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ABSTRACT o . :

. : .

In this study the structural and compositional
changes;that Fe-Mo oxide catalysts undergo during treat- .
ment in air at‘eievated temperatures (up to 900K) were
invéstigated. ,Comme;cial and laboratory prébared !
catalysts were examined. The ch;hges in catalystl ‘ J
properties were detefmiﬁed by low.temperature nitrdgén
adsorption, scénn?ng electron micfoscop;, X;ray dif-
fraction, X-ray fluorescence and thermog#ayimetric
onalysis._ The activities of the éatalysts for the

»oxidation of methanol in air to formaldehyde were

measured using an<iPtegral bed reactor.

The results showed that treatment at elevated
temperatures resulted 'in the grywth and segregation of

Fez(MoO and MoO. crystals resulting in a loss of

43 3 _
-~ specificesurface area and changes in specific activity.
The changes‘in specific activity can be explained in \/

v

. ¢ R
terms of molybdenum depletion from a molybdepum-rich iron

holybdate phase.
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. N /S
ture of normal 1ron molybdate, Fe (Moo4)3, and molybdenum ‘

e

I - INTRODUCTION

o v . .
v N ‘ ’ l

Iron molybdenum oxlde, which con31sts\of a mlx—r

oxlde, Mooé,

the productlon of formaldehyde from methanol. In- the

1ndustr1al process that uses this catalystf -the .con-

‘version of methanol in wone 31ngle pass through a fixed

bed reactor is >98% and the select1v1ty to ﬁormaldehyde

is about 90 - 95%. ‘_' ;' B f S - °-';

y
- )

A 31gn1f1cant amount of work on Fe-Mo ox1de

catalysts can be found in the llteratuﬂe Most of thlS

(actlve compénent of the catalyst and also w1th the

medhanlsm of the reactlon of ox1datlon of methanol to

formaldehyde. One of the aspects which has been 1gnored

1n most studles is the deact;vatlon of thls type of
catalyst with use. ' S ;

3

Experience with indastrial reactors has shown

that after an 1n1t1al perlod of constant, or ‘even

i

1ncrea§(j; act1v1ty, the act1v1ty of the catalyst ‘starts

-"6

is one of the most w1dely used catalysts in

deals with the determlnatlon of the structure(s) and the'

9

.
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As the catalyst act1v1ty begins- to decllke the reactor

P -

to decline. Since thisfindustrial process does not have

)

- facilities to recover unreacted methanol, the methanol

. ° .
conversion per pass has to be maintained at greater than‘

~

98% at all Eﬁmes As the activity ¢f the catalyst st rts

to decllne the requ1red methanol conversion is malnt

by increasing the reactor temperature. For efampl in

the 1n1t1a1 perlod bf productlon, when the catalyst is

’

actlve, a typlcal value of 1n1t1al temperature is 500K..

”

Wtemperature is increased in 5 to lOK intervals to an

-approximate flnal value of 560K. When this temperature

¢

“is reached, thée actlv}ty and-selectivity of the catalyst

‘ o . .
has declinedlto such a degree tgatlit_is no longer

¢ acgeptable and the catalyst is removed and-a fresh charge

5

»

- of catalyst is intﬁgduced ' It is 1mportant to point out

that the t§p1cal values of temperatures glven are reactor

? 4

wall temperaturesv the temperature of the catalyst bed

due to the exothermlc nature of the reactlon may be'ljg

0o

‘-much as 75K hlgher at the hot spot Ln the reactor. The

b} L

but it 1s typlcally between 6 and 12 months.

e o ) '
In order to obtain Ssome knowledge of this
phenomenon of deactlvatlon, the present study was under-

taken,_ to determlne changes in the propertles of ?f-Mo

-

ned"

s

life of the,catalyst depends on the operatlng condltlons,'



~oxide catalysts durlng varieus~treatments at elevated '
temperatures. l;e trdatﬁents used were intended to
simulate\gpe‘catalystfat various stages of deactiyatioﬁ.
Tﬁe catalygie, after treatment, gwere examihed by various
instrumental tecﬁniques such"askécanning_Eleciron
Microsc0py,-X-Ray~Diffraetion, X~-Ray Fluorescence, BET -
t‘AdsorptiOn andwThermogravimetric Analysis. The st ivity-
of the treated catalysts for the conversion of methanol
to formaldehyde was determlneck using an 1ntegral bed

i

reactor.-
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II - LITERATURE SURVEY .

’

II.1 FormaldeHyde Production Processes

-~

Formaldehyde-ls widely used in the manufacture

) c T

of many products but the main use today is in the pro-
duction of resins and glues such as phenolic re31ns,
urea- formaldehyde resins, melamlne resins, polyacetal

resins and acrylic esters [1].

[}

Over 90% of the formaldehydepis currently.

'produced from methanol and only a small fracfion is

8till being prepared by direct ox1dat10n of hydro-

carbons.

~

Production from methanol is carried out by
two cafalytlc processes. " The cla551c procedure uses a
51lver catalyst and employs a rich methanol -air mlxture,
whereas the second method makes use of an iron-»

molybdenum oxide catalyst and a lean‘methanol-air

'mixturei The two processes are competitive and the'

selection depends upon many'things_3uch as_product-end

‘use, size of plant and type of operation [2].

‘
~



_ can occur.

. &

Over the siﬁver‘catalyst the reaction occurs

in tWo steps - dehydrogenation of methanol and oxida-

tion of hydrogen, i.g. v i
CH ,OH 29 . cno+m, (1)
Hy, + %0, — H0 : S (2)

2 2

If an iron-molybdenum oxide catalyst is used,

the reaction pfdéeeds by a one-step oxidation.process,

&

i.e.

Fe-Mo oxide

QH + % 02. _ - CH20 + H20 ‘(3)

_ CH3

In both proéesses side reactions, which include

: ' ¢
destruction or direct combustion of the reacting methano

'br-degfadatioﬁ or COmbustion of the formaldehyde produ d,

' /

/

The diffe£énce in the opéréting conditions fot
the two prqceéses_are pronounced. Since-methaholﬂand:aif
ESfp.explosivé.mixturesrat concentrafions rénging bethen
8 to 37 volume $ methandl.at~atmpsphérig pressure tﬁe two—

processes must operate 6utside these limits.

The dehydrogenation of methanol over a §ilver



b RS,

._,‘_’i:

Catalyst‘_equires an excess of methanol versus air and
therefore_the process opetates with methanol/air mixture
above t’g’up er fr=—-=ility limit. Air is only added

\ ’u.,

to supply the

nergy, by oxidation of the hydrogen,‘

necessary to marntaln the operating temperature at the

‘desired 600-7.00°C. level. The ¢aseous products contain

‘about 20 volume 3 hydrogen due to the lack of oxygen.

The hlgh operating temperatures result in side reactlons.

In order to’ mlnlmlze the by—product formatlon very short
Ao
residence times are used and the product stream is
immediately quenched at the exit of the reactor. The
. " ) ’ ' \\"x

short residence time employed results in incompleEe\

\\
\\ ]
~

»methanol conversion (60 ~ 80%) and consequently distil- —

latlon equlpment is needed to recover the unreacted
methanol for recycllng. : o o | \ _
On .the other hand, the ox1datlon process using \
a mlxture of 1ron~molybdenum oxide catalyst operates at |
temperatures between 250 and 400 C. Slnce thls type of

catalyst becomes inert in presence of an excess of

methanol and requlre a rei\tavely hlgh oxygen partlal

pressure to malntaln its act1v1ty,‘1t must operate with

| an excess of a1r and therefore below the lower limlt of

flammability.  Due to the excess ofvalr and lower

temperature the Seléctiyity is Very high. 'The catalysts p

v



that are now used are based dn Fe203 - MoO3 mixtures
‘with an excess of MoO3 over the st01chiometric amount
corresponding to-the normal ferric molybdate Fez(MoO4)3.
In the industrial process that uses this catalyst an
overall conversidh of methahol greater thaﬁ 97% and a
selectivity to formaldehyde better than 94% have been

‘reported [3]. f ' | , B “

II.2 Iron-molybdenum Oxide Catalysts

Adklns and Peterson [4] first prepared thls,
catalyst in. 1931. They p01nted sut the high act1v1ty
and select1v1ty of thls catalyst at relatlvely low c
reaction temperature for the oxldatlon of methanol to

formaldehyde. The authors concluded that theAmost
satlsfactory catalyst was found to be an equlmolar
mlxture of iron oxide and molybdenum ox1de, with thls
catalyst they obtained a max1mum conver81on to ‘ ’
formaldehyde of-about 91% when feeding 10 g of methanol
in 93»1 of air at 373°C This experimentalzwork served'
as the basis for a con51derable number of patents [5 8]

devoted malnly to the 1mprovement in the method of

‘ preparatlon of the catalyst.

& : : A :
The catalysts employed are in general obtalned

by coprec1p1tathon of iron and molybdenum salts and they

. )%+_f



haye_a molar ratio of MoO3 to Fe203'varying from 3.6 to

ll_ol- " ) . ’ ' N [

L4

(i) -Phase Composition and Nature of the Active Component;
e EEE

In one of the first investigations made by

Boreskov and coworkers [9, 10] a study of the chemlcal

/a'

comp051t10n, its effect upon the activity and select1v1ty Tl

in the ox1datlon of methanol to formaldehyde and the

nature of” the catalytlcally actlve component was carrled , o

out. They prepared various catalysts w1th dlfferent Mo"

" to Fe ratlos., Thelr experlmental data show that phe

”max1mum of specific catalytlc act1v1ty is obtalned for'

an atomic Mo/Fe ratlo of 1.7 (or 63 atom % of Mo), for;‘*'n

"Mo/Fe < 1 7 the catalytlc act1v1ty is rapldly reduced,
to very low values whlle for Mo/Fe > 1.7 the catalytlc
activity: decreases slower and llnearly to the'value of“

Y

pure MoO3 "The catalyst w1th Mo/Fe = 1 7 has a spec1f1c
oxides from which it has formed. They alSO found that
for pure Fezo3 and . in mlxed catalyst th Mo/Fe ; 1 the
select1v1ty for the formatlon of formaldehyde was very e

low. On the other hand pure MoO3 had a hlgh select1v1tyv

) but a very low act1v1ty Therefore;they cpncluded;thatph-”

the catalytlc properties of the miXedacatalystsbare notf!h

LY

R
dctivity which is 40 ~ 70 times greater than that of the._”-



_'llnear functlons of. the propertles of the OMLdkkw
components and suggested that a reactlon takeﬁ place‘
~between Lhe orlglnal components formlng a chémical
.compound w1th Mo/Fe = .1.5 to l 7 In order to identify
"the actlve component they examlned the catalysts by X~ ray
',_diffractlon, electron paramagnetlc resonance, 1nfrared
spectroscopy and, thermography ' Theoresultsmshgwedrthe
-1follow1ng ‘ r - |
1) In the catalySts with‘Mo/Fe 1. 5, after

'calclnatlon at 400 C, only one phase is present, normal’
lvhlron molybdate [Fe (MoD )3]'wh1ch 1s formed«ln the case
;of prec1p1tat10n as an amorphous phase, and crystalllzes

.lupOn heat;ng to 350 C. Wlth 1ncrea51ng content ‘both of

.h_lron and of molybdenum in the catalysts, the crystal—

4

Tllzat;on_of Fe (MoOu)B'occurs at hlgher temperatures.,

‘ g 2); Wlth broad varlatlons 1n comp051t10n of the
'-fcrystalllzed catalysts, only two phases are preéent,
(MoO4) 3
for Mo/Fe < l 5

!and MoO4 for Mo/Fe > 1. 5,,and Fez(MoO )5

2 3
B .';3) On the baSlS of these 1nvest gatlons, 1t

.was concluded that the act1v1ty of 1ron~molybdenum oxide

‘catalysts as due to the form&tlon of normal ferrlc

rkmolybdate.whlch,ls the actlve-component. The fact that

-



.».l 0

/
/

. f
commercial catalysts, in order to have high activity,

need an excess of molybdenum over the stoichiometric
amount correspondlng to Fe (MoO4)3 does not qu1te agree

with the conclusion of these investigators..

