxide and remaining iron oxide at 3800.9 -

15)

A critical

(18)

review of Fe-Mo oxides catalyst has been published by Pernicone A

yield of as high as 97% was reported by the use of 10 - 12% ferric'oxide
. (21)

and remaining molybdenum trioxide! W -
Vanadium pentaoxide-chromium trioxide as catalyst was studied
(19) . (23) (20)

by Koval and Popov . Bliznakov
trioxide as catalyst. Maximum activify was obtained fo;: a catalyét con-
taining B1 O, - 4M603 Selectivity increased up to MoO3 - B1 O- ratio
of 1:1, beyond which no change was observed, Tellurmm-rnolybdenum

(22)

oxides as catalyst have alqgwo been investigated These catalysts were

not found suitable for obtaining a very high yield o formaldehyde.

|

studied bismuth oxide-molybdenum
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C. Mechanisms and Rate Equation's \ - o

(19)

Kowal suggested that reaction mechanism depended on the comp-
-~

osition of V0, - Crp 04 catalyst. The activity of the catalyst increased

e
with the decrease in the strength of the oxygen bond on the catalyst surf-
ace, Oxides in which an exchange of lattice oxygen with Ozgas) was slow,
were found to be more selective,
. (24,25) . . < 1ns i
Jiru studied rate mechanism for the oxidation of methanol |
over 17, 5% Fe203 - 82, S%M003. They deduced a rate expression based
on a mechanism originally proposed by Mars and Krevelen for vapor
phase oxidation of aromatic hydrocarbons on vanadium pentadxide as cat- ™
alyst, The méchanism proposed by Mars was - )
Reactant +Gatalystox. — 5 Product + CatalystRed- (2, 4)
CatalystRed- + O2 R Catalystox' (2.5)
The rate expression obtained by Jiru was -
m
K,P,
1"M -
T = Ex) i (2. 6)

m

m and n were found to be equal to 1 and 0,5 respectively, A

27,2
similar rate expression was also obtained by Dente( & 8).

(29}

Klissurski claimed that the oxidation of methanol takes place by -

the removal of surface or lattice oxygen followed by adsorption of O from

the gas phase, The rate of reaction depended on the stability of the bond
in

between O and surface layer of the catalyst. Gresmundo( carried

out ESR studies on MoO5, V;,0¢, Cr203 to find out as to how these catal-
ysts were modified during the oxidation of methanol. He concluded that

O atoms of the catalyst took part in the reaction. The catalyst was

s



f

reduced by CH3OH followed by its consequent oxidation by molecular

1

_8..1 ' - *

oxygen.

Using a microcatalytic pulse technique, Jiru(24) observed the rate |
of oxidati?n of methanol at 270°C over ]:"eZO3 - Mc:nO3 catalyst, He first
determined the rate of interaction between methanol and the catalyst
without participation of air and then determined the rate of interaction
between oxygen and a partially reduced catalyst without the participation
of methanol. He observed a remarkable equality between the amount of
oxygen removed by methanol and oxygen subsequently taken up by the
catalyst, It was cdncluded that the lattice oxygen of the oxide catalyst
participated.in the oxidation process, He also observed a change in the
color of the catalyst from yellowish green to greyi_sh blue during the
course of Ireaci:ion. He suggested.color change miéht be because of
change in the valency caused by the loss of lattice oxygen,

(26) )

Mars and Krevelen studied the oxidation of several aromatic

hydrogarbons over vanadium pentaoxide. He observed a change in the ~
color of catalyst from yellowish brown in the oxidized state to greenish
blue in the reduced state, This color change was reversible. When the
catalyst was analyzed in the reduced state, a high concentration of tetrg\\
valent vanadium was found, VZO5 has three fifths of oxygen existing in
the same plane as vanadium, while two fifths of oxygen is arranged in

: plane.t“; parallel to and alternating with the fir‘st. They suggested that
alternating lattice oxygen interacted with aromatic molecules at the sur- ‘

(52)

face of the catalyst, Bhattacharya studied the ‘oxidation of methanol

over vanadium pentaoxide catalyst and observed a similar reaction mech-
anisrn, Dosi(z) and Hahn(?’) reported a similar two stage redox mechanism
for methanol oxidation over VZOS - MoO3 and MnO2 - MoO3 catalysts,

Hahn observed a change in the color of the catalyst which was not revers-

ible. Th¥s phenomenon could not be explained by him,
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(53, 54)

Shelstad studied oxidation of napthalene and toluene. They

also observed a lt:-w-:i- stage redox mechanism, however, they suggested
that oxygen physically adsorbed on the catalyst surface reacts with other
reactants in the gaseous phast. The rate of the removal of oxygen adsor-
bed on the catalyst surface equals the amount of oxygen being adsort‘)ed on

the catalyst. Ioffe( 35)

Tarama(se)- studied x-ray diffraction of V-O bond in VZOS' He

also favoured this mechanism,

observed that the V-O bond was weak and similar to a double bond. This
bond was further weakened when MoO3 wds added as it formed a solid '
solution with'VZOS. Hence, it is quite possible that lattice oxygen takes
part in the reaction catalyzed by similar catalysts.

(30) (31)

Bennet and Cotter studied the kinetics of methanol oxidation

and suggested the rate expression

‘r o= Kp;; ' ' 2.7

Bennet used a flow recycling differential b'é?'f reactor between 402°C-
452°C and a lean methanol-air mixture (up to 3% methanol). Cotter used
a fixed bed-integral reactor between 260°G - 330°C, methanol concentra-
tion of 1-3 mole % and a gas flow rate of up to 0.9 cuft, /min, Jiru(Bz)
also studied kinetics in a differential reactor with recycle at 370°C and
obtained a rate equation with m =1 and n=0.5,

(33)

investigated the nature and phase of iron-molybdenum

ide catalystb eango = , EPR, infrared and thermographic
oxide catalyst by m /jxx“ri‘y grap

Boreskov

an‘alysis. Normal iron molybdate proved to be the active component,

Popov(34)- reported active components of a similar catalyst to be consist-

(38)

ing of¥Mo —O-I\/Io2 and Mol—O-Fe-O-Mo Alexe Szabo observed that

1 2°
formaldehyde yield increased by 25% when 5, 52% FeZO3 was added to
Mo-Bi oxide catalysts. He suggested that bismuth molybdate, iron moly-

bdate and molybdenum trioxide were active components in catalyst,

2
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D. Tungsten Oxide as a Catalyst for Metha.nol Oxidation

Bliznakov(35) studied the catalytic action of tungstates of pefiod
IV metals. All tungstates studied showed médium catalytic activity, the
highest being for iron tungstate. '

Arnold(36) patented a method of the preparation for r;uolybdenum-
tungsten oxide éatalysts. He also studiéd methanol oxidation over differ-
~ent compositions of catalysts, He obtained a very high yield of formal-
dehyde. '

Popov(39) stud1ed the cataly't:c activity of tungsten tr1ox1de with
molybdenum tr1ox1de and manganese dioxide during the ox1dat1on of
methanol, The degree of oxidation increased to ~ 6% with increasing
temperature. Conversion was 70% at 450°C, when the ratio of I\/InO2 and
WO, was 112, X-ray analysis showed MnWO

3
Popov

to be active centres.
(40) * :
also reported resilts for methanol oxidation at varying compo-
sitions of bismuth oxide and tungsten oxide in the range of 250°C - 450°C,

3
MOO3 mixtures. The x-ray analysis of the yst showed peaks corr-

Limindv(41) stud%.ed‘the effect of catai;s;?nposition for WO_ and
esponding to MoO3 . WO3 mixture, They studied the effect of catalyst
composition and temperature, on the conversion and the selectivity, in
the temperature range of 300°C - 450°C. The selectivity of the r&action
for formaldehyde increased with the percentage of I\/IoO3 in the catalyst
with a point of inflectioy between :w% M003. Ceonversion decreased
‘with an increase of molybden trioxide in the catalyst., Optimum pro-
portion of catalyst for m

and WO3 (44-54%).

jeld was within the range M003(46-56%)

There has been no atfempt mdde so far to study in detail the kinet-
jcs of the oxidation of riethanol over myolybdenum oxide-tungsten oxide

catalyst,



Il THEORY OF KINETIC ANALYSIS OF DATA"

Y

Determination of the relationship between reaction rate and opera-

’

ting variables is an importaﬁt step iff the design of any catalytic process.
It is generally accepted to derive a rate expression in terms of partial

(42)

pressures based on the Langmuir Hinshelwood Theory .

A. Varmus steps in heterogeneous catalytic reaction

The starting point for studying the kinetics is to study the sequence
of physical and chemical steps which occur in the heterogeneous reaction.

Various steps are -

1. Transport of reactants from the bulk fluid phase to the solid

fluid interface.

2, Internal diffusion of the reactants along the pores.
3. Adsorption of the reactants on the solid surface.
4, A surface reaction between an adsorbed reactant on the cat- .

. alyst surface and either one of the gaseous reactants or other
adsorbed reactants on the surface.
5. Desorption of the prloducts from the surface to fluid-solid °

interface.

LY

\
‘

Y
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6. Internal diffusion o& products along the pores to the quter °_
\ .
surface. . ‘-
e ‘

7. Transport of products from interface to the bulk fluid stream.

. In case resistance offered by each of these steps is considered,
the rate expression would be very complicated. The impbrta.nce of the
v.ariou‘s steps vary greatly, depending upon o'peratingt\conditions. Steps
1,2,6,7 being physicbproces ses, can be minirn‘izéd_or eliminated by

\—1/ making catalyst centres easily accessible and by having high turbulent

flow. Chemicai steps 2, 3, 4 offer much higher rlas/iﬁtar;ces. In most of

the cases, only one of these steps is rate control-lihg.

-

" v
B. Various Correlations of Rate Equations ' )

-

l. Langmuir Hinshelwgpod mechanism!

This theory, based 6n the concept of monolayer chemisorption on ‘
the -surface of catalyst, assumes adsorption and desorption processes to
be in equilibrium at constant temperature. This mechanism assumes
that reactiof takes place between either (a) an adsorbed molecule and a
‘ gaseo%a réactant molecule, or {b) two chemisorbed molecules‘ on ad}a-

\ent sites. *

Rate equation is derived by assuming. a rate mechanism and selec-
ting one of the reaction steps asrate controlling. The slowest steps control
the peaction, For abimolecular reaction, the rate expression hasbeen developed
by Smith(43). Other rate equations have been systematically developed
and compiled by Hougen and .Watson(44) and by Yang and Hougen(45) for
various reaction mechanisms with different ra:te_co}ltrolling steps.

The détails of this partic’u].ar mechanism are reviewed by Hahn(3).

This mechanism ia nof favoured for oxygenated hydrocarbons.
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2. Modified Langmuir - Hinshelwood Mechanisms :

3

When the rate of a.dsorptmn of reactants offers significant resis-
 tance, the assumph@f adsorption equilibrium in the Langmuir Hmshelwood N
theory is not valid..- The modified theory considers that reattant adsorbed
on the surface increases by adsorption and decreases by reaction. The . =
sta.ti'ona_ry conditions are established when the two rates are equal.

~ Oxidation of oxygenated hydrocarbons can be t.rea.ted as an irre-
versible two or three stage oxidation-reduction reaction. The mechanisms
followmg this are generally referred to as "Redox rnechamsms" Two
stage redox me.chamsm is coneudered in detail here. Three stage redox

mechanism has been reviewed by Ha.hn(3). ' X

Two Stage Redox Mechanism.

‘. -
According to this mechanism, a steady state is assumed between

the following two steps with the equilibrium shifted to the right side,

*

. K
. I .
m [ CHOH + §_ — HCI—EO(g) + ‘HZO + sred_] (3.1) ‘
021 | %2 ] | 3,2
nl g) +..‘;"S-red. D Sox. ' . ' (3.2)
The rates of reaction for two cases are :
m
- K - 3.3)
rl _lpM 8 { )
’ g
r, = K.;pg  (1-8) o (3.4) 2
*r = T : - (3-2)
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-8 is defined as a fraction of catalyst surface cover'ed.by adsorbed
or lattice oxygen and = is the number of oxygen molecules required to™

conver.t one molecule of methanol, that is 0.5 in the present case, Based

on 3.3, 3.4 and 3.5, the following relations are ‘derived : C .
. ”
m n . ‘ ' .
8 = /(1 + =K|Py, /-KZPO2 ) | ' ‘ (3.6)
. m .\'- o n .
r = r) = KlpM /{1 + mKlPM szoz) , (3.7)

r is the rate of oxidation of methanol to formé.ldehyde. The inte-
grated forms of rate equations with different m and n values are listed

in table 3.1. Different terms used in table 3.1are :

e
Py = OPy {1-%) ]
p. = - 1/2. :
Po, * °Po, 1/ 0Py - ¥, ,
pM = Partial pressure of methanol aﬁime t. \
0Py Partjal pressure of methanol in the feed.
po2 = Partial pressure of oxygen at time t.
OPOz = Partial pressure of oxygen in the feed. : #';
'x = Percentage conversion. " . /J

‘ . ‘
As explained earlier in Chapter T, the two stage redox mechanism

is reported to be suitable for the kinetic study of metha‘gol oxidation over
catalyst similar to WO3 - M003.
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IV. . EXPERIMENTAL DESCRIPTION

L

A, Apparatus

+ A schematic diagram of apparat\ié.used is shown in fig. 4. 1.
Two Helium gas streams are supplied as carrier gas to the
gas chromatogra,ph and gas partitioner, The third stream carrying B
calibrating gas (CO, COa, NZ) and fourth stream carrying air were
used to prepare gaseous mixtures for calibration. The fourth stream
was also connected to the hot inlet and was used for preparing feed
mixtures with_vaporised methanol. Another air stream was used for
fluidizing the sand bed in the reacfor assembly,
o Ca.libra.{:ing gases, air and Helium, were supplied from highl
essure cyiin'ders through two stage pressure regulators (Model 8,
Ma.theaon of Canada Ltd., Whitby, Ontario). Traces of moisture in the
"air Were removed by passing itthrough a drymg tube pa.cked w1th ”drxemte”
‘Gas lines were made of 1/8" OD copper-tubing. Gas lines commg out
from rota.meter} and beyond that, in stream three and four were made
of 1/8" OD stainless steel tubing. Fine metering valves and umd.u'ect-
tional check valves (Nupro Co. ,’ Cleveland, Ohio) were used. ) *All other
fittings were made by (Crawford Fittings Company, Cleveland, Ohio).
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Apparatus

Item

Air Supply unit

Water Condenser
Calibratipg gas cylinder
Drying tubes.

Gas Chromatograph
Gas Partitioner

Hot Inlet

Liquid Trap

Pressure Gauges -

Rotameters

Chart Recorder )

Syringe Purr:xp ‘
Sample Valve ‘

’I‘emperatu‘re Controller

Wet Test Meter

Zero Suppressor
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Flow rates of each gas stream were measured by rotam 31;.8 (body).-
series 622 PSV and 622 BSI, flowmeter tube and float series 6.01 and
602 Matheson of Canada Ltd., W?hitby, 6ntario). To reduce the pres;
sure effect on flow rates, rotameters for calibrating gas and air were
connected with mercury manometers,
To infuse methanol in the feed stream, an infue;ion syringe ‘

pump {Model 901, Harvard Apparatus Co., Inc., Millis, Mass. ) and °

10 cc gas tight syringe (#1010 Ha.m11toniCo , Reno, Nevada) was used,
Methanol was injected into a hot mlet (Model 86800 Hamilton Co. ,
Whitby, Cal.), through which the air stream was passed at high velocity.
Methanol was continuously vaporised and carried away in an air stream,
Stainless steel tubing carrying the air and methanol mixture to the reac-
tor was continuously heated externally by heating tape (Cat. No. HT344,
Electrothermal Engg. Ltd,, London, England). |

The reactant stream coming out of the hot inlet could either be

bypassed to the liquid traﬁ or could be sent to the preheater and reactor.
The feed stream going to the reactor was preheated in 8' x 1/8" OD
stainless steel tubing wound around the reactor. The stream was pas seld
into the reactor through the bottom. The reactor was 7 1/2''x0,39"1D
stainless steel tube, A porous stamless steel plate was fixedlat the
bottom of the reactor. The top of the reactor was connected by a redu-
cer‘to 5/4" x 1/4" OD stainless steel tube. This was further connscted
to a Swaglok "'T'" connection {810-3-2-316). One end of the "T' was
connected to a 1/8" OMtainles.s steel tubing through a reducer. 'I_'hrough
the other end of the "T", a 1/8" OD stainless steel tube containing iron
constantan thermocouple was inserted. The lower end of the thermo- *
couple was kept just above the porous plate. The thermocouple was
connected to the temperature controller {Honeywell C-Fi-84855-0f)1).
-The thermopxﬁle coulll be connected to a millivolt potentiometer (James
G. Biddle Co., Plymouth Meeting, Pa., Cat. 72-310, Ser. 46811) for

measuring the exact temperature. (
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The reactor and preheater were kept immersed in a,. constant |
temperature fluidized bed furnace. The containér for the fluidized sand
bed was a 4 1/2" OD steel cylinder., A porous stainless steel plate was
'wglded at the bottom. This cylinder was connected to the def:a.rtmental
air supply. Air, passing through the sand bed could be regulated by a
metering valvé, The reactor was held straight in the sand bed. Suffic-
ient air was passed to keep the sand fluidized and to obtain a uniform
temperature around the reactor. For heating the fluidized bed, ger'a.m
-A - Flex beaded heating wires were wrapped around the cylinder,
These heating wi-res were connected to a ten amp. powerstat (Type 116B,
Superior Electric Co., Bristol, Conn.) througha temperatul;e controller
placed in serjes, The temperature in the' sand bed was adjusted by
changing the‘ input voltage using a power stat. }he reactor a‘nd the fluid-
jzed sand bed were placed in a 12" OD cylinder, The annular space was
filled with insulation. The hea:ting tape and hot inlet were also supplied
power through two 7 1/2 amp. voltage reg'ulators.