Pernicone et al. [11] showed that pure Moo,
and pure Fe2(Moo4)3 have much lower activity than a

MoO, - Fe (MoO4)3 catalyst mixture with a'molar ratio of

3
9:1. They explained thelr experlmental results by
assuming that both MoO3 and Fe (IIoO4)3 are catalysts for
the reaction of oxidation of methanol but that Fe (MoO )
is actually the most dctive component and that it may .

have a promotlng efféct on the MoO3. Another important
~aspect that they con51der is the surface ac1d1ty of the
catalyst. Pure MoO3 showed hlgher ac1d1ty than mlxed
catalysts, but the latter showed a higher catalytic
activity than the'forgfr; in fact, acid catalyst such as

: A1203 and SiO2 are inactive for this.reaction.. Therefore,
surface ac1d1ty 1s not the only factor that 1nflu nces

- catalytic activity and redox propertles play an i portant
factor. One p0551ble explanatlon tgat they gave is that.
these ac1d sites due to- pure MoO3 are the actlve Sites for
methanol adsorptlon and the role of,Fe (MoO4)3 1s to

-‘produce an adequate reduc1b111ty of the catalyst in order

to increase the product desorptlon rate that seems to be -



11

‘the rate controlling step. 1In oonclusion; Fez(MoO4)3 to
be an active catalyst must be Fe deficient, j.e. have a
Mo excess with respect to the,stoiohiometric‘amount. To
verify the validity of this ‘hypothesis, Fagheraézi and -
Pernicone [12] carried out an X-ray structural study on -
MoO, - FeZ(MoO4)3 and'pureAFez(MoO4)j’catalysts and they
found a larger unit cell for the Fez(MoO4)3 in the Mo
rich catalyst. They concluded that 'the active phase is
an iron molybdate containing Mo in excess of the
stoichiometric amount (referred to as Fe-def1c1ent)
They also p01nted out that heatlng the amorphous hydrous
iron molybdate at 380 C results in the segregation of !
lMoO3 and crystallization of botthoC_)3 andpFe-de&ective
iron molybdate. ?herefore the Fe-defective iron
'molybdate, Which is presént in-the catalysts.with Mo/FeP
>1.5, was postulated tc be the ‘active phase. They also
mention that: complete segregatlon of MoQ; to give pure

Fe (MoO4)3 should occur by heating at hlgher temperatures

whlch should lead to reduced act1v1ty.

H

Peirs and Leroy [13] found the highest catalytlc
activity for a catalyst with a Mo/Fe = 3 actlvated at -
330° C; they also detected the two characteristicﬁphases"

of MoO, and ferric molybdate. ¢
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(ii) Mechanism of‘the\CataLytic Oxidation

’

i

The mechanism of methanol oxidation over Fe

-and Mo ox1de catalysts has been studled in detall by

varlous 1nvestlgators. For example Jiru et al. [14]
postglated the following two-stage oxidationfreductionb
mechanism similar tq that observed by Mars and Vvan

* ; L . . s :
Krevelen [15] for.the.oxidatlon of aromatic hydrocarbons

on V O 1n which thelattlceoxygen of the catalyst.

12

275"
part1c1patcs in the reaction, i.e.
. » l o ‘ . \
) . kl e . ‘ ) ‘
CH3OH(g) + CatOx n>‘CH20(g) + HZO(g)-+ Catred (4)
r . ' kz e T . '
0y(g) + C,atred T Cat o, ' (5)

1
o

~This mechanism was verified.by orygen balance
in the rate of interaction between methandl‘ahd catalyst
without oxygen in the gaseous phase and by the rate of
interaction Bétween oxygen and partially—reduced.catalyst
without methanol 1n the gaseous phase + The two steps

could be repeated w1thout lowerlng the act1v1ty of the.

]

‘ catalyst. Other results obtalned by these workers, w1th
’regard to phy51cal changes of the catalyst durlng

- reduction-oxidation, which support the redox mechanism.
are: ohe,vduring the cxidatipp~reaction_the catalyst

-changes 'its yellowish colour into greyish Elue; and two,



4

13

the electrical re51stance decreases during the ox;datlon
’?‘/
of methanol while after re-oxldatlon, it increases to

_almost its initial value.

v

The oxidation of methanol and formaidehyde was
carried out by the same research group [16, 17] on MoO3,
Fe203 and mixed catalysts.’ On pure MoO3 at 320 C, with-
out oxygen in the gas phase, the flﬂst dose of methanol
produced malnly formaldehyde and water but a further dose
of methanol produced malnly CO, CO2 and HZ; also,élth
fresh catalyst f%rmaldehyde does not react whlle w1th the
used sample formaldehyde is oxidized. On pure Fe2 3
at 220°c; without oxygenrin3the gas‘phase,‘complete
ox1dat10n of methanol and formaldehyde occurs w1th
»

formatlon of co, CO2 and H2 and these products are. the

'same with several doses of methanol.- On Moo3 - Fe203

mixed catalyst at 100 C, w1thout -oxygen in the gas phase,

formaldehyde and water were the reactlon products and the

-

‘product composition did not‘change w1th‘several doses.r

Therefore, they supposed that the mechanism of the |

selective methahoi oxidation is the sameuon mixed catalyst

'as that on Meo3 in its unreduced state,,and it is caused by

M06+ ions. An alcoholate bondlng mlght be formed which 1
decomposes under formatlon of formaldehyde and water, one
H atom from the methanol molecule belng bonded to a surface

-

!



~oxygen. If a simdlar complex is formed on Fe,0, it is

-

. tion process. A : e S R

Thus, in conclusion,-they suggest that the role of Fe

very unstanle.because of the complete oxidation observed. '

3+

)

6+

ions is to hinder the reduction of M6~ ions|and imcrease

the lability of lattice oxyden available®for the.oxida-
. » o

.
M.

A
oot

These results are 51m11ar to those
found by Pernicone and coworkers [18 20] These authors

assumed that the dassocratlve adsorptlon of methanol

occurs on two types]of centers, an anlonlc vacancy that

would have the function -of "a Lew1s acid center and an O2

ion that would'behave as a Brﬁnsted basic‘center.- The
2._

.0 forms an hydroxyl and the anLonic vacancy 1s occupled

by a methoxyl Then the surface reactlon should occur by

14

transfer/oj an H 1on from the methoxyl to a ear'oz‘ 1qn,A

with the formation of a second hydroxyl and efectron

3+,

transfer to the reducrble catlon (elther Mo /fbr Fe ).

thlS produc1ng the CH20 formatlon on the anionic vacancy.

After that, water ca? be removed from the tWO hydroxyls

and desorbed w1th CHZO and formatlon of a néw adsorptlon

center. In thelr oplnlon, the presence of I‘e3+ ions.

t ot

.1ncreases the number<xfmethanql adsorptlon centers and at

the ‘same tlme;acilltatesthe desorptlon of/products. Thls

step seéms to be the rate—controlllng since their

ey

§

\';G
A



‘ ) ’ " a .‘ \/—“
experimental results showed that neither the’adsorption
of reactahts nor the surface reactlon are .the rate-_

controlllng steps. Other authors [Ql 22] arrlved at the
_same conclus1on with respect to the adsorptlon of |

b

methanol and oxygen.

©

’

In order to have"a further evidence of the
redox mechanism and clearly deflne ‘the’ role of the two

metals 1n the catalytlc system, Trifiro et al. [23]

15

‘reduced the mixed atalyst with N2/H and N2/NH mlxtures,

. and they found that iron molybdate, Fe (MoO4)3, is the

flrst component of the system MoO - 2O3 that is
: reduced to glve_ferrous mplybdate,.FeMoO4¢n'Theye;

represented the'mechanism;as'follows:
he PRy

L9
Aoy
LR 4
T 0

~

3

Fe3*t molyhdate + CH OHi———Fe2+ molybdate + CH20 +Iﬁ20_(6) .

Fe?t molybdate + %502‘ —re3*t
. ) . - ."[-

Therefore, the conclusxon of these- lnvestl—,.
gators is that Fe3 »acts as the transfer agent of oxygen

and water between the surface and the gas phaser ”Uo.

(iii) Kinetics of .the Reaction

The opinions of various -authors abOut,tHe rate

s B ) _ . &.

moiybdate ()



-,

‘fdlffEr.' The dlfterent rate expre351ons proposed and v

"reactants,

LN ' - .
equatlon that can describe best the ox1datlon process

\

their appllcablllty w1ll be ‘discussed here.

v «

The 51mplest klnetlc equation proposed for the
A

ox1datlon of methanol is the one co;respondlng to a flrst o

order reaction with respect to CH3OH and of zZero order'

’w1th respect to 02‘ i.e. : _ " "-‘ . '~

|"\
[~ 4

~r';.k:PCH OH®

_ 3 '
vt . Q K
'where .
r - rate of reac: oi, [mole/ (g-sec)].
k ’ =~Vrate'constant, [mole/(gwsec-Torr)]Z
P - partial pressure of methanol, [Torr].
CH,OH . _ of 1 |

The experlmental data obtalned by varlous 1nvest1gators

[9, 13, 29] were well fitted by this expressxon.°

»

:. 'Ho&ever,%according to -the two steps oxidation-
reductron mechanism mentioned before (Equatlons 4 and 5),
Jiru et al. C[147] proposed the following rate expression

for the ox1dat10n of methanol at low partlal pressure of

©



e . ; ‘17
) ?
AV - ‘- .' . "
_ m
‘ k) Pen,on e :
V.,', - r = ] . m d n . ‘ . . (9) .
e LA alky Pag /K, P )
v
where &
r T ~ ~rate of,oiidation of methanol,
[mole/(g sec)]. (
Pcy oanO - partlal pressu&e of meth?nol and oxygen,
37 Y2 , o . -
[Torr]. : ‘ :
kl " - = rate’ constant of ox1datlon of methanol by
‘ L
‘oxygen from catalyst vas o
7 [mole/?g—Sec-Torr)]
s
k2 T rate constant of ox1dat10n of catalyst
/Catr g by oxygen, [mole/(g sec-Torr)]
a,M,n - ~ constants; ca1culat10n frpm experlmental

e}

’ ‘ " data gave m = n = 1, ¢ = 0.5." .