Products coming out of the reactor were passed througha 1/8"
OD stainless steel tube heated exté’rna.]ly. Products were 'ﬁassed throﬁgh
a liquid trap made of a 7 1/2"_};'. 7/8" Q\D glass tube, fitted with a two-hole
rubber stopper. This tube Was placed in a dewarflask filled with a.vmix:-

fure of ice and sodium chloride. Heavier products, formaldehyde, water

. and methanol continuously condensed in the liquid trap. Uncondensed

gases were passed through a 1/8" OD tube placed in a 10 1/2" x 31/2"
OD cylinder. Through this cylinder, fresh cold water continuously
passed to cool the products‘pa.ssing through the tube. Any products
condensing in the inside tube dropped back into the liquid trap. Products
coming out of the condenser were passed through a trying tube made of
51/2'"x 21/2" OD acrylic tube filled with drierité. All traces of mois-
ture from the gaseous products were removed in the drying tube a:nd
condenser, '

The gaseous products Were then passed through a fisher gas partitioner

{Model 25V) through a linear sampling valve. A stream of helium was also

‘ ’ L]
L % )
. {

g
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passed through a sample loop and then vented to atmosphere, When the
sample loop was tuir,ned on, the sampling valve was taken out of the product
stream and connected with 1:.he carrier gas stream. The temper' ure inside
the partitioner was controlled by a Fisher's thermal stabilizer (Mgdel 27},
The signal from the gas partitioner was transferred through a zero supp-
ressor {(Model 23, Fisher Scientific Co.) to 2 chart recorder (Electronik
19, 19-4112-003-003-01, Honeywell, Ft. Washington Pa.).

Liquid samples were analyzed by injecting them through a 10t gas
tight syringe (#701 N or #801 N, Hamilton Co., Reno, Nevada) into a gas
chroma_tograph (Varian Aerograph A-90-P3). The chromatograph was

connected to the same chart recorder.

B. Reactants and Chemicals y

!
The following chemicals were used during the course of the f)‘res-
ent investigation !
} -1 Methanol - Certified A. C. S. spectroanalyzed methanol (Cat. .

No. A-408, Lot No. 743404, Fisher Scientific Co.)
2. , Formaldehyde Solution - Baker Analyzed Reagent (Cat. No.
2106, Lot No. 44466, J.T. Baker Chemical Co., Phillipsburg,
~ ’
N.J.)
3. Indicating Drierite - 8 mesh (W. A, Hammond Drierite Co.,
" Xenia, Chio)

4, Ammonium paratungstate (NI—I4)6 W_’C}24 . GHZO:' {Cat. No.
4104, ICN Pharmaceuticals Inc., Life Science Group,
Plainview, N.Y.)

5. Ammonium molybdate (NH4)6 Mo.‘,O24 . 4H20 ~ (Cat. No.
0716, J. T. Baker Chemicals Co., Phillipsburg, N.J.)

6. Compressed Air Cylinders - (Liquid Carbonic of Canada,
Ltd.)
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‘7. Helium gas cylinders - {(Linde Helium, '[jnign Carbide of —

Canada Ltfl., Whitby, Ontario)

8. Compressed Carbon dioxide and Carbon monoxide cylinder -
(Matheson of Canada Ltd., WHitby, Ontario) ,
9. 30% Hexamethylene phos

rmide on 60-80 mesh Columpak:-
7(11-130-57, Fisher Scientific Co.) ' |

10. Molecular Sieve 13X - Chromatograph Grade, 42/60 mesh
(Lot No. 112469, Coast Engineering Lab.)

11, Golumpak T - 40/60 mesh (Cat. No. C-587, Fisher
Scien;:ific Co.) |

12, Compressed Nitrogen Cylfnders - (Linde, Union Carbide
of Canada, Ltd.) - ‘ N -

C. Preparation and Properties of Catalyst

Ll

(' (i) . Molybdenum Trioxide and Tungsten Trioxide -

Pure molybdenum trioxide and tungsten trioxide catalysts were
obtained by the thermal decomposition of ammonium molybdate and
ammonium paratungstate. These compounds were heated for 6 hours
at 150°C and for 2 hours each at 200°C, 300°G and 400°C. The catalysts
were calcined f%() hours at 500°C and activated f'or-Z hours at 600°C,

(i1) Molybdenum Trioxide - Tung sten Tridxiqe Mixtures -

Ammonium molybdate and amménium paratungstate were weighed

sten tri-

according to the desired ratio of molybdenum trioxide and
oxide. Ammonium molybdate was dissolved in distilled water. Adynen-
" jum paratungstate wadded_to this solution and heated at a low temh
ature. The solution was continuously stirred until all ammonium
paratungstate dissolved. This solution was then heated at a low tempexl'-
ature to obtain a paste. The paste was dried for 12 hours at 40°F.

Further heat treatment was similar to that for pure catalysts.



- 23 -

60/80 mesh size catalyst paréicles were used for all experimenfa.l

runs. -Surface area of catalyst as determined by ihe BET method for 45%
WO catalyst was 1, 31 m /gm . A

ALl ca.ta.lysts were reactwated at 500 °C for 8-12 hours in the

reactor befote starting the experiments, The catalyst had a light green

color.

D. Experimental Procedure

L. Calibration . —— Flow rates of different gas streams
were measured b{( the rotameters, which were precalibrated. rIl‘he rota-
meters were calibrated by measuring the f}Q:’N rates by‘( a wet test meter |
(Precision Scientific Co., Chicago). Pressure at the outlet of the rota-

meter was maintained constant, Rotameters were calibrated for Air,

. CO, Co, and N,. The calibration curve for air is given in Appenc{ix 8-C.

Liquid flow rates of methanol could be controlled by using different
speeds_of'pump and using different syringe sizes. For a particular cond-

ijtion used in all the experiments, the feed rate was calibrated by pumping

.mei:ha.nol for some interval of time. The rate of methanol infusion thus

calculated matched with that specified for the pu:rnp
Thermocouples used were checked by inserting them in a fluidized
sand bath, measur mg millivoltage by the potentmmeter and che ckmg the

temperature witha thermometer (Cat, No. 14~ 985H, Fisher Sczent:ﬁc) The

temperature obtained by readmg charts for iron constanton thermocouple
matched perfectlyf with the temperatures obtained by the thermometer.

For the calibration of the gas partitioner and gas chroniatograph,
synthetic gas and liquld mixtures were made, Mixtures of carbon dioxide,
carbon monoxide and nifrogen were made wit!ll air in varying proportions
and separated by gas partitioner. Mixtures of water, mcthanol and formal-

dehyde were injected into the ch:or'na.tograph.i Galibration curves for one
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c'hrornatograph column and gas p;rtitioner are shown in Appendix 8-C,
The calibration of this equipment was repeatedly checked by injectihg
standard samples i\\between different runs.

2. Analysis Procedure ! — 4 To analyze the gaseous products
-c'c_mta.i;ling CQC, Cdz, N2 and 02, two columns were used in the gas parti-
tioner. The first column was 5'61'x1/4" OD copper tubing, packed with 30%
HMPA coated on columpak. This column could separate carbon dioxide.
The column was followed by 18' x 3/8" OD copper tubing packed with
molecular sieve 13X, Conditions in the gas partitioner as well as in the
chromatograph are given in Appendix 8-C. A typical analysis of the gas
-r‘nixture is given in figure 4.2 . k

For analyzing the liquid products, a 15' x 1/4" OD copper tubing
column packed with 15 wt. % sucrose octaacetate coated on columpak T
(40-60 mesh) was obtained from "Chromatography Specialists Ltd.,
Brockville, Ontario'. This column was stabilized by heating for one
hour prior to its use at 190°C. A typical analysis of liquid products is
" ghown in figure 4.{3. The liquid samples were analyzed immediately at

the end of each run to avoid possible polymerization of formaldehyde.

3. Leakage ! —3 The system was checked for possible leakage
‘as follows - _

(i) Every connection was tested with"snoop" after closing the
dolvn stream valves and maintaining a pressure of 30 psig in the
gystem. .

(ii) Under the above conditions, there was no indication of.
air flowing through the system.

(iii) After maintaining a pressure of 30 psig in the system, the
air supply was closed. There was no indication of a pressure

drop after a couple of hours.
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4, ‘Operating Procedures | ——ja,

(i) Check the system for possible leakage. b .

{(ii)- Rlace a \ﬁgighé‘d—-unoupt of the catalyst'in the reactor.

Cover the reactor with glass waol. “Place the thermocouple °
assembly on top of the reactor and reagsemble the reactor.

(iii) Clamp the reactor placing it upright in the fluidized
bed. Cover the top of the furnace with asbestos sheets to prevent
outflow of sand. Connect the reactor to the incoming air line and
outgoing i:roduct lim-a. ]

(iv) Turn on the air strea Check for possible leaks,

{(v) Turn on 'dhe power tor:;hbactor Adjust powerstdt -
voltage and air flow rate to the fluidized.bed 8o aB to obtain the
desired termnperature. Temperature was initially"ra.ise.d to 500°C ) "
for the activation\of the catalyst. Approximately 48 hours are required
for obtaining the e%:t.—temperature and to reach an ethbrmm
- (vi) Switch on the power to the hot inlet and heating tape. _ ,‘

{vii) Switch oxl'x the power to the gas partiti'oner-a.nd gas chroma=~
tograph and set the required qonditions. After the start up, power
to :the chromatograph and th‘e. partitioner are left on and helium is
cont_inuous‘ly supplied to the systérh., . |

(viii) After the set conditions have been achieved, switch on
the recorder and check that the base lines are straight. ;

(ix) Place the liquid.trap in position, Filla dewar {flask
with freezing mixture. Turn on the water supply for the conden-
ser. '

(xi) Adj ( the air flow rate in the rotameter. At intervals,
air flow rate is checked by wet test meter. The air flow is ‘a.dju'é-’
ted to give constant molar flow rate required,

(xii) Switch on the mfusmn pump and start feedmg methanol.