. o ,

, , : ‘ 8
! _ ;

' ' ‘p

-~ . FEO -

;. .

The experlments were carrled out in an 1ntegral reactor

)

at atmospherlc pressure and 270 c u51ng a catalyst con--

talnlng 17. 5 wt % of Fe203 and 82.5 wt % of Mo(_)3
(Ma/Fe = 2.6).  ° e .

In a subsequent work [24] from kinetic data

obtalned by means of a recycle reae@or they recommended
) ’

Q : -



the value m = n = 0.5.
Y.

"~ The' same kinetic equation has been used-by—
other authors [25]. Pomerantsev and Mukhlenov [26]'
con51dered also the 1nfluence of the formaldehyde

» formed in the reaction according to the follow1ng

equation:
’ -
0.5 - ' )
. k Pcuon | S

r = — . G * (10)
, . ' 0.5 ] T . '

[1+ (0.5 pcnzo/pcrrz”on-po2 X .

However, the data obtained by Pernicone et.al.

—
v

[18] using a flow and pulse reactor method did not verify

- ——

"these types of equation esoec1ally when high partial

pressures of reactants were used. They p01nted out that

the ox1dation reduction mechanism proposed glves only an

approx1mate descriptlon of a more complex phenomenon,

(although the basic idea that the lattice 0xygen'A

participates in. the reaction'was not exclnded.

" Bibin’ and Popov [27] made ‘a detailed study of
the reaction in the kinetic reglon ‘by a- c1rculat1ng flow
method and they fouhd that water formed in the reaction

has an inhibiting effect and ‘must be included in the

By

18
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&
reaction rate-expreSsiong They fitted their egéerimental

results byrthe equation,

k., C R
1+ a, CM + a, CHZO : —
where
r - rate of reaction,[u mdie/(mz-sec)]
’CM ,CH o - concentration of methanol and water,[mole/mo],
27 :

‘kl,al,az - reactlon constants.

The temperatures Of the reaction were in the range of

225 - 308 S¢ and catalysts with a Mo/Fe = 1.7 - 1.8 were

¢ .

- used

The effect of water was also. con51dered by
' Ef¥menenko and Gorokhovatsk11 [28] along with the effect

of oxygen~'the1r experlmental data were descrlbed by the

equatlon.'

Cre .9 " a2)
1 +blC +b3C 20 | 1A+b2C02i T L

WhichAthey'also'derived~theoretically considering the



following Langmuir-Hinshelwood'type méchanism:
. - .

cHyon (@) + [ ] '*”_"‘f[CH3°HJads Cad

0, (g) “‘+‘[' 1.

[CH3OH]ads + [02]ads

i

L OJads o =0 (@ +['] - (16).
;whefe
[ ] _“~ catalyst adsorption site
. : . ) , : _
bl’bz’b3 f'are the.correspOnding adsotption constants

(iv)- Change5~in the Properties of the’ Catalyst

e, Although thlS problem has not been very well
studaed some 1nvestlgators p01nted out the nece551ty Qf
perlodlcally regeneratlng or eventually replac1ng the
‘; -catalyst due to 1oss‘>§§:ct1V1ty w1th use. For example

Hodglns and Shelton [30] noted the follow;ng changes in
'the catalyst after 36 days of operatlon- a) the color_

_changed‘from greenish-yellow to greenlshfgfey,hb) thT

3 oontent deoreased about 8%,' c) using.Xfray g

. .MoO
difffaction, the freéhiCatalyst showed no pattern but in
,thé used one the’CrystaIiine pattern‘of‘MoOS appeared.

‘

>CH20 (@) + [H,0]_ 4 +[ Jasy

20



Bince the rate of sublimation of'M003 is appreciable'at‘
7 700°CAthey‘attribute_its_loss to volatilization. Also.

they‘consider that at the same tine a redistribution

XN

21

.apparently'separates the original amonphous'MoO3 from the - .

amorphous Fe 0. 1n contact with 1t and therefore the

active centers are lost.

Peirs and Leroy [13] studied by electron probe
m1croanalys1s the morphologlcal variations. of the
‘catalyst related‘w1th4the loss of act;Vlty; They used
for the study a.catalyst with atOmic ratiovMo/Fe =3
actlvated at 330 °c for Wthh they found the maximum
_spec1f1c act1vxty For the fresh catalyst, the two '\‘
peaks in the. electsonlc 1mages obtalned at Mo/Fe = 2. 4'~
.and 3.2 cormespondea to the two phases$ ferrlc molybdate

and MoO However, the hlstrogram of the used catalyst

3°

\showed the presence of- only one peak at Mo/Fe = 1 4. The'.

authors dttribute this effect to thefd;sappearance offthe_
.Moo3'phase'and‘the:paétdaledestrﬁction of-ferric i |

_ molybdate{,.Alsolthey”hage.fouhd‘that'a hluelike-reSidue”
is formed at the base of. the- reactor where they" measured
a con51derable decrease of- temperature.{ The ana1y51§ by
x-rays and electronlc images of thls res1due showed the

presence of . the Mo and o and the absence of Fe, quanti-

tative analy51s,gave a ratlo_O/Mo of about'3 explaininé '

S



in this form that the resmdue is MoO3 generally called

molybdenum blue" Therefore this phenomenon would

explaln the dlsappearance 'of. the peak correspondlng to

v

the MoO3 phase.

A study of the varlatlons occurrlng durlng p
high temperature treatment was carried out by Trlflro
et al. [31] They concluded that there are three ranges
of temperature in.which some marked change in thevh
""" properties of~the-catalyst occurred / Over the flrst
range, 300 x 350 C, a sharp 1ncrease of electrical
conductance, the starting of CO productlon in the
-ox1datlon of methanol and the startlng of bulk reductlon
“of the catalyst in NZ-NH3 flow were noted. They attrlbuted
these effects to the hlgher rate of electronlc transfer

B
2+ T3¢

¢
between Fe and Fe that occurs in the process of the«t

ireox1datlon of the catalytlc surface. Thls reox1datlon -

can’ occur not only w1th oxygen but also from the

reductlon of the bulk" Fe3 . Theé second varlatlon took .

/

!
/
f

‘ .place at 500 C and con51sted in an almost total
reoxidation of- Fe2+ in air with ellmlnatlon of waterp
'decrease of the’isomerlzatlon-power 1n'the ox1dat1on'of<
lﬁbutene and in the formatlon of CO2 1n the oxldatlon of

"methahol. They also p01nted out that due to the more

Y

severe ox1dat10n condltlons the . redhced form of the cataf



lyst_does not have the same structure as that of the
oxidizéd form and this variation can cause the

~ decomposition of molybdate to the single oxides. The
. . : ) R 3 .
third variation occurred at 606°C and it is characterized
. ; .

: . " . § » . ,
by a definite and sharp decrease in the surface area and

by the.breakdown of catalytic activity for 1-butene

‘QxidAtion and cyclohexene epoxidation} They linked this

loss of activity to a sintering phenomena occurring at

;this-ﬁemperature.’ ‘ f ‘ o ,,-‘ \

23



"\ - - . ! N ) . b . - .
IIT - EQUIPMENT AND EXPERIMENTAL PROCEDURES
| . ' . . . o

-

III.1" Catalysts

Two different'ﬁe—Mo oxidi catalysts wére
employed in this-work; one was a cgﬁmercial catalyst
‘obtained from. the Lﬁmmﬁs Compaﬂy; Tabqul gives‘the
.physical and chemical éroperties ofAthis'catalyst as

specifigd by the manufacturér.

»

TABLE l:’\E{operties'Qf Lummus Catalyst as Specified

by'Manufacturer

S

Fe © 4.9‘_5-"\wt 2
3 . Mo . 50.0 wt..'%,'f -
Surface area o 4 "mz/g,: .
A éore volume ' 0.2 cc/g

The other catalyst was prepared in the
laboratdry by co*precipitation_of Fe-Mo bxidg from ferric -

cthfide (FeCl3;6H20) and ammonium paramdlybdaté
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4)g Mo;05,-

that descriﬁed by Allyl et al. [32]:

[ (NH 4H20] solutions by a procedure similar to

Portions of these th catalysts were heated in
flom'ng>air at various temperatures for varying periods
of time.j The samples were plaéed in a U-shaped Vycor
tube and heated in a Thermolyne muffle fdrnace.b The
temperature of'thé fﬁrnace was controlled by a Thermo
Electric 400 temperature c5ntfoLler. At the exit of the
tube, Qutsidelghe'furnace,'a_giags wobl'plug was used to
collect possible produqts of sublimation. .Thg'variou;m
treatment conditions used to thain the catalyst samples;

- are given in.Table 2. TN

For the samples pretreated at témperatures \

greater- than 670K white crystals‘werevcollected in thes
‘glass wool P;ug,.and the wall of th%)U—;ﬁbe near the
glass plug became blue. The crystals were képé for sub-
sequent analysis, | | |

Ki

) —

III.2 Activity Measurements
: [

' The activity of the catalysts described in
Table 2 for the conversion of methanol in air to
.fprmaldehydé was determined in a fixed bed reactor. The

equipment that was constructed for this purpose and . the

e } . - 1



-~

r
.

Description of Catalyst Treatment

& TABLE 2:
Catalyst Temperature Length of Time
Number* (K) - (Hr.)
1 " Fresh Lummus Catalyst,
' No Treatment
2 500 137
3 500 572
4 " 520 450
5 670 17
6 770 18
7 820 18
8 ' 870 20
9 - 820 42
10 o Fresh Untreated
(dried in air at
. . 423 K for 24 hr.)
10" 530 12
11 , 870 T 20
A v 820 48
B 870 25
c’ 870, 72
D 910 | 15"
E + 900 * 48

-

catalyst was fresh Lummus catalyst for - catalysts l&
10' and 11 the starting- catalyst was the sample pre-
pared 1n the laboratory.

heated in TGA~equ1pment.

\

'

e

- * For catalyst number 2 to 9 and A to E, the starting

Samples A, B, C, D and E were

26
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~

‘the variation of preSSure in the rbtt

s

proceddre.followed will now be discussed in detail.
o ' o

°

(1) Equipmeﬁt

A sché;atic-diagram of the equipment is shown
}n Figure 1.  The feed to the reactor consisted of an air-
methanol mixture. The air,came fr?& the house‘suppiy. .
It was dried by passing throaéh ?,12'7 cm dia., 30 cm

long, aluminum oxide bed and fine particles were removed

by a sintered metal filter (Nupro Cat. No, SS 316-2F-15 ).
. L. R . . <

The upstream pressure wasAset'by‘means of a single stage
regulator (Flsher Governor Co. Type‘67F R 224) .The air

flow rate was measured by means of a callbrated rotameter

(Matheson, Cat. No. 621 PBX,with dual float tube, Cat e

No. 603). The air flow rate was controlled with the
rotameter needle valve. The rotameter readlngs were_

converted to flow rate accordlng to the method descrlbed

in Appendlx A. The callbratlon include

in the rotameter was.ﬁeasured by the

panoheter shown in Figure 1.

i,. . ’ K . - . . ) + .
' ‘Methanol was fed into the air stream as, a liquid-

by means of a precallbrated syrlnge pump ﬁg;cg provided
T

unlform‘(+2%) and reproduc1b1e flow rates. e needle of////

the syrlnge was placed in contact w1th the bottom of the

-
+ » - o

e T —
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‘tube of the_ air line to prevent drop, formations which
would result in pressure fluctuatlons.. The air was pre-

heated by means. of heatlng tape to approx1mately 100°c

~

in order to preheat the feed and also to assure. complete

evaporation of methanol.0 The#alr-methanol mixture could

be routed to the reactor"or’to‘thejgas chrgmatograph for

analysis by means of arkhfée:;ay yalve. \Feed stream'
L )'
|comp051tlon were calculated from air and methanol feed

rates andechecked by gas chromatographlc.analy51s.

\

-
«

The reactor was constructed-outfof al.9 cm,‘
" ‘ - _

“~scheduie 40,‘316 stainless steel pipe. Its length was
76 cm.’ The feed: was preheated by means of a coil 1mmersed

© v

in" a salt bath whlch s§251sted of a mlxture of equal -
quantltles by welghtsaﬁ,KNO3 and NaNO3 thls mixture

'rorms an eutectlc whlch has a meltlng p01nt of 222 °c [33]
A cross séct of the. reactor and salt bath is shown 1n
Flgure 2. (Thls constructlon 1s not well sulted for

t \

-obtalnlng 1sotherma1 rate data. Th15~reactor was

o

‘1n1t1ally de31gned t. easure autothermal effects)? The 1
_reactor wd% ea51ly renovable by looslng the four boltsf
that fastenéd it to ‘the plate welded to the sa;t bath

reservorr. Asbestos and copper gaskets d@id not provide -

‘an adequate seal, flnally, an alumlnum gasket, which ,.\f

o "

29. -

prov1ded a tlght sea/,/was used The‘feed flowed\counteréif

»
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.

:\, ) ‘ )
) | =

ccurrently through the annular region around the reactor.

T aszshoWn.in Figure 2. The bath was heated by four 1550

Y

%

or

e

watt U- shaped 1mmerSion heaters (O 8 cm in diameter and

1.4 m long) 1mmersed in the bath~ two of the heater

'elements ‘were connected to a variable voltage supply and

the other two tiythe temperature controller. The whole

©

contarner was su rounded by~5_cm_of_asbestos insulation.

-

Tempefatures at various positions in the

<

catalyst bed and along the reactor wall (see Figure 2)

k4

were" obtained by seven iron- constantan thermocouples.

Two thermocouples, TC2 and TC6,Lwere joined to the wall .

of the reactor and the five remaining thermocouples were
po31tioned in51de the reactor in order to obtain the
temperatures at various - ~positions in the catalyst bed.

The thermocouples used were 1.6 mm O.D. (1/16"), stalnleSS
steel sheathed, grounded hot junction, purchased from
Thermoelectric Company. The outputlof thermocouples TQZ
to BC7 were recorded by”a Speedomax~Type G, Leeds'and_ -
Northrup, 16 point variable—range, variable*zero '
temperature'recorder. The range normaléy set on this
recorder was 200 to 400 C. Thermocouple TC1l was, connected
to a West (Model JPGB) temperature indicator—controllfr
which controlled the temperature of the salt bath by
regulating the current to two of the 1mmersron heaters.

Y
N

v -,
I :

i

31
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A constant current washpassed'through the other»two

' heatcrs.>‘Very cood lemberature control was obtained in
this way and the temperature of the different thermo-

' couples insideithe reactor did not- fluctuate more than L

-3°C once a steady temperature in the bath was obtained.

The pressure in the reactor was regulated by
.adjusting the regulating valve in the vent 11ne before the
GC 1nlet in order that the readlng'on the mercury manometerf
attached to the 1nlet llne of the reactor, corresponded to

‘the required pressure. When the feed stream was analysed

‘this valve was adjusted to obtaln.the same pressure drop

as in‘the case when the product stream was analysed.

—

(ii) 'Materials ‘ .o . -

" The methanol used as a reactant in the experl— -
mental runs was .supplied byNQalllnckrodt Chemlcal Works o

Ltd. and had a purity greater than 99.7%. - ) L

Alumlnum oxide about 6~ 16 mesh supplled‘by

The Brltlsh Drug Houses Ltd was used as)a de51ccat1ng

J

agent fog the_alr.' Periodical 'hregenerated by

3

~ —_ P

heating at 250°C for 24 hours, o rﬁ : o

Sodium nitrate and potassium‘nitrate, : "-;

industrial grade, purchased from Olin'Chemicals.were.used’



~

S
*ends of the reactor (see Flgure 1). ~For the fir t-runy

.reduce this temperature gradlent in the bed, the

to fill the salt bath.
- ’

The catalyst prepared in the laboratory was

obtalned from ammonlum molybdate crystal

[ (NH Mo .0, 4H O] supplled by Allied Chemlcal Canada

46 1070241
Ltd. an ferrlc chlorlde (FeCl3 .6H O) supplled by The

British Drug Houses Ltd.

M

L ‘ Hellum sutylled by the Liquid Alr Company wasv

used as a carrier gas for gas chromatography. :

d:bJ ‘v
T . . 0 - ]

{iii) Operation of Equipment .

™

The flﬂst step consisted in charglng the,

reactor w1th the catalyst under study.. A 15 cm - catalyst

bed length was used. The upstream and downstream zones

of the ‘remaining of the reactor were filled with 0. 5 mm

Pyrex glass beads. Glass wool plugs were placed on both

1n-wh1ch a charge-con51st1ng of only fresh Lummu

pellets,dlt was noted that- cons1derable temperaEUr

differences ex1sted along the catalyst bed ( ~ 30% flb

;\-reactlon temperatures between 230 - 270 C) ‘ In order to

catalysts for all the other experlmental runs were

diluted with Pyrex beads (l:l volume ratlo»ofngass ‘beads

=

catalyst
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to catalyst).

After,the'reactor had been placed .inside the
-;bath and all the bolts and fittings tightened the air
stream was allowed to flow through the reactor and leaks
were ellmlnated.. Then the de51red temperature w&s set 1n“
the controller and the calrod heaters were turned on.‘
Approx1mately four hours of heatlng time were required to
achleve the set temperature in the bath When steady state
tgmperature condltlons in the reactor had been obtalned the
syrlnge pump was turned on, the.alr flow rate was adjusted
to its desrred value and the feed stream was routed to the
’gas chromatograph for analy51s.f After the feed had been
-analysed the’ alr—methanol stream was passed through the.'
-reactor. The. temperature of the catalyst bed rose by 'as
?much as 25 C when thls was done. The magnltude of the.
..temperature rise ' was dependent, on the 1n1t1al reactor
‘;temperature,and the-feed comp051tlon. Approxlmately twoi.
hours - were allowed for the temperature to<reach a unlform
value along the catalyst bed (varlatlons +3 C along cata-

lyst bed), after that the product stream was analysed

'~ Several product analyses were carried out for each run.

(iv) Gas Chromatographic Analysis

.7 “The components of the feed -and product streamsf

Ty



-were separated by gas chromatography u81ng a Beckman GC2
.chromatograph : The chromatograph was equlpped w1th a
thermal cohduct1v1ty cell and a_Beckmahvpneumatlcally—

operated sampling valve (Cat.'No; 102396).u The volume

of the sample loop used was 0.5 cc.

The following is‘a»description of the chroma-
tographlc column used the operatlng condltlons and the‘

'components separated.,

Column S 6.35 mm-0.D., 1.8 m long, .

,QEL.' o . splral stainless steel tube.”
- ) - :.-. . s N .
A ST ‘ 3 The flrst 0 9 m’ sectlon was

\

packed with Porapak T, 8o -

s - 100 mesh and the other 0. 9 m

sectlon w1th Porapak Q—S,

N

£

80 - 100 mesh. Both packlngs

;were purchased from Waters

'A55001ates (Cat. No. 27078

- . and 27090) .
Column Temperdture . 165°C
- Filament Current - =~ <« 180 ma.

Carrier Gas - "~ Helium

. 35



Gas Flow Rate ' o Carrier. side - 50 cc/min.
Reference side - 25‘cc/mint

<<

-Components Separated . "Air"(nitrogen and'oxygen))“
! ‘ S ”formaldehyde, water and

€3

methanol
The condltlons given. above were experl—‘
mentally determlned to be optimum cons1der1ng separatlon

K
and tlme of analy51s. ‘

A
v ..,

The products were ldentlfled by their' |
respectlve retentlon tlmes obtalned by passing pure - ' -
samples of the gas 1nvolved through the column.‘ For
'quantltatlve analy81s the comp051tlon of the samples wae
'computed from the area under the peaks of the/yarlous
’components and. thelr respectlve correctlon factors. The.
output 51gnal from the’ thermal conduct1v1ty cell was -
analysed on-line by an IBM 1800 computer and - peak
'1ntegratlons were obtalned electronlcally by us1ng the
Chromatograph MOnltorlng Program (CMP) [34] The Job "5v
defined for thls analys1s along ‘with. the procedure‘
employed is glven 1n Appendlx B Also a typlcal |

chromatogram W1th 1ts correspondlng computer’ output is

4 " shown in the same Appendlx.~'

- - | . . N ) )

o4
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- The correctlon factors for water and "air"

relative tovmethanol were obtained'by calibr&tion runs ¥ -
.u51ng samples of known comp051t10n -according to the

.method described -in Appendlx B.. The correction factor
for component 1,'Fi, relatlve to methanol'is'defined by:
. . . ‘,/ . -

f‘.‘

F.= 3 | L (17)

where ‘i . L
ACHéOHJ' f,a#ealunderhméthanol peah. -
Ai " .;— area»under peak for:componentfi.
o S
CH_OH —.mole fraction of methanol )
'xif E :'- molelfraction ofncomponent'i“twv.Jx.’

The correctlon factor for formaldehyde was
obtalned by materlal balance calculatlon of product

samples, i.e. heimoles of formaldehyde in the product

i

were equal to the moles of methanol reacted and the
moles of water formed 51nce no other reactlon products
bes1des water and formaldehyde were detected unde; the

experlmental condltlons used



" I
The correction factors obtained in this work

o

were 1'0, 1. 02, 1.40 and‘l'66 for methanol air,
formaldehyde and water, respectlvely Appendlx B glveS'

in deta&l the method employed to calculate these values.