Methanol and air are fed to the system for 2 houra 6T more to see
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that the system remains at a steady state. Stéa.dy state"conditions
are checke.d b&f analyzing the gas products and_checkin'g the temp-
erature in the rea;tof.

(xiii} Replace the- c:lea.n d-ry tube in the dewar flask., Collect

the samples for nearly one hour. During this tixhe, gas prodﬁcts

are repeatedly a.na.lyz.ed. _
- (xiv) Analyze the liquid sample after removing the liquid sam-
ples from the tube into a sample bottle.
(#v) Shut off the methanol feed pump. Air is al}owed,tf: flow

through the system for a couple of hours before making the next

un.

(xvi) System is agaix;. allowed to stabilize by adjusting the
powerstat and leaving it to stabilize overnighf. )

(xvii) As mentiqned earlier, it is important to check, the col-
umns periodically by checking the calibration of the chromatograph

and partitioner.

/ ' -~

| -
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v RESULTS

L4

A. Preliminary Studies _ .

The experimental data was obtained to study the ‘effect of (a)
composition of the catalyst keeping all other process variables constant,
{h) ten';perature, T , (). concentration of methanol in feed mixture,

R, (d) ratio of catalyst weight to methanol feed rate, W/F,
' Conversion is defined as the ratio of moles of methanol readed to
moles of methanol fed per unit time, Yield is defined as the ratio of-formal-
dehyde formed to rnetﬁahol fed per unit time, Selectivity is the ratio of

. forma‘;'}‘dehyde formed to the sum of formaldehyde,carbon dioxide, carbon

monoxide formed per unit time., ‘ ‘
. Methanol feed rate was kept constant for all the runs. The meth-

anol concentration in the feedwas variedby changing the amount of air. W/F
was varied by changing the amount of the catalyst in the reactor.
Figure 5.1 shows the effect of the c_.é.taly st composition on conver-
sion, selectivity and yield. Experimental data is listed in Appendix 8-A.
A Based on this curve and other available data 1n the literature, :45%
Wa% - 55% MoO3 was considered suitable for‘detailed kinetic studi;é.
EN

B, Kin'etic Analysis of Data . 3

w~

* "1, Factors affecting rate mechanism - The rate equation is gen-

erally derived in terms of temperature, pressure and composition of the -
reactants. The other factors which might affect kinetics are considered

below :-
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L Activity of Catalyst - Catalytic activity remained fairly
constant over all the runs for a particular catalyst. This was confirmed

. by re.peating the initial run after all runs had been taken for the catalyst,’

I Homogeneous reac{;iohs and reactions in the absence of
catalyst - No reaction was observed between methanol and air at 470 °C

in the absence of catalyst.

I, ~ Side Reactions - Formatmn of carbon monoxide is believed
to be caused by the thermal decompo 51t1on of formaldehyde. Carbon diox-
- ide is formed by the oxidation of carbon monoxide. This partiéula.r factor
is a.ssuméd and the effect of side reactions is not taken into account. As
observed in most of the experimental data, the amount of carbon oxides
formed was quite small compared-to the total;roducts. For correlation
of data, total conversion is used gs the amount of formaldehyde produced,
Experimental runs where carbon oxides formed were more than 5% of total
'products were not congidered for kinetic analysis.

Iv. Pressure drop through catalyst bed- - . Total pressure in-
side the reactor was measured in the absejce of catalyst. Since pressure ‘
drop did not exceed 15 mm of Hg when the catalyst was present, constant
'total pressure was assumed in all the runs, — Pregsure at the outlet of

reactor (866,0 mm of Hg) was taken as total pressure in catalyst bed.

V. Depa.r.tufe from plug flow - In th4e present study, flat vel-
ocity profile (plug flow) in the reactor tube was assumed. The flat pattern

Srmth (46, 47) observed

in the tube is affected by a rumber of factors.
that deviation from‘un'ﬁof‘n{ velocity profile is very insignificant if the
‘ratio of tube to pellet diameter is greater than 30, The ratio of tube to
- pellet diame:o;vis more that 4l in the present work., Hence. the assump-

tion of plug flgtv did not result in any significant error.

) -
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VI, Internal*diffusion - Internal diffusion can be of two kinds:
. L3
(a) Molecular diffusion -~ When the mean free path of diffusingmolecules is
]

small with resf)éct to pore rac_liu's,'collisions between molecules of react-
ants control the dif?usion process. This is known as ‘molecular diffusion
or bulk diffusion, .In such cases, the partial pressure of the different reac-
. tants control the diffusion process. In most of the cases, this type of diffusion
is insignificant unless pressure is very high or pore radii is very large.
Present work was conducted at nearly atmospheric pressure,
Molecular diffusion is expected to be negligibie.
'To check" the effect of molecular diffusion, two rins were taken
at the same conditions, The feed velocity of methanol was varied, Chang- |
ing feed velocity had no effect on conversién. Résults are shown in
Appendix 8-E, Hence, it can be assumed that molecular diffusion did

not control the reaction,

(b} Knudson diffusion - In most of the catalysts, Knudson diffusion

offers much larger resistance to diffusion process, When pore size of
catalyst is small, collisions bétween molecules and pore wall control the
diffusion process, In general, conditic;ns existing inside pores may be
considerably different ijom those existing ;outside the surface of catalyst,
It‘has not been possible to correlate the t;ffect due to Knudson diffusion
with phs;sical properties of catalyst, The catalyst particles used in the ‘
pre;sent study were 60/80 mesh size, For such small catalyst particlés, ¢
Knudson diffusion does not ¢ffect results slgmﬁcantly

To find if Knudson diffusion affected the results two runs were
tak;én at the same condition_a but changing particle diameter. Conversion
was nearly the same., Results are.shown in Appendix 8-E. In case Knud-
$on d1f£us1on was affecting the results significantly, changing catalyst
dlameter should have resulted in significant change in the rate of reaction,
Hence, it can be assumed that Knudson diffusion effects were negligible.

The diffusion of any kind was negligible because feed veldcity

through cataly,ef'bed was very high,
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VII, Resistance to external heat and mass transfer - The values
of partial pr\essure and temperature in the bulk stream andat the gas solid
interface may differ significantlyin certain systéms. However, to simplify
the correlation for experimental data, it is nééessary-tp minimize these

resistances so that they are negligible. The effect of heat and mass tran-

sfer can be seen from the following relations :

(5.1)

T = k., a P, -
MA GA M9 { A PAi)
= T H - - B,2
Brsa AH, - h.a ofT-T) " {5.2)
L 1
where . ’ .
. .

r MA - rate of reaction or mass transfer of A per unit mass

of cataiyst. .
By C heat‘t)'ansfer due to heat of reaction per unit mass of

: catalyst, i . ~
kGA = mass transfer coefficient for component A,
- . - . .

hG = heat transfer coefficient per unit exterior surface of -

‘catalyst pagticle,
a\ = external surface area of catalyst per unit mass.,
) ( = shape factor
P, = partial pressure of component A in the ambient sfream.
PA! , = partial pressure of compone.nt..-A at the catalyst s'ux_-'féce.
T = temperature of the ambient stream,

< Ti = Emperature of the catalyst,
Y

The transfer coefficients can be calculated by the dimensioniess

Chilton Colburn j factors(48) .

The Yj factors can be calculated from ex-
pressions developed by Gausson, Thodes and Hougan(49) and by Wilke

and Hougen(so) in different ranges of Reynold number.



- 34 - .
>
« N
The matﬁ'e.rnatical procedure for calculating the temperature andthe,
partial pressure at the surface of the catalyst particlesfor flow reactionsin
fixed beds hah developed by Yoshida et al. °!)

The temperature drop and partial pressure drop of component A

(APA) from the catalyst surface to bulk gas stream is obtained from the

following relations ; .
o . .