\

The ratlo FH2O/ CH3OH is in fair agreement w1th the value
given by Dletz [35] and Messner et al. [36] but the

'Fair/FCH3OH ratlo is different by ~25%. The reason for
the varlatlon in the air response factor from the value '

reported in the llterature is probably due te the method
by Whlch the peak area was determlned. The air peak is
a very sharp peak oﬁ,very_short duratlon and‘hence'has

‘a different .shape than the other peaks. Nevertheless,

. ,,’ ‘ ) . - o ) .

. the area under the air peak as obtained by CMP was very

reproduoible,’_ T T _A>
. . j

IlI{3-.CharaCterizatiohgmgghniques;

To determine the'properties of the catalyst
‘)Q‘i L .

llsted in Table 2 a varlety of instrumental technlques‘
were, used. Each technique is descrlbed below, o .

A

(1) Scanning Electron Microscopy (SEM)’

e Informatlon on surface morphology and crystal
~'structure of the dlfferent samples of catalyst -was

obtalnedvfrom scannlngvelectron mlcrographs._

38
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The SEM is not a normal microscope in which'the.
transmltted 1mage of an object is magnlfled by\electron
lenses to produce hlgh magnification [37]; rather, the'.

'1mage in the system is built up from p01nt to p01nt ob~
servations of the surface characterlstlcs resultlng from
,the.lnteractlonyof the electron beam»w1th the spec{men sur-
vface. The backscattered and secohdary electrons;emitted,
fror Lfd instantaneous'point of impact“can be deteoted Hy a
' scin i. 1ation counter and the output after ampllflcatlon

»

is used 'to modulate the recordlng 1ntensxty of the beam,

da cathode—ray dlsplay tube;

Agenerally t brightness

‘thls varialion in brlghtness recorded produces the high

magnified "Xgage" of the objett - In this way if the

specimen surface as-propertleS'(as for example variations
1n topography or 1n the size of crystals) which cause the
vwscatterlng of electrons to vary from point to p01nt, then
a two-dlmehsronal 1mage of the specimen surface w;;l be
built up on the screen of the display tube which will

epresent the object as:seen ih the "light" of'the applied
radiation. A photography ot'this image canfbe'obtained if
desired. Therefqre, it can be séeﬁ‘that with.this/
technique one can obtain more 1nformat10n about the

~

catalyst surface than employlng other kinds of micro-

,_scopes.u
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A S4 Stereoscan modei, séanning electron
“ microscope manufactured by Cambridge‘séigntific Instru—-f -{Q
‘ments Ltd. was used for this purpose. Tﬂe.éataiyst |

samples were'c§ated with.a thin film (thicknéSSw<20 nm)

of gold priot:£o examination since the Fe-Mo oxide
. mixtures are électriéal insﬁlators, Magnifications of up
" to 13000X were used. R

fw“
(ii) X-Ray Diffraction (XRD) -
X-ray diffraction stuaﬁes on caéalyst'powders

were carried ouﬁ in order tb determiné the-crystallq¥~
graphic structure of the samples. A Phii}és X-ray “
diffraction speétfbmeter4Was uéed for this'purPose.-h%Pé
diffrac;ion.pa terns»wére obﬁained using Fe filtgred é; Ka
radiation, a Géige:—counfer, and a fhilips spéctrq4-
gonimotef. |

i,
4

(iii) Low Temperature,Nitrogen Adsorption (BET)

The specific surface afea of the samples was
determined by physical ‘adsorption of nitrogen at 77K »
appiying the BET method., This is a well known procedure

and therefore thé'details of the experimental technigque - . .
will not be discussed here. In the present work, the '

Surfacé\areas of all the‘sample§NWe:e obtained by thgﬂ

-
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" method desc:ibéd by Gregg and Sing [36T. The.sampleé
were evacuated for 2 hr. at 250°C before adsorption
measurements. A sténdérd fyréx glass, high vacuum BET:
equipment was employed‘for th;se'detérminaﬁioné.. A
Tsxas Instruménés Cé. fused:quartz'éréci916n pressure
gage}(mbdel 141A) wés used:for pressure measurements.
Helium was used for dead—vqlumé determinationg._
(iv) Atomic Absorption Spectroscropy (AA) \
A mddel ZQOB.Perkin Elmer Qtomic absorptioﬁ
spectrophdtbmetef was to be uégd ﬁg_dete;mine ths Fe .and
Mo content of the samples. ThevKA‘method_reqﬁirés\%he

preparation of solutions of the sample to be analysed

but attemps to dissolve the Fe-Mo oxide wereiunsuccessful. '

‘The sampies weré treated first with hot aqua regia and

;béiled to dryness. Then the residue was collected with

-

U HC1 (1:2) and boiled égéin to almost dryness. After

_making the solutions with HCl'(l:S)'there'always remained
an insoluble black solid.‘AEinally, NHaoH was tried as
a ‘'solvent but also without satisfactory results.

(v) X-Ray Fluorescence'(XRF)

- " In order to determine the Mo:Fe ratio of the

v catalysts-;he”non-destructive,XRF techhique was employed.
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The analyses were conducted on a Phlllps x-ray

fluorescence spectrometer. Tungstenrrgdlatlon,and a

LiF 200 analy51ngvcrystal were uSed.‘ fhe~eharacteristic

radiations were detected quantitatively byia'scintilf.

lation ‘counter and plotted on a recorder chart.
- ‘&' | "

(vi) ThermogravimetricvAnalysis'(TGA) .

"TGA studies zgre carried out usinp a Model 950

. DuPont Thermogravimetric Ana1§ser.x The weight lbss of

" the samples were contlnuously plotted on the chart of

the Model 900 DuPont leferentlal Thermal Analjser as a

”functlon of tlme and temperature. The method conSLSted

in suspendlng one catalyst pellet 1n one of the arms of .

the mlcrobalance of the apparatus. The samples were .

heated at a constant rate of 10 C/m1n from room temper-

ature to the de31red final temperature for each run and .

then the mode of operation was. changed to 1sothermal |

K Slnce the welght losses were small, in general, compared

w1th the total welght of the pellet zero suppre551on was

used to obtain greater sen51t1v1ty. A1r was passed bver -

- the catalyst during- all the welght loss measurements.

-
-
- (R .
»
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IV - RESULTS

K} .

Iv. ‘Scahhing'Electron’MicrOSCOpy (SEM) o

'@ large number of ‘areas of .the various catalyst

-.éamples were gxamined by SEM. tThe eurface of the

eatalyst pellet waé not unifdt@ but showed\different"

characterlstlcs from one part of the pellet to the next.
Fxgyre 3 lS a representatlve mlcrograph show1ng thls
effectu Deaplte these warlatlons w1th1n each sample,'

definite trends with various treatments were observed.
‘ ° Do R 7 ) . v

Figure 4 and 5 illustrate the marked'diffetence in.
] strueture of the fresh'(Catalyet 3) and a ca%alyst‘after

exten31ve thermal treatment (Catalyst E). FiguresLGAtQ
¢ . . e
10 are representatlve sectlons of the surfaceeffor
varlouslcat§lyst samples. e '
a . ‘ o '

On the basis of these mlcrographs we can make'

Bl

the follow1ng observatlons- B f’ .l ':l o v
(i) Lummus Catalysts
JAll catalystefcontaineq,the plate4lihe Mod3

o : D : : " [ e . .
- . . . . . PO ,

“w

Yo a3



© rigure 3:  SCANNING ELECTRON MICROGRAPH
ﬁg,,, AL OF CATALYST B~ . o

..,_,_}




Fggure 4: SCANNING ELECTRON MICROGRAPH
-7 OF FRESH, ACTIVATED CATALYST
ST GAMPLE # 3)
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© rigure 5:  SCANNING ELECTRON MICROGRAPH _
. OF CATALYST HEATED AT 630°C
O GMPLED)

- . L —



«

!

© CATALYST 3 CATALYST 5

Figure-6: ~SCANNING ELECTRON MICROGRAPHS
. OF CATALYSTS 1, 3, AND 5
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CATALYST 8

q
v

CATALYST 9

‘Pigure 7:  SCANNING ELECTRON MICROGRAPHS .
g

. -OF CATALYSTS '_6, 7,8, AND 9




LN

CATALYST 10"

- Figurgfs;'fSCANNINGJELECTRONfMICROGRAPHSQ'

OFCATALYSTS 10 AND 10"

* CATALYST 10
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 CATALYST 11

u:_CATALYST'll ;{w*fg .§f€é;ff§Mo03 CRYSTALS

» ’»Flgufe 9:% SCANNING ELECTRON MICROGRA HS
T =v‘-; OF CATALYST 1 AND.M003 C:YSTALS



Figure 10: SCANNING ELECTRON MICROGRAPH -
| ' OF CATALYST E

ﬁl
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' crystals [39] but the size of these crystals varled from
catalyst to catalyst. That these plate-llke structures
are indeed MoO3 crystals can be ‘seen in Fléure 9 in the
bottom right- hand mlcrograph ' The.materlal used for
:bbtalnlng this’ mlcrograph was the subllmated crystalllne
f.materlal collected durlng the pretreatment of Catalyst 9.
These’ crystals were attached to the glass wool plug at
the exit of the’ U-shaped tube used to preheat the sample.
XRF showed that the only metal contalned 1n thlS mater1a1

was molybdenum

K]

A more marked change w1th treatment occurs 1n
Lhe non-—MoO3 phase of the catalyst. Accordlng to the
lllterature thlS materlal is assumed to be normalwlron
,molybdate, Fe (Moo4)3, but .no determlnatlon of the
comp051t10n of this phase was - carried out in thlS work.
By examlnatlon of the mlcrographs rt can be seen that a.
s1gn1f1cant variation. in. the crystal 51ze occurs w1th
'treatment at elevated temperatures. Thls~phase, for the
lfresh Lummus catalysts, appears to be made up of small
'spher01ds (<0 2u in dlameter) formlng a sponge llke
structur% Heatlng thls catalyst, even ‘at - 1ow temper-
“ature (Catalyst 3) causes thls phase to change to. well

developed spheroids. As the temperature“of treatment is

~ increased the size of these spheroids increases from

v

52

‘
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~0.3u for Catalyst 3 to more than ly for Catalyst.é.

For Catalyst 9, heated at 820K, for a long'period of
tlme, the micrograph shows that an effect, in addltlon to
the growth of crystals, appears to take place cau51ngrthe
plate—like Structures of.MoO3 to becomé three-dimeusional
ininature, with leéges on the surface.

0

/,

some parts of the surfaces presented'spheroids,in‘close

Examination of numerous micrographs showed that

53

contagt with MoO, crystals. In these areas ofzcontactrva"

"pitted" structure in the crystals was observed. - Thig
'effect can beyobserved‘in Figure 7 (Catalyst 8)..and

'Figure 10.