AES ) 2/3
AT = Q (JH) (Pr)f {5.3)
-1 2/3 '
c AP, /P, =AY = R T Y, (8) ' (5. 4)
wiere
| TMa AH, ]
° =3 ecG, (3.3
Mm.? p M
AHA = molal heat of reaction of component A,
P = Prandtl number = C p/k.
r /p
R = rya /2y ® Oy
S = Schmidt nurnber = u / Pp
: c AM
| YfA = p£A /
. ) (m+ 8,P,) - (m+§,P,) | 56
B T+8 P | .
A In ( A" A)
m+ BAPAi
5 ., r +8 + ------ a-b---
A b a
where v, 8, ----- , 2, b are coefficients in reaction equation ,
aA 4+ bB + ------ *rR + 85 4+ -----
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m = total pressure,

DAM= average diffusivity of component A,

’Gl\'/I = ms velocity based on total cross section of bed,
G = mass velocity based on total cross section,

L 4

The values of _j factors to be used are related with Reynold:

. \\ /'
number (G/a, @ p)

For 0.01 < Re < 50 R

. -0, 51
Py Jd = 0, 84 Re -
For
50 < Re < 1000
i - 0,57 RO
d e

1

.And | o ~ “
: ' o
' 0.076 j = ™

Where j, and jH are Chilton Colburn dimensionless j factors(48)
Yoshida et al.(sn concluded that R.'.== and Q arethe mostimportantfact‘ors
in controlling the pressure and temperature drops. Increasingthe ﬂowx:ate
and decreasing the particle size reduces the resistance to heat and mass
tra.nsferl

< A sample calculation based on the method of Yoshida 15 g1ven in -

Appen-d?fS E. From these calculations, it can be observed that the pres-

sure and the temperature gradients were negligible,

2. Effect of process variables - The effect of temperature (T)?

weight of catalylst to methanol feed ratio (W/F) and the concentration of
methanol in the feed (R) on conversion (X), yield. of formaldehyde (Y),
and selectivity (S) was studied. The experimental results are tabulated

in Appendix 8-A,

-
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For one particular value of W/F and R, the effect of temperature *

was studied in the range (300°C - 500°C). The results are plotted in fig-
ure 5,2, The effect of W/F at one: particula'r temperature and R has
been plotted in figures 5.3 to 5.11. The effect of concentration of meth-

anol in feed can be observed in figures 5.12 to 5,14, . . o

. Q
3, Correlation of data - ‘
xr |

1 Initial Rate - The rate equaftion in a steady state flow

system can be written as-: o h
. X ‘ ' ‘
W/F = ] dx/r _ ‘ (5.7
o

.
The initial rate is the rate of reaction at zero c;onversibn. fang
and Hougen (45) have shown that by considering the effect of pressure on
the initial rate, choice of mechanism can be reduced. Initial rate equa-
tions are obtained by neglecting partial pressure of producté. . The accur-

acy of this method is very lipxited as it is not possible to accurately find

slopes at low conversion, .
- , |
The initial rates weke obtained by plotting conversion against W/F

as shown in figures 5.12 to 5Nl4, and finding slope at W/F = 0, In figure

5.15 initial rates thus obtained have been plotted against methanol concen-

tration in feed, Comparing these curves with those drawn by Yang and
HO‘-"EGHMS) , it was concluded that the controlling stepduring the reaction
was either adsorption of reactants or a surface reaction between the

reactants,

1T, Correlation of conversion data - Integrated rate equations
as given in Table 3.1can be rearranged in the form of y = a +ax. The
values of y, x, 'ao and a; are listed in Table 5.1, y and x values

were calculated for different values of W/F at one particular set of

N
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conditions. A linear equation correlating y and x was obtained by
plotting the data, and using the method of least square for drawing the

straipght line. Hence, for one particular temperature and R, K1 and

-K2 values were obtained, The rate equation with m=1 and n=0.5 was

found to give the best possible fit, The rate expression can therefore =_o

be written as :

| | 0.5
r = Kl PM/(1+0'5KIPM/K2P02‘ ) (5. 8)

Values of K, and K2 for this particular mechanism are listed

1

in Table 5, 2, K1 and K2 values for other m and n, where experimen-

tal data did not fit are listed in Appendix 8-F. At different conversions
obtained in the experimental data, W/F were calculated using values of

Kl and KZ' The values of W/F obtained experimentally are compared

with values of W/F obtained theoretically in Appendix 8-D, s

‘4

III, Temperature effect on rate constants - In Table 5,2 val-

ues of ‘Kl and K_ at different temperatures are listed for m =1 and

2

n =0, LogK, and Log K, were plotted against the inverse of temperature

{
1 2 5
in °K as shown in figure 5,16 and 5,17, The reaction appears to follow ‘

Arrhenius law. The mathematical relations obtained from these plots

are :
. ' b

Log K

) -0.1637 - 1.930x103/T . (5.9}

1

Log K2 -2,515 - 312.87/T (5.10)
The slopes and intercepts of straight lines in figures 5,17 and 5, 18

were obtained by plotting the data and drawing the straight line using the

method of least 'squa.re fit. The values thus obtained were used in the

relations 5,9 and 5.10.

N
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\ .
Table 5-2 i ]
Temperature Effect on 'Rate Co ‘sAta.nts
for m=1 n=0.5
“w Temp' R ' K1 . KZ
. °C _ % moles Lcr_)lr—:,s_!j 5
gm.-mm Hg-Hr gm. -mm Hg' '~ -Hr
x103J x 103 .

350 6.0 " 0.5794 1.0867
8.0 0.7507 0.5730
10.0 0.3887 1.0991
Qverall value 0.57.97 0.9196

380 600 T 0.7687 . 1.0357

8.0 0.7397 - 1.0802 -,

1_0.0 ' 0.5223 1.9617 ‘ ,
Overall value 0.6769 1.0594
410 6.0 1.0716 1.2743
8.0 1.0288 1.1083
10.0 .0°8733 1.2284
Overall value 1.0178 1.1772
430. _ 6.0 1.5476 0.9776
8.0 - 1.5533 0.9110
10.0 1,2925 1.0134
Overall value 1.4645 v 0.9673
450 6.0 . 1.3387 1.3852
B.0 ° 1.5123 ]  1.0483
10,0 1.3616 ' .1.1088
QOverall value & 1,4042 1.1808
470 6.0 1.6490 1.2310
: ' 8.0 1.6683 , 1.0655
0 1.6583 1.0672
Overall wvalu 1.6586 1.1212
AN
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The activation energy of the two steps of the reaction calculated
from the equations 5.9 and 5,10 were equal to 8,.8K cals/mole\{c
1,4 K cals/mole respectwely ' _ AN




— VI  DISCUSSION

) The kinetics of methar?al oxidation has been inve Stigated in the
températuré range 300 - 500°C over tungsten trioxide'-molybdenum—
trioxide mixture as catalyst, and a possible rate mechaniam has been
(36), P0pov(34) (41) have studied

the effect of various process variables and the catalyst composition for

prop'osed. Arnold and Liminov et al.
methanol oxidation over molybcienum-tung sten oxide catalyst. However,
no detailed work has been carried out to propose a kinetic rate express-
ion for methanol oxidation over MoO3 -WOB .catalfst.

Pure molybdenum trioxide has been found to be highly selective
to forrﬁaldehyde formation, This has been very well established by a
number of workers(lz' 52, 2, 3-). The use of pure molybdenum trioxide,
Vhowever, results in low overall coz}version of methanol, generally less

than 50%. A number of other metal oxide catalysts such as vanadium
(2, 52) (3) (3)

penta-oxide , manganese oxide'~’ and iron oxide'~’ have been studied '
for the oxidation of methanol. These oxides have been found to be very
active for the reaction. However, selectivity for the formaldehyde form=-
ation remains low, In order to obtain higher conversion of methano\\
without sacrificing the select1v1ty, a number of attempts have been made
to use composite catalysts made of molybdenum trioxide and more active
transition metal oxides. Tungsten trioxide-molybdenum trioxide is one -
such combination on which not enough studies have been carried out so

far, even though . ‘tphgsten trioxide has been proved to be an active catal=~

(41)

yst for methanol oxidation' ~°, Further, it may not have been uncommon

—_
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to anticipate, that tungsten and molybdenum being in the samdhgroup of
, the periodic table, catalytic performa.hce of their oxides should remain
similar, However, experimental data on tungsten trioxide has shown it
to be a very active catalyst for this partmulag reaction., Hence, an
attempt has been made to Btudy the kinetics of methanol ox1dat10n over

composite catalyst of molybdenum and tungsten ox:ldes in the present

:ane sngatmn

»

A preliminary study of the effectl-of the composition of the catal-
yst sho??xj‘igure 5.1) that the conversion of methanol increased signif-
icantly as gsten trioxide content in the catalyst mixture was increased.
This behaviour was expected, because tungsten trioxide has been estab-
lished to be more active than molybdenum trioxide by several workers
{(Chapter 2}, The selectivity remained 100% till the tung sten trioxide
content in the catalyst was up to 20%, beyond which selectivity showed
a decline. The effect of the catalyst composition was studied, keeping
all other process variables constant, The maximumn yield of formalde-
hyde under these conditions was obtained when tungsten trioxide content
in the catalyst was 45%. The other data available in the literature(‘ﬂ)
suggested that maximum yield of formaldehyde is obtained for the catal.

'ﬂn@re containing within 44% -~ 54% tungsten trioxide. Hence,”a
mixed catalyst composed of 45% WO3 - 55% M003 was selected for a

detailed kinetic study of methanol oxidation reaction.
~ The effect of di_fferen;: operating variables has been described in
Chaptér V. Anincrease in the temperature resulted in an increase in
the overall conversion of methanol,  However, the selectivity to formal-
dehyde formation-generally decreased due to further oxidation to carbon
 \_oxides beyond 400°C. The partial pressure of the reactants was varied
by changing the air flow rate through catalyst bed, while keeping the
metha.m;l feed rate constant. It'was observed t.ha.t the increase in the

partial pressure of methanol resulted in the corresponding increase in

the conversion of methanol, The change in the selectivity was negligible
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when partial pressure of methanol waé changed. Figures 5,2 =5,11 show
;.he effect of the W/F ratio on conversion, selectivity and the yield. Th%
i increa.s? .in t}xe W /F ratio caused an increase in the conversion without
affecti{lg the selectivity significantly, Similar results have been report-
ed in the litera.tt;.re for other metal oxide catalysts. .
The Hougen Watson method based on the Langmuir-Hinshelwood
mechanism, and the initial rate.te chnique were used for the kinetic |
analysis of data. The value of the equilibrium constant K_ for methanol
18- at 450 °CE while the

values of free energy change (AG) for the reaction varies from -22, 7

oxidation are of the order of 1012 at 250°C and 10

Kcals /mole at 527°C to =26, 2 Kcals/mole at 25°C., Hence, this reaction
could be considered highly irreversible,

The mechanism and the g.en.eral kinetics of the reaction over
tung sten-molybdenum oxide has been found to be similar to that obtained

(24) (26) (52) (2)

by Jiru et al. s, Mars et.al, s Bhaltacharya et al. and Dosi

over other metal oxide catalysts, '
J iru(24) studi;ed the kinetics of methanol oxidati-on over iron- '
moliybdenum oxide catalysts at 270°C. The two stage oxidation reduétion ‘
mechanism was confirmed by determining ;:he rate of interaction between

methyl alcohol and the catalyst without the participation of oxygen in the

gaseous phase and t}}é rate of interaction between ox;gen and'partially

reduced catalyst without the participation of methyl aicohol in the gaseous

(26)

phase, Mars and Krevelin studied the oxidation of aromatic hydro-
carbons on vanadium pentaoxide catalyst, The results of Jiru, Mars and
ﬁhaltacharya(sz)_ suggested that the lattice oxygen ions in the catalyst
-particles interacted with methanol during the oxidation reaction,
Shelstad'® 3 %4

s’ .

mecHhanism for the oxidation of methanol over metal oxide catalysts, but

and Ioffe(ss) also Euggested"two stage' redox

argued against lattice oxygen taking part in the reaction. They favoured

the mechanism by which the oxygen adsorbed on the catalyst surface

* l | - ‘ ) \
v
- o - i -

reacted with methanol,
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It is reasonable to assurne as a starting ‘point that thgereaction

takes_place on thie catalyst surface by one of the following two mechan-

., isms | - 9\
(1) ,M‘ethanol reacts with lattice oxygen of catalyst’giving a reduced
catalyst., The reduced éatalyst then reacts with molecular oxygen in the

gaseous phase, v

l (2) Adsorbed oxygen on the catalyst surface reacts with methanol
in the gaseous Iﬁhase and the rate of removal of adsorbed oxygen rfrom. the
catalyst surface is equal to the rate of adsorption of oxygen on the catal-
yst surface,

It is difficult to prove the participation Fof lattice oxygen in the
catalytic oxidation process in the manner described by Jiru, Though it
is possible that lattice oxygen does particpate in the reaction, in Jiru's
experiments, as described earliei-, oxygen could have been adsorbed by
the oxide catalyst, and when methanol was injected into the reactor in
the absence of air, it reacted with adsorbed oxygep.l Gresmundo(37)

carried out ESR studies on iron and vanadium 6xide_ﬁcatalysts and estab-

lished that lattice oxygen does participate in the Keaction. It is also pos=- ‘
sible that reaction takes place by both of the above mentioned mechanisms

and lattice oxygen participates in the reaction when adsorbed oxygen is

lacking. The change in the colour of the catalyst, as ob sérved by .firu,

indicated possible change in the structure of the catalyst. However, for

tung sten trioxide-molybdenum trioxide catalyst, no ESR studies or other
relevant studies have been reported in the literature, which miéht be
' helpfui in drawing apy definite conclusion regarding the choice between

the above two mechanisms,

‘During present investigations, a change in the colour of the catal-

yst was obser_veci when methanol was passed through the catalyst bed in
the absence of air, The catalyst returned to the original colour in’the

presence of oxygen, It is therefore possible that methanol reacted with
lattice oxygen of the catalyst. Both the mechanisms as discussed above, [
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the first in which lattice oxygen atoms réact with the .reactants, and the ot
second in which the adsorbed oxyger; molecules or atoms (not lattice
oxygen) are removed from catalyst surface, however lead ultimately to
the same rate expression. The two stage oxidation reduction mechan-

. ism would not be applicable’in the case \Qlllere t‘:he catalyst is pa’.rticipat-
ing in some other ways; involving three or more oxidation reduction
stages.

As an initial step, it was attempted to fit the experimental dat::\.
in the rate expressions derived on'the basis of the 'two stage! redox. .
mechanism. for different valyes of reaction order m and n. The ex~
perimental data fitted very well in the ra.té expression derived on the
basis of the 'two stage! mechanism with m =1,0 and n =0,5, .
. The rate constants for two steps, Kl and K2 fitted reasonably
‘well in a straight line when log K.l and log Kz were plotted against’
inverse of temperature in K (Figures 5,16 and 5.17), his shows that
in the temperature.range 300 - 500°C, two st ps of r[a:tion followed

Arrhenius equation. _ﬁ

The initial rate plots when compared with the initjal rate curves
of Yang and Hougen suggested that either adsorption of reactants on the
surface of catalyst or surface reaction or both controlled the reaction.
This again confirmed that either one or both the steps in the rate mech-
anism proposed, controlled the reaction. Activation energy for the two
steps calculated were 8, 8 Kcals /mole for @etha.nol reacting on the sur-
face of the catalyst, and 1, 4 Kcals fmole for the reduced catalyst react-
ing with oxygen in gaseous phase, It can be concluded from these values
that the first ste;la in the reactiop of much higher resistance for meth-
anol oxidation compared to’secdnd step. Acﬁfation energies for V,0, -
MoO catalyét(z) have been found to I?e, 10, 8 Kcals /mole and 9. 3 Kcals/

3

mole respectively for the two ateps." ¢
A significant difference between tungsten trioxide-molybdenum

trioxide catalyst and iron-molybdenum oxide catalyst or vanadium- N
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molybdenum oxide catalyst is that no new compouﬁd is formed in the
first case. It has been established by a number of workers”(Chapter 2)
o .
that iron molybdate and vanadium molybdate are active components for

these catalysts. Liminov(ﬂ) found by x-ray studies that no new com-

pound is formed for tungsten~molybdenum oxide catalysts and also

observed that WO3- MoO3 are active sites for methanol oxidation reac-
tion. . } ' .
Further studies have to be carried o{n‘, with thﬁeduced catalyst

in order to find as to how catalyst surface participates in the reaction.

The change in the colour of the catalyst, indicated that probably lattice

oxygen is being removed from cataly;t particles,” It has been proved
from the present invgstigations that reaction ta.kes\'i-flace in 'two steps'
by oxidation reduction mechanism for tungsten trioxide-molybdenum
trioxide ca.tz‘ilysq It has also been observed that acti*:ration-energies for

the two steps of ;Lxethanol oxidation reaction over WO 3-M00 catalyst

are lower compared to those obtained on other metal oxide :a.talysts.

- The tungsten trioxide -molybdenum trioxide catalyst ga.\;e very
high yield of formaldehyde and proved to be a. promising catalyst for
industrial use. The present work also provides a baclégrou.nd for further
studies on the WOS-M&Q

ture,

catalyst as regards its surface La.nd the struc-

A

3
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N

. VII . CONCLUSIONS o h
/q .

-
On the basis of initial runs taken for different

catalyst com‘;ositions,a catalyst containig_ 45% Tungsten trioxide and 55%
Molybdenum trioxide was selected for the detailed kinetic study“of oxidation
of,methanal to formaldehyde. ' 7

Experiments were carried out for W/F ratios
between 13.0 to 48.0 gm. hr./gm. mole . Feed contain‘ec_l from 6 to 10 mole%
methano}. Tempe rature was changed from 300°C to 500°C. .

This catalyst proved to be highly activ e and sel-

|

-

ctive to formaldehyde formation. Conversion upto .100% and yield of form-
aldehydé upto 90. 7% were obtained. Maximum yield was obtained at W/F '
ratio =48.0 for a methanol concenteration in fegd of 10% é.nc_] a_tembérature
of 426°C. " The conversion at these operating. conditions was 95. 6%. -

| Rate eQua.tion for the qxidatiop' of methanol ;o\_f/
formaldehyde was derived on the basis of a two stage redox mechanism. |

According to this mechanism - ) e :
K ) - -

: 1 o
CH,OH(g) + x| T HCHO(g) + H,0(g) +'s .-  (7.1)

K KZ g <
Oz(g) t S . — . ox., S (7.2)
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Wheré 8 x represents an active site of lattice or adsorbed\.,.,
pxygen. s__ . represents reduced site of lattice oxygen or the empty site.
The rate equation for the temperature range

-

-of 300°C to 470°C which correlated the data most satisfactorily was-

r o= %y Py , (7. 3)
0.5
L+ Ky .opy /2K, Po,
- "Where Kl and .K2 are the temperature dependent rate constants
of steps one and two. The equations relating Kl and KZ with temperature were-
¥ 3
Log K, = -0. 1637 -1.930 x107-/ T (7.4)
_ Y
Log K, =.-2.5151 - 312.87 /T (7. 5)

The activation energies of two steps , evaluated
by cox:nparing equations 7.4 and 7.5 with the Arrhenius equation were .