(i1i) Laboratory.Prepared Catalysts

A different structure is observed -in the chta-

lyst prepared in‘our laboratory (Catalyst 10); it ca ' be

seen in the correspondlng micrograph ‘Flgure R) that thls
'sample consists of sponge ~like and fibrous structures.

" The sponge—llke structure is probably Fe. (M004)3'and the

PO )

. fibre-like material is possibly MoO3 Mlld temperature
treatmeEEfJCatalyst 10") causes the flbers to hecome more
'we}l defined and plates of MoO3 start to appear.‘ Some-
1nd1catlon of formation of spheroids is. also present.

‘Severe treatment (Catalyst 11) causes the formatlon of



I

oY

.lines.

the-characteristic phases of Mooj.plates and Fe2(M604)3

spheroids. .Micrographs of Catalyst 11 (Figure 9).show'a

catalysts. L T . ' : . e .5

IV.2 X-Ray Diffraction (XRb),

.
~ EY

Qheeresults of XRD studies are presented

[

graphlcally 1n Elgures 11 and 12. The XRD patterns show

'the characterlstlc dlffractlon llnes of MoO3 and

4)3 The . llnes due to these two phases are

1nd1cated on the flgures. The L;ne ass1gnments for

Fe (MoQ

MoO3 and Fe. (MoO4)3 WEre taken from the ASTM,dlffractlon
files [40, 41]. The lines lLsted for iron molybdenum
ox1de, Fe,0,.3-4 MoO, , [41] were. taken as the Fez}MoO )
The. dlffractlon patterns for the Lummus .
Catalysts(Fugure ll)all clearly show the presence of
MoO3 and Fe (Moo4)3 crystal phases. All “these samples
have about the same degree of crystalllnlty as 1nd1cated
by the 1nten51ty and sharpness of the dlffractlon lines;

Catalysts 5 -8 and 9 hav1ng sllghtly above average .

lnten51t1es for the MoO3 llnes.

4
o
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7

The XRD results for the samples prepared in the

laboratory (Flgure 12) show a ‘much greater variance. than

A N

“,the Lummus catalysts. Catalyst 10 was found to be. .i. .

amorphous.: Treatment at very low temperatures produces
- a sllgpély crystalllne structure as 1t can be seen 1n the

~pattern .for Catalyst 10"' Increa51ng the temperature a
. L

more deflnlte crystalllneostructure 1s observed

Catalyst 11 is" the most crystalllne of all the samples’

l v - .
. \ "" . .'\ Yo . 3 ’ . ! t} ’ “
examined.. - @ . o : S T e
@ SRR : s ‘f‘ , . : Mn T
i<} .. .
.
L)

These results agree. well with structural

. J

features observed by SEM 51nce for Catalyst 10 the K .

r

', dlStlnCt well formed crystals, whlch form the two

' characterlstlc phases ‘Were not observed Mlcrograpﬁs -
of Catalyst 10' show the. presence of- some cry%tals,'ln

agreement-w1th the XRD results. mhe large well-deflned

/

crystals observed by SEM for Catalyst ll also agree w1th

the high degree of crystalllnltynobserved by XRD.

e

IvV.3 Surface‘Area‘Determinationsf‘ ,‘\\ l f“ .i, B

o el T~

The specific surface areas were. obtalned by the
BET method. "The data from the experrments were processed )
'accordlng to the computer progrémqpresented ln Appendlx
'C. As an example the complete table of resultsvfor'

. .
Catalyst 1l is also glven in Appendlx C.” Plots of the

'I

o .-

R
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>
BET eguation with 8 to 10 points per'isotherm in the'
range of P/P sat between 0,05 0. 35 all fesulted- in

]

straight lines (see Flgure C 1)a . In order to test the-

.

',reprodu01b111ty of the methed dupllcate determlnatlons &

r

were carried out for Catalysts 5 and ‘11 and the same - .

4
‘

' values werevobtalned ' - R \\1 R .

. « B
‘- . “ ;\. ’,‘ A -
In Table 3. the measured spe01flc surface axeas

are llsted It can be seen that as . the temperature of

pretreatment 1ncreases the spec1f1crsurface arei

t A‘ s .'\. ,."
decreases. For Catalyst 3 the decreaso of surface area. i

is more pronounced due to the long treatment perlod of
‘\J . . G

tlme (572 hrt compared to lS to 42 hrs.’ for other samples?J

"treatment of these fresh cataLystag%QO hf at 870K) “ta

1

AN

Agaln, the qualltatlve 'SEM results agree well

S

‘w1th the measured decrease in’ surface area w1th thermal

treatment. The decrease 1n spectflc surface area 'is in
Q*’iL. N
accordance w1th the observed %. StaI growth Although
R SO A . ,"‘?tp .
o,

';}yhad a 1ower'surface

¥ S »."u‘

area than the prepared catafystf{gatalyst 10'), 51m11ar

glve~Catalysts 8 and 11, resultedgin a much}larger

‘. -;u . " ‘, "'. : .

decrease 1n sun{ace area for éatalyst 10'””‘
w, Lo R
Eﬁmperature nlerogen adsorptlon 1sotherms
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“u

w TABLE 3:

Catalyst

(m?/ g')‘f‘_**“

Surface’
Area'’

> :
Ag? Mo/Fe Atomrc Ra
.4“

)‘

em ﬁ' .

‘iz-

3 Y

by,ﬁéaght Lbss vl

- . ,:_'r”
o g
1 378 e E
3‘ . 5 3 317 -
s . g 3.53 | -
6 3.22° " 3.1
w,7 2.42 3.0 -y
8 r.21 .-
9 1 1.66 -
" 10 8.70 -
10" 10.72 - |
1 05 || 3.0 - A

-

L8
;‘??'.



| t
that the 1sotherms were of Type IV (BDDT class;flcatlon)"

[38]. Analy51s of these 1sotherms _showed that the

catalysts did not

‘taln any appreciable amount oﬁ.pores
with radll 1n the 0.901 to 0.03u“range;‘ The micrographs

show pores >>O.l_; these are tooAlarge to be.determined

by low temperature nitrogen adsorptlon It is cOncluded

.4 catalyst Composftion - f=i: - —

4 M —_—
from these results that these catalysts do not contaln

mlcropores. o L s N N
' o e o LR

X-Ray Fluorescence (XRE) was used to estimate

60

the Mc/Pe atomlc ratlo of the catalysts. lhe results of

~these determlnatlons are shown 1n Column 3 of Table 3

,This response facto§>forithe Lummus‘catalYSts;was'

w
The reported values were obtalned by multlplylng the

v

Mo/Fe ratio of XRF peak helghtsuby atresponse,faCtor,

Calcufated from‘the‘measured Mo/Fe'peak;height ratio and

 the known comp051tlon (gee Table 1). 'This resulted-in a .

response factor of OJBSG: The,response‘factor for

helght rntlo The Mo/Fe atOmlC ratio of Catalyst lOowasf'L"

'4H20 used 1n 1#5 preparatlon The response factor fgr

Catalysts 10, 10', and 11 was obtained from tﬁeicalculated

) -

composition of Catalyst lO and the measured Mo/Fe peak

PN

R4 -

:{,g

3. 4‘Pase& on the amount of FeClj.GHZO and (N§4) MoO.,O24

these catalysﬂs was 0. 365 The. use of XRF peak areas ;o

2 )



- i

- a’ - -
- . . - R
* k)
4 ‘ ! w -
o ' R )
.
.
P &v’f
' N

Aol

' ‘QQQQEr than peak helghts resulted in 51m11ar values of

‘“Qi@‘e MoZFe atomlc ratios. o o ‘ -

The gesults in Table 3 show a decreaSe in the j

. w1th -the .observe 4. subdlmatlon. Thevanomalous

Mo/Fe ratlogghtqgﬁgigmal treatment This is ip agreement
% . N ‘A 7 (’.
ié S

—-\.

result for Catalyst lO' whlch appears to have a hlgher
'probably dﬁe to the. dlfference in crystalllnlty of. the
two s&mplsp alzce XRF response is a- functlon of crystal

structure [42]k The Mo/Fe ratlos obtalned by XRF as

— reported in Table 3, should only be- 1nterpreted quall-

tatlve]j due -to the dependence of XRF response on“crystal

—_—

.structure and surface morphology.

IV.5 ,Thermograyimetric Analysis (TGa)

Welght ldsses of Lummus Catalyst measured by
‘TGA for dlfﬁerent treatment condltlons are glven 1n

Table 4, Throughout the treatment air was passed over

xS

the catalyst pellet. A typ;cal welght loss curve 1s shown-

-~ in Figure 13. In one of the experlments, after treatment
. of the sample for 80 hr. at 87uK (Catalyst C), the | . o

temperature ‘was 1ncreased at a rate of 10 C/mln and a

sharp decrease in the ‘Elght of the pellet was noted at

£

’lOZOK. ThlS effect corresponds to _the meltlng p01§r’of

-



TABLE [4: Thérmogravimetric Analysis Measurements

¢ '

focatalyst | © mgfr (K) | (hr) [+ (mg)
e . "."}‘\.' f . :

-d oy . ’-' R .

o i"jﬂgatalygt Weight [Temp. | Time. | Total Weight Loss

. - ) . ] ) l@ "
A 120.2 .820 48 ' - 2.0

O

B . 138.0 870 | 25. | 3.5
| ) . _
c 147.8 - 1870 | go | 10.0

o i ,;f,m‘j’ . 1la
D | 448.3. 1910 | 15-.{3 3.9

e

E_ .. . - ' 15108 ‘ ] : 900 - 48 N ’ _'.,v‘—l‘ Q;g;:(r) ‘;:141 )

N
» . Gt
. v s iy
b A e o
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ferric moly'bdate [10].