8.8 K cals/mole and 1.4 K cals’mole.
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VIII. APPENDIX
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(A) EXPERIMENTAL DATA

Table B8-A-1 shows the effect of catalyst composition on
conversion, selec‘g‘%_\rjty and yield. The different conditions used for these
runs were | ' )

" Methanol feed’rate =21.0x 10" ° moles/sec.
W/F Ratio = 32.0
%of Methanol in feed= 8%
T‘emper.a.tu.re = 440°C

/ Tables 8- A-2to B-A- 16 show the effect of warious process
variables on conversion , select1v1ty and yield. Methanol flowrate in all
-6
runs was 21,.0x 10 moles/sec, . Catalyst used for these runs contained

 45% Tungsten trioxide and 55% Molybdenum trioxide.
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' /
* - n
/- _ (B) .SAMPLE CALGULATIONS °: T .
N ‘ - —— ™ =
™ R;.m No. 57 - " . . ’ . ,
' ' Temperafure - 433° C* | R T -
| R/ - 6% : SR
Gas Analysis - ' - 7o ' - . ’ "‘ ' - .
.,
/N_Y.= O
(GO /N,Jy= 0.0137 ( 4
> = rv ‘_-?; » l- " ! r
(CO,/ N ),=0.0273 . - o
/ = 0. : Y . 8 oL
(Q /N, )= 0 3110‘ Co Q SRR v

Mole Ratios 7 I -
| § /N.) = 0.225%4CO/
(CO,/N,) = 0.225%{CO/N )
= 0.0031

. '_. : |
- . (CO, / IT,) = 0.1591 x(CO, /N

h . .

.2?}1
' 1= 0.0043 .

% |

¢ / S . .
(0, / N,) =0 715-7.x(02/N2)h

N

« = 03 2221
As Nitrogen remains unreacted . - . L
. . ' ' . o - } ' \ ‘

.moles of N, infeed moles«of N._ in product . TN

< moles of N,_in feed
» 2 _

. N
259.2% 10 moles/sec. .

FC~G;= moles of CO in_.pro“duct.‘ ' ' '

it 259. 2vx 10 8% 0.0031 - \

1N

.0. 7966 x 10‘16 moles / sec. : ‘ \-:.\_' o
moles of CO, in pyoduct ' o \

.50,

259.2 x 10 °x 0. 0043
1.1239 x 10 ?I6moles/ S€cC. ¥

FO = _moles of oxygen unreacted

R 2_ 559.2 x10 % 0.2221
= 57.2130 x 10 6 mdles 7 s A

-



Material Balance -
/

M
o

moles of methanol in feed

From stoichiometric relationship -

T

in 8-B-3

Pt Foot Foo b F
F o+t 20 Feot Fcoz)

F +W + F,

. m f

. RN e '
- _ ' _/1 .
Liquid Analysis - .° ] . w
v Peak height ratios - }
, LF/W)h'“, =1.2793 .
. m‘
, (M/W), = 0.0766 :
. LN ’
Mole ratios .- :
. A )
. .
s ) . (F/W)m = 0.632x (F/W)h = 0.8085
y o o (M/W)m, = 0.8-53x(M/W)h = 0.0653
't; T"is\tdta.l no. of-moles oflli'cﬁﬁd product ,,'
3
“ . ®/T) /= (F/W)_x (W/T
o . T M/ T) = (M/W)__ x (W/T) N
' T = F + F_'+ W
o -f m
o1 - {W/TY = (F/T) + (M/T)
(w/T)- = - =
/ 1 + (F/w_}m+ M/ W),
N (F/T) = 0.4315 :
(M/T) = 0.0349

CO

(8-B-1)

_(8:B-2)

(8-B-3)

/ Placing valu:a\s of Fm and W from relations 8-B-1 and 8-B-2in



.T ] =M°+' 'Ff +'FCO+ FCOZ.
/ =
(F/T) f‘f/ ( MO+ZE£ + Foot FCO;
F, = | o
£ (F/T) x (My + Fo + Feo¥ Feo) _
. . St 2
Rearranging - .
. . _wmxtMet Feo * Feo) "
. f ‘ _ (1-(F/T)) ' . )
. - 17.3960 x 10 "° moles /mec. '
T .' = 40,3170 = 10 -6_ moles /sec. |
n’,= * )
F (M/T)x T )
. = 1.4054x 10 -6 md;%l\ﬂ/
" Carbon balance check - . . '
e
In fekd = 210x1Q _moles /sec.

1

(1.4054 +17. 3960 +1.2390 +0.7967} xm'6 T
20.8371 x 10°%  moles/sec.

In products

Error in material balance = 0. 1629 moles/sec. .

= 0,8%
1.4054 x 10 -6

r Conversion = 1 - 55 8371 = 10 - \
= 93.2 % /Q -
Selectivity = Ff /‘( Ff + FCO+ ‘ FCOZ} -
2~ J ‘ ‘= 90.05% .
Yield =  .Selectivity x Conversion

= 83.95%

-»

Material balance check based on Oxygen -



- 86 -

. Feedin . Product

» Componeht -6 -6
' . moles/sec. x 10 * moles/sec. x 10
. . o
.. . ‘ 4 ‘ - - N
CH ,OH 10. 50 0.7027
HCHO  ~ \Q . s . - 8.6980
H,O : 0 10. 6180
2 . N
‘ 8. .
o, o 6890 57.213
co | ~ .0 . 0.3983,
co, : o . 1.1239
Total ] 79. 40 . 78.7544
- - .

Ay

Errors in material balance of carbon were -between =6. 8%

(Rﬁn no, L1}.9) ‘to +4. 0% (I{un no. 64) . )

~
t
"

[ -
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{(C)  CALIBRATION OF EQUIPMENTS

1. Calibration of Rotameters » .
. LA .
Pressure at outlet of rotameters was kept constant for
¥ ' -

»

-all runs. Calibration curve for air is given in figure 8-C-1.

2.4222 gms/Hr.
21.0"% 10 \moles/sec.

0 P56 n;xoles/hr. .

~

il. Calibration of Syringe pump -
. Mass flow rate of Methanol 3

n -

Molal flow rate of Methan

1l

A
)

"I, Calibration of Gas chromatogfaph and Gas partioner -
. ration curve for Gas chromatograph is given in figure

-~ _ Conditiona used in chromatograph were -

Carrier gas flow rate = 146.8 cc/min.

e _
: ' Sensitivity = 32.0 .
' = 150 mA ‘ ‘

Filament current

& Temperatures
: Column = 100°C

Petector = 115°C

\ Collector = 100°C

- Injector = 200°C

Calibration curve for Gas partioner is given in figure

8-C-3. Conditions used were -

Flow rate of Carrier gas = 89.2 cc/min.

:\:;\ Thermai stablizer set point = 45°C
s :{ o Fi‘lamemf current = 5 mA
\\ T _semsitivity = 10% and 50%
el



FLOWRATE, mi./min.

. -88-

O STAINLESS EL \

‘O KON

200

100 —

'_SCALE | READIN‘GP

_ Figure 8-7.-1 Calibration curve of Rotameter at T =22'C
" .and P = 98 cm of Hg
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MOLE RATIO

9:0
|

OLLVY ’ LHOI3H

7 PO
|

Mv3ad

0%H / OHOH

- OPH /HOFHD

\Y

O

- 20

olLVd 30W

'
&
0

1
©
o




-‘91 -

-

¢

. {8 DEVIATION BETWEEN EXPERIMENTAL AND CALCULATED

- W/F RATIOS N
. -
In the table 8-D-1 value:s of W/F obtained from
experimental data are compared withthose calculated from final rate C
' expression.
Deviation = (W/F) calculated (W/F) experimental
(W7F) experimentﬁl
Valu'_;s of_ de‘:iation in general were well within + 5%
/\axée?t for few runs where conversion was above 90%. | ‘
| - Table 8-D-1 -
' (\w'/F)ex_p. R ét\h;/s%‘l Ca l?evia.tion at(z/ﬂ]i‘)c?al Deviation
'13.0 0.08 13.29 2.22% 12.82 -1.38%
' 26.4  0.08 26. 21 -o.\v_z/% . 26.51 0.40%
33.4 ‘ 0.08 34.30 2.69% \ 34.12 2.17%
42,0 . 0.08 40, 22 -4.23% - 42.41 0.98%
13.0 0.10 12;45 -4.23% 12.69 -2.41%
126.4 0.10 25.13 -4.80% 25.13 -4.70%
TN 33.4 0.10 31,91 -4.46% 34.41 3.03%
A
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(E) EXTERNAL AND INTERNAL DIFFUSION

4

(A) External Diffusion -

I .Calculation of pressure'drop -
Pressure drop calculations are based on Run no. 37.

o

wW/F= 33.4 Tempe’-&ture =463°C
B ¥ -
Methanol in feed = 8%
Shape factor = +0.9 for ifreguler granules
G h ‘ - Ld
m = Molal mass velocity of feed based on catalyst bed

= (241.5+ 21.0) x 10"% & 3600
(w/4) x {2.54 x 0. 390)'4
= 1.226 moles/Hr cmgﬁ

) -
a = Surfate area of catalyst

m 5 .

= 13100 cm. /gm.
v ‘
(Fj ){ = Flow rate of componeht j in the feed
n
(F. )out = Flow rate of component j in the product
! &
- y. = mole fraction of component j at the interface ‘
3
= (YJ L F0Y oy N
2 v
. %
T . = Molal reaction rate of component j per unit mass of

hidd catalyst /—/J

R = Dimensionless factor = rmj/a m.¢ .G m

TE}

r /1,444 x 10% »
mj

The valueg of (ap./ p;) were calculated by use of

figure -2 of Yoshida etal 71 BD . These values are listed in table 8-E-1.