It is also 1nterest1ng to note that at temper—
vatures greater than 820K the wall of the exlt of the_
tube whlch contained the Gatalyst became 1ntensely |
;coloured by a blue resldue.f ThlS colour is characterlstlc

[of the’ molybdenum blues, these are molybggnum oxldes with

‘.atomlc oxygen to molybdenum sllghtly less than 3. Whlte,
. M‘

S

. crystals, whlch were determlned to be . M003; alsoawere

¢

collected'at the exit of the TGA The vapor pressure of

‘ Mboé at lO7OK is O©. 01 atm. and the rate of subllmatlon lS

‘ apprec1able between 870*970K., Thereforq,lt can be
S R

T T e e

. assumed that the total welght loss was due to subllmatlon s

*of MoO., ThlS assumptlon appears valld Sane Catalyst l

3°
lost <0. 05% of 1ts welght when heated at- ‘520K for™ 2 hr. ‘
,Also, the XRF analys1s of the whlte re51due showed only

o . o T &
- the Mo peak : - e

§%le 3, Column 4 shows the values of Mo/Fe
ratio calculated from welght loss measurements by TGA

(Catalysts A B, D ‘E) - and durlng treatment (Catalysts'G_;"

o

and 7) These values were calculated by assumlng that -
the catalyst has the general emplrlcal formula

Fe (MoO4)3 xMoOB, that the total welght loss was due to

’

'snbllmatlon off MoO and that the startlng catalyst

30
(Catalyst 1) had a Mo/Fe atomlc ratio of 3.1 (Lummus)

’

x



It can be observed that welght loss measure—
‘ments show that the: Mo/Fe atomlc ratlos obtalned by “XRF .
appear to be too low spec1ally 1n the cases of the |
catalysts treated in the TGA equlpment One of the

‘reasons of thlS dlscrepancy is perhaps the 1nporrectness'

[

in uslng the same response factor for all catalysts s1nce
-the XRF 51gnal is sens1t1ve to the surface structure and

sample heterogenelty [42] )

a
Another reason, a51de from the dlfference in

«
a

X XRF response due to- dlfferences in crystal structure, for
the low Mo/Fe atomlc ratlos obtalned by XRF 1s that the
Mo/Pc ratlo undoubtedly varles wlth p031tlon ln the
catalyst pellet. The Mo/Fe ratlo is probably lower at
the surface of the catalyst pellets than in the 1nterlor

w

of the pellet sirice MoO3 subllmatlon occurs from ‘the S
. 4 -‘~r

65

,exterlor of the pellet, and loss of MoO3 from the 1nterlor‘

-

-of the pellet would requlre mlgratlon (dlfoSlon) of

Mod3. The XRF measurements were carrled out on un-

crushed pellets and hence. the low Mo/Fe ratlos obtalned

reflect the exterior pellet composition ratherfthan the

-

._bulk composition of the cataljst} The welght loss
measurements, on the other hand, result in an average

'comp051tlon of the whole pellet. 9

Attempts to isé’ atomlc adsorptlon spectroscopy :

e
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in order to get a more accurate Fe and Mo content of the

¢

catalysts were frustrated by the 1nab111ty to find a

solvent which completely dissolved the catalysts.
' _ Y’ ‘ . ~ ,
v .

P
<

.IV:61;Kipetics Studies of: the Oxidation of Methanol

v

»Kinetics studies, usihglthe previously
descrihed integral—bed reactor, were carried out to
determlne the activity of the catalysts for the oxida=-
tion of methanol to formaldehyde. The approach taken. was
to evaluate spec1f1c rate constantskbased .on various rate
funcLlons, and to compare the spec 1c act;v1ty of the
~varlous catalysts -on the basis of the spe01f1c rate
constants. »

v
o

(1) ‘Testing of Rate Funqtlons
f?%u

It was not the ob]ectlve of thls work to obtaln,v
a large amount of klnetlc data for the determination of |
a rate functaon. The aim of the klnetlc measurements‘v
was to obtaln data on the effect of ‘thermal treatment on
. the act1v1ty of the catalysts. Durlng ‘the act1v1ty
measurements, suff1c1ent klnetlc_data were ob&alned to
evaluate the appllcablllty of varlous rate functlons - .

proposed 1n tha§§§terature to the catalysts employed in 3,

the present study.

-~
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A

The ox1datlon of methanol to formaldehyde in

" the presence of Fe—Mo axide catalysts proceeds prac—

tlcally

A varlet
proposed
‘present

water 1n

1rrever51bly accordlng to ‘the overall . equatlon-

‘u

B
"«/
on

2

‘cnfa(g) + %02-(9')‘——~—~ CHO9) + HO. o (18)

- . . -« «

y of rate functions for this system has been

s, >

in the llterature (see Chapter 11). In the

study, the concentratlon of formaldehyde and

l ~

the feed were always close to zero, ‘and oxygen-

was always present in large excess. ' The rate data were

therefor

include

Y

The three rate functlons examlned were.

B whereQ

-TcH.0H .

e analyzed by rate functlons which dld mot

concentratlon terms for water or formaldehyde.

1

“Fengon T k1~cCH30HD‘ N N
-r = k. ¢ . o Tl‘}(zoy
. CH ;OH % ~CH,OH .
% ¥ o
_r - =k C C . [
CH303 o "CH,0H Oy . o =

- rate of reactlon based on surface area,

[moles/(m -sec)].

- : . ' % ':

/
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ki .‘ - .=~ rate constahts.
| CCH3OH' Coé - concentrations of methanol and oxygen,
. respectively, [moles/mB];;_' \
- The values of the rate constants, kl' k%;“énd
ko; based on éhrfgce.érea, were calculated from the /
neasured fraétional conversion using the followihg‘
v’) . . ’ _‘/r
. equations: - i , Sy &
R | |
k, = ——— [-1n (1-X,)], [m/sec -(22)
1 “ A . ,
S.W.Cp .
B o)
2 F_ _ 3 ‘ , *
A % . S S
k% = - L “[1—(1—XA) ] + [moles™/ (m*-sec)] {23)
SoWuC : ' ‘ . . o
\ A . . : /
o _. PR .
J3/2, Vo5 e e g 1T
270°F, [FA (l—XA)/Z] --[FB —%FA XA]"
o eb o S o 0 '
ko = ——= 1ln - 2 e L :
: S.W.CA, T "[FA /217 - Fo
o | I [m/sec] - S (24)
where ’
‘ . r o ' L " R ”;;
’FAO - feed rate of methanol, {moles/sgcl. ~ ‘7
Fp - feed rate of oxygen, [moles/sec] . ‘ C rE
° | e ' : T S -
’ ’ - ¢ ‘;!: L ' ! ERI =

! — . ¥ 4 N [ . - W o
s : : e W
- A < f N Lo . T V.
‘ . . . N ) RN 5T
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€y -~ feed concentration of methanol; [mdleﬁ/m3];  \$,
lo) . :
S - specifioc surface area of'Catalyst,'[ﬁ?/d].
W -~ weight of catalyst in reagtd%, [9]. _
' : ' /
q. g |
Xp = exit fractionallconversionAof methanol.
. The ex1t fractional conver51on of methanol was calculated
% e, follow1ng three ways i
a. based on methanol analyses"
. L e
° oo | FAO B .E;A’e : » o SRR o
X, = - o : . (25)
FAI:&'.' ' .
. °

“b. based:on forﬁdldehydé analyses

o . P ' , . . Z- .
o 4 X, = - IR . (26)
s oo A Fo Y '
. L A : =0 L .
- - . ‘ ‘ "
c. ,based;on,wqter analyses
'.J,FHZO,e - FH26;0 ' o ) R
' X, = ~ ' oo (27) -
. a |
) i
, pRa .
' - ) //



where

;and the calculated vaiues: of the rate constants, accordlng

70

F; o — feed rate of component i, [moles/sec].
[ ° i ) . )

Fi e - prodiuct rate of component i, [moles/Sec].-
, - o , ' )
i ’ : Lo v

Equations 22, 23, and 24 were obtalned by

1ntegrat10n of the de51gn equatlon for an 1sothermal
U

Plug- flow reactor, us1ng Equatlons 19, %§0' and 21 as the

]

rate functlons and assumlng that the vo etrlc flow rate'

change due to reactlon 1s negllglble. Neglettlng thls i
volume change 1ntroduces an error which is mueh smaller

than the uncertalnty in the measured fractlonal con--

ver51ons.. Appendlx D glves the computer program used: to

s

calculate the fractlonal conver51ons and- the - rate

,

'cqhstant»for the varlous rate functlons and‘definition'of

f;. The. operatlng condltlons of the 1nd1v1dual runs and
- s L]

the feed and prSduct compos1tlons are ‘also presented 1n

"Appendlx D.

_ e
'Values easured fractlonal conver51ons',1/

«

to Equatlons 22, 23, and 24 are llsted in Table 'S. The

reported fractlonal converSLOnsﬁhnd rate constants are tht

average va¥ue obtalned from methanol, water and formalde— T
» *s."" — . . .
v(. i e P
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J ;o . B .
TABLE 5}‘ Results'of_Kinetié_Expgriments S
Temperature: . 533f~f336K -
Methanol Feed Rate: 1.08 x 1074 moles/sec
;o . S
Air‘Feed' Fractional Rate Constants x 107’m
Rate, Conversion k k k -
' . : 1 , % o]
Run xlo3 . i o T _ ‘
‘ L b C - |(gmoles”/ o
No., (moles/seg) XA - (m/see) | m%-sec) - (m/sec)
_ Bz, -
CATALYST -3 4
69- 74 1.33 0.45 5.5 6.2 L 3.0
75- 83 1.86 9 5.7 5.8 2.7 |
90- 98|  2.26 0.36 6.1 5.8 %y 2,6;{
-'99-105 2.64 0.36 6.4 6.0 3| 2.6
CATALYST 6 o )
226-233 | - 1.30, 0.48 6.1 6.9 ”3;3
216-225 | - 1.60 0.51 | 7.8 8.1 3.8
| 213-215 2.27 0.47. 8.9 8.3 3.7 | 7

<<"i,‘;=

w7



b

o

_.9

. The data show thatgthe rate"functlon whlch 1s

'.an;‘

% ordex gn methanod (Eguatlon 207 descrlbes the dataﬁ

e F

well Thrs rate ‘tlon 1s slmllar to that proposed by

Pomerantsev and Mukhlenbv [26] if onq con51ders that for -

w K}

the condltlons used‘l f r experlments, t%e term
= - ’ - JRP
(1 + 0.5p~y )01 is approxxmately constant
& - . .
(<+5 varlatlon) , A o
BCE ’ i ‘_ \/l’. L -
. . ‘}ﬁ,“ . . ’."*1\
. In. order to determlne @Hé temperatuye dependence
~ v‘ . N w' ", .
of the rate constantuéeveral experimental . runs were g
S ' "ﬁ )

carrlco th fox tatalyst 3. Table 6tsummarlzes the experl—fy

- “O . ) ., . - .

hmentally obtalned values. Ani g enlus p&Ot of these

1
‘w

'results 1s shown in Flgure 14. iIt can be seen fromcthls d

plot that the experlmental polnrs lay qulte well on a

- \
stralght 11ne. The actlvatlon energy and pre- exponentlal

‘ffactor calculated from the slope and 1ntercept of thls

>

‘lane, by llnear least squares, Were E = 16. 5 kcal/mole4<

JWell W1th the values obtalned by other workers.(_ v= ) Lq‘

4

n’\‘

-.and A =.3. Sl moles /m%-sec.f ,” -"I,-' e

[ . L i 3 L . R

v

The actlvatlon energy of 16.5 kcal/mole agrees P

\

_Jlru et al [24] g51ng the same rate functlon as glven by

‘Pomerantéev and’ Mukhlenov [26], u51ng a modlfled half—

v

' Equatlon 20 obtalned an actlvatlon energy of 16 kcal/mole.