]
-
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*II . Calculation of temp. drop -

& - ' Table 8-E-2 .

/ ' Calculation of Average specific heat of gas

1

—

‘Component Y, (Cp)j . cp)j' Y. . Heat o:f formatipn
( ' Cals, . . ", Kcals.
_— o ’ gm. mole °C / gzn\_\mole
‘\ . -
OZ . 0.1087 7.80 1. 3159 v
N, . 0.7176 . 7.26 7 . 5.2098 .0
CHBOH - 0.0456 16,85 0.7684 . -48.0
HCHO 0.0288 11.60 % 0.3341 . -28.29
. : .
. H,O0 0.0362 8.78 ) 0.3178 - -57.80
co 0.0020 . 7.56 0.0151" lflj -26.41 ‘
co, 0.0008 '12.32 * 0.0098  -94.05
r P
‘g 1}
C = ' & C. .y, = 7.9709
pa . - 3%1 pj "7 o
K AH = Heat of reaction for formaldehyde
‘ = -(57.80+28. 24) +48.08. = -38.01
. ?
) AHZ =  Heat of reaction for fomaldehyde conversion to CO
~ = -(26.41+57. 80) +28. 29 =-565.92 *
AH3 *= Heat of reaction for £ormaldehyde caonversionto COz
= -(94.05 +57. 80) +28.29 = -123.56

FQr one mole of formaldehyde produced 0.058%6 moles are

further converted to CO and0.0278 moles are further conyverted to CO.Z

L
LY
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4

Molal heat of reaction for one mole of formaldéhyde broduced-
AH = AH, +0.5896 x AH $0.0278 x AH, ‘ l

2 3 _
"= -44.74 K cals./mole = -44740 cals. /mole -«
Q = 1y (-AH)
-
am. . Cp.' Gm ’
r . = 0.02415 ,
¢ mf
4

% = o.02415x44740 .= 0.00936

13100 x 0.9 x 7.9709 x 1. 226

Maximum pressure drop obtained from figure 4 by Yoshida et 351(5'1)
is. 0.05°C A ’

A

B . Internal Diffusion - v ' . .o

. . Effect of catalyst particle diameter and of changing feed VeIOCity..
is shown in table 8-E-3. . ' . .

Table 8-E-3

)
: W/F = 33.4, Temp. = 454°C, R=10%
. p:) :
Particje | N Methanol feed Conversion Selectivity
size rate . X% . - 5%
-~ . “moles/sec.
60/80 mesh 2iox107® 88. 34 " 89.94 )
.. ~ .
40/60 mesh ‘ 21.0x107° 89.74
60/80 mesh . 10.5x 1070 89.85
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(F) RATE CONSTANTS FOR VARIOUS M}CHANIS
: \ g o .

- ‘ \ B . . 3 . .
o , _Thé rate constants for other two [geredo:c mechanisms -
are listed in tables 8-F-1 to t;TF'-c;. - . '
l e '\ T
. . ” /’ "
T able 8-F-1 ‘ SN
' Rate constants ‘for = 1.0, n= 1.0 .
Cl - ] v 3 L “ - - - '
Temp. T - R \ Kl‘x_103. e K, x 1o%
°C % " ‘ moles moles -
' gm. -mmHg-Hr. gm..mm Hg-Hr.
\._/"""' ’ d i ) ' i =
350 .6 | 0.5822 © 0.4260
N N 8 : 0.7679 0.22637
10 - 0.3921 -7 0.4387 -
) » , : '
380 6 \ ‘ 0.7720 - . 0.5329
8 ‘ 0.7462 - 0.4285 -~ -/
10 h <. 0.5254 0. 6505 ‘
. . -\ " K ‘b.lw
410 6 1.0772 . , _ 0.5013
\ 1.1119 N . 4096
.10 . 0.8819 ). 4947
430 6 . 1.5597 N 0.3853, -
' 8 : 1.5726 ' .- 0.3635
10 1.3102 - 0.4090
- ' . I ) ”
450 6. 1. 3454 0.5457
8 ' 1.5299 : 0.4179
10 1.3807 , 0.4474
470 6 . 1.6591 0.4854
: : 1.6872 o~ 0.4251 °
10 1. 6835 . .0.4313
o+ + ) +




’ »
7 Table 8-F-2 DT ! Lt
o Rate constants for m= 0.5, n= 0 ' R
/
o . ) Y ,.-2 - z
Tmp. R - K. x10 K,  x 10
» / e v ‘ 1 | . .
. 'C ) . moles moles
) s ' ‘gm. -mm Hg-Hr. gm.-mm He Hr.
350 b -1.3170 © 0.1585
‘ 8 S . 10.9248 0.2453
10 0.1320
3807 ' ™ 6 0.2043
8 0.2193
10 O.L1636
410 6 0.2691
'8 0.2852
‘10 0.2397
430 . C 6 -8.9431 ' \\mfo.svzs
8 . '-12.3419 . 0.3624
10 . -6.3518 0.3155-
- : 3 N | ,
450, 6 : -2.7707 0.3107
- ™ 8 . -7.7223 0.3643
. ~10 -7.2582 | 0.3438
« . (\ , > |
470 - 6 s -3.7697 ~ T 0.3582
‘o 8 -8.0730 0.3835
o 10 / © T -12.3046 ) , 0.3896
1\' L
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. Table 8-F-3
_ 4
Rate constants for mzl.0, n=0

—_ 2

|
Temp. R ) - K x'lOZ K, xlor
°C T % . A moles . _moles
‘ gm. -mm Hg-Hr. gm. -mm I-Ig‘-Hr

350 6 \ 3. 2836 0.5438

g8 T 1.3997 0.7690

10 - ' ©3.4797 0.3540
380 6 ' 03,2793 - 0.7810
_ 2.5368 : 0.7658

10 4.8610 0.4912

. , .

410 ) 6 2.7054 . L.a817

8~ 2.4891 o 1.1318 ‘

10 3.1611 : 0.8462 .

430 6 o 2.0172 . 1.9130

.8 2.1418 . 1.6591

10 - A 2.4172 1.3267
450 6 3.4597 1, 4440

8 2.6851 ©1.4643

10 2.7711 ~1.3316.
470 6 3.1450 1. 6300

- 8 . .2.6956 1. 6366
10 2.6569 1.6228
7
\ -



Table B-F-W.

r

Rate constants for m=0.5, n= 0.5

\
' 5
' , 2 3
Temp. R K1x10 szlo
°C % moles ) moles
gm. -mm Hg-Hr . ‘gm. -mm Hg-Hr.
- \ .
<
350 "6 0.1620 -0.5554
8 0.2424 5.1613
- 10 0.1355 -0, 6185
V\
' \
380 6 0.2023 -076%69
- 2 0.2161 -1.0475
=Y 10 0.1664 -0. 6316
. 410 6 0.2603 -0.9138
8 0.2865 -1.7471
10 . , 0.2442 -1.2175
1) T :
430 6 0.3498 -2.2642
8 . 0.3638 -5, 2000
10 0.3212 -3.4606
450 6 0.3125 -1.1214
8 Fﬁ\_/’t) 0.3739 ~3.7887 .°
10- 0.3526 -3.5211
470 6 : 0.3646 [ -&.6168'
' 8 : . 0.3941, ) > B_4.0063
10 0.4007 " " ﬁ . -6.8753 .

N ok
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Computer -Progra’i’n for Least Square Fit'
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X. NOMENCLATURE

,Gaseous phase

Free energy change

Rate constant for step 1 of reaction
Rate constant for step 2 of reaction
Rate constant for methanol oxidation : —
Reaction order with respect to methanol

Reaction order with respect‘to oxygen

Partial pressure of methanol in feed

Partial pressure of oxygen in feed

Partial pressure of methanol at any time t

Partial pressure of oxygen at any time t : M ‘
Overall rate of reaction l
Rate of reaction for step 1
Rate of reaction for step 2
Mole % methanol in feed
Selectivity

Oxidized site, active site of lattice or adsorbed oxygen on catalyst
Reduced site of lattice oxygen or the empty site on the ‘catalyst
Temperature _

Ratio of weight of catalyst in gms. to methanol feed rate in mol. /h1
Convers.i.on .
Yield of formaldehyde

Ratio of moles of Oxygen to moles of Nitrogen in gaseous products
Ratf.o of moles of CQ‘Z to moles of NZ in gaseous products

Molar ratio of Carbon monoxide and Nitrogen in gaseous products’

Moles of Oxygen left unreacted per unit time
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FCOZ - Moles of Carbon dioxide produced per @nit time o v
. FCCS . Moles of Carbon monoxide produced per unit time
VW/T Mole% of water in liquid products )

F/T Mole% of formaldehyde in liquid products

M/T Mole% of methanol in liquid products

T Total moles of liquid products condensed per unit tir;le

Ff A - Moles of formaldehyde produced per unit.time

Fm Mpoles of methanol producec;\}:)e-r t time *

_,\Qreek Symbols
. v
Fraction of catalyst surface covered by adsorbed Oxygen

o

- eC \/ Moles of OxyBen required to convert one mole of methanol

o

All terms used in thecalculation of external pressure

and temperature drop in section 8-FE have been explained on page 33-35,

-
‘\p -
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