\ .
Ny - [ - -
%

P
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% 7% TABLE 6:. Effect qf Tegpeggtuxa\ofj\‘j °© e

L\, o .,0 g

’ R R S T
Ry . PR

Catalyst Sample- -3 '
. R —— \\~
. Methanol Feed Rate. 1.08 x-10 ,4 moles/sec v - -‘J’S‘.

«‘r’ J .'.:‘ B _,. ' _--.:y,

. H . - qu " 1. i . ° ‘ :
Air Feed e | . 1 D
Rate' . . |Fractional T Y AT

C .Conve¥sion | © k, x 10° |~
w103 Sl IO T gy XD e e

.(gmoles/sec) Q ' 5 ('tﬁo'l'e;s;"/ﬂrﬁ!?-lsec}_' :

113 122 ‘ 504 + fl;2;54ja;f o 160? £’ _”7 4;43,5;#;
123 ~130 513 R-'z.éb; ;j'?‘b 23 ':,Q; 3. 45 ~"s¢li
156- 152" 5189 w2027 | o P ‘aﬁ3;92, .
131-139 5244 |  2.30 ‘;,‘» &@?ﬁl 1 - _,4305f1'
90~ 98 | 533 v;<2.2§w>i 0.36 . | s.e3
14qf146"‘5§4,'v ‘/2.39 , :'_655;4'; 8,93

e X * . e . o . . . ‘& .
.'-1'06'-.112' 557 . 2.28 . 0.57 ) '1Q.00

v

1522155 [ 568 | '2.28 - 0.80 F| . 1e.20 -

|113-117| 571 | 2.0 | o.81 - | '16.10

.. ) . .
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catalyst surface area. Jlru et al. [24], reoorts the
“at 270 C and the actlvatlon energy,a pre exponentlal‘ R
' .
,factér of 3 4"&o].ers;5/i?n;5 Sec 1t

g %ggg.et al [24] and the results of the @ﬁasent study are ot

~-rat10 for t@e catalyst used 1n thlS study.Was 3yl

&

F e

A 5\4 awa A . v —" B
’ 4ok o . ’%;, C e -
“ ' L T :%?c . : . 75
[ @ . ° .
. a ¥
order rate functlon, obtalned actlvatlon ene*: es'of .

14 to 20 kcal/mole The comparlson*of the pre~exponent1al

factor of 3. 51 mOles /m -sec obtalned 1n thls wbrk w1th '

y ;

values obtalned by other 1nvestigators is dlfflcult 51nce
. w v . 4

most of the reported.rate constants are not ‘based on“

v

lelC surface area of the cabalyst employed 3and by ‘»,_:

Be o .
7 . : , -
ot

~Wu51ng the reported values of thq halﬁeprder ra%e constant &

@ A

; bialned. Th%s excellent(’

agreement of the pre exponentlaﬁ factor neported by w

-Gomewhat surprlslng 51ncedkhe catalyst used by these \g- .

';:authors had a Mo/Fe atomlc ratlo of 2. 6 whlle the same

- '

. .. : 'v\ CEN . (- . g' ) ¢ . . T - L
e Other facto7s, be51des the comp051t10n of the .. . -

Y a

catalyst whlch can rnfluence the apparentiklnetlcs are_

’energy and mass transport llmltatlons., The two factors, .
u~as applled to the present system, w1ll be dlscussed ‘in a n%f
later section. . ’_,f s < ' ;.'j‘bi" . . -

(ii) -Catalyst Activity Measurements 7',] s -
. T :

— . e . A

—\The klnetlc studles to determine the act1v1ty of -

the catalysts were carrled out w1th an air feed rate of . _

-



16
.&»:;»

=3

- 2. 20 - 2 27 x 10 moles/sec'(except for the' runs withﬁ

Catalysts 7 and ll where the air feed rates used were

-3

l 86 x 10 -3 and 1. 59 x 10 - moles/sec, respectlvely)

The methanol feed rate was 1. 08 b4 10 moles/ga% for all

+ “the runs.i The average temperature fvthe catalyst bed

as measured by thermocouples TCl, TC3, TC4, TC5 and TC? N
3

(See Figure ﬁ@b‘ranged from 531 to 536 K. The amount of

bﬁﬁgﬁtalysts, except~——~~——
, i

d“”

tzwcaéglystldﬂarged to the reactor fbr:

¥ . Al
Catalyst Ll‘ was 20 to 21 g For Cat_kﬁﬁt 11 only 11. 7 g.

LI : : .
: . . v S Y SRR

” were used. - h o 40 PRGN A
- T o, . I B :

Za

"‘,“{ﬁ) » , 3§ ‘ ‘- . . . o . ’ : '~ ". s ";-.'.‘ ": ) "A‘ \' .
- Valups ofithe measured fractxonal conver51ons .

and the calculatéd values of kl5 are llsted 1n‘Table 7. .,
i
The reported fractlonal conver51on and rate cons;ant are t

g

' r :
the average: values obtalned from methanol water‘and e
WNW
formaldehyde analyses. " For, each experlment several
Y
»analyses of the feed and product streams were. made. The

-

calculated varlat;on was. o~ +5% of the reported value (e [

1£‘mole $ of methanol in product = 2, 0% then.the error in

thls value is < %Qﬁ%); The values of the: rate constaht
. &ikk'” .

-

Ay R R e
S k&fp}‘%,&%\a oF kS R SR

01, water ahd formaldehydgianalyses tii'ﬂf,l‘,ﬁ

W3

R
0 _

. varled also within +53 for X > 0. 15. For Catalyst l
l &

'several experlments were made under 51mllar condltlons
(cf ‘'Runs 168- 176 l77~182 l$3f189'and 190-193)>and?:%e.A L
resultsnobtalned showﬂthatuthe value;of;k%_basedwonﬂthe'

-
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" BABLE 7: Results of Activity Meadlirements

. W,

_ o Fractional
Run .@atalyst. | Conversion
NO‘-.J ‘ “ ‘4 ‘ '..".}{AVA\;’N

~rererrtocarrr §

198-204 |, 5 T 0.49
213-215 | 6 | 0,47
242-250 [ 7 |- bi39

[ " A

255-258. | '8 | 0.1l
263-264 | L 9 . 6.o6
251-254 | 10" | . g.84
2707271 [ 11 - | - ~0.01 ERRETR B
M , N
: CT e : o o
' 3 AT . : 2 )
- ' R R L
® . _I"‘ v’" ‘.l ‘ “
VT sie
. s k] \N ‘ " K
Y a _ ///’t\\; -
) i\‘ . M , ‘



~ : A » e : 78
LIl - . . . L . ' . L ' .
T @ S R L
) LIRSTPIN . e e ey w v , ’ . N
- . . . v v N N -
. LA - %
5 "' { # . 6“ k?;

ﬂg*grage Walue of X is reproduc1ble-w1th1n +3%.: For small

IR
.fractlonal c?nvefs1on,>small errors in the measuredj :% . tiﬁ\m
methanel cgigegltlon mauses large errogs ‘h}{‘and k%,vSiaee §f¥
the'fractlonal conver51on for thlg%Sltuatlon is obtalned ‘”: :
hy subt;acﬁabn using two numbers that are apprOX1m$te1y% . f;
equ§l 1ﬁ6magn1tude (see Equatlon 2§) Therefere, for the~  ' é
cases- where‘}he fractlonal gonve' g‘ﬁh%égs the averagex :k;

._“values of X‘fand k; reporteawln ‘ .'e based ogly 1& w‘g%i‘

K

.ate constant ‘for ,}’géua

e
Fhow g
7 SN ) .

"water ang&formaldehyde"analysé%

-, -

Catalyst ll 1s approx1mate 51nce the conuerSLOn was. too ‘f,,W:Q

PPN
v A ) 3 o L :
low to be determlned accurately. NS . , L
-t 4 i . ) . :
; , o . ) . . - “.4 ‘
' ' 0 Ty Qi
S oS s
&, € - v
py p, N "_‘c. oy ™ «g’/



; contalnlng Mo in a sllght excess to the st01chlometr1c‘

‘amountéglveh by the formula Fe (MoO4)3 [11, 12, 7 31].

A 'catalyst w1th atomlc\ﬂb/Fe = l-7 (i.e.y Mo in excess of

~t

. ‘ - -
- V.- DISCUSSION . . }’“‘g‘

. “
L4 - : ‘ # .

’

vgeneral!z been attrlbuted to the iron molybdate phase

-

~.Koloverthov et al [9] also report that an“Le<Mo oxide

Y

o - .

the st01ch10metr1c ratio of l 5) has the1h1ghest spe01f1c

:i
j&ct1v1ty. The results obtalned in the. present work can

‘be lnterpreted in ferms. .of thlS Mo rlch iron molybdate

I 2 . o
phase as the active species. )

~
1 .

Before the spec1f1c act;v1ty of varlous catalysts

.y

r‘n-’ Z

can’ be compared on the basis of rate constants, has to -
_ P | : .
be establlshed that the measured rate of reactlon is the‘

. intrinsic rate, i.e. it is not influenced by mass or

energy . transfer limitations. e
. - : . 8:

It is difficcé?'to develop a general_criterion_
for determining whether energy transfer within the cata-
lySt,pellets“ihfluences the measured rates:for reactions

-
-~

4ol

The high activ1ty of Fe-Mo ox1de catalyst has \\v~

394,

)




~

¢ . ) .. .; ! ‘.T.l’.).

.I ! . '.' ' 3

follow1ng half—order klnetlcs._ ‘The results shown in

2’

can also be 4 crlbed by a flrst order rate functlon

(Equation l9). The flrst ~order rate ﬁunctlon does ‘not

 describe the 3ata quate as well as the half—orden rate

o

functlon, ‘but for the qaalltatlve determlnatlon of the, .

effects of 1nternal enérgy and mas§'transfer on the

reactlon rates it is adeguate.. 4 o , o
&f}ﬂ} R bR E _:1‘ VoM .

If the effect of thermalaﬁradlents 1n the

P

-1nterlor of the»catalyst pellets‘%s to 1nfluencé the

”/'measured rates by less than 5%, then the value of the

'_'paramttcr»a déflned by Equation 28, _should be less than .

Q

0.3 for exothermlo reactlons [43].

'4 - ) } . _!’Q' .

-AHE D, C
1 O

e 2 ) o

e T {
where - 7 ‘ - - o

AH;;.heat of reactidn'=-—38 x 107 cal/mole [ T.

l

E - actlvatlon energy for flrst—order rate functloh }i

—\19 X. lO3 cal/mole (obtalned by;Arghenlus px ot of k )

D. = effectlve dlffu51v1ty -0 05 cm /sec (see dls-.u-,
cussion below) R |

Cas = concentratlon of methanol on sfiernalfsurfacetof"

-

<

catalyst pellet 1.7 moles/m ;

>
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‘ (éee‘discussiou below) .
R | e
.The'ualuesuof D and A glven above are estlmates,'
‘Since - no values for these parameters are avallable -for the
Fe-Mo ox1de—methanol system. The valup of. D was
estrmated from the molecular dlffu51v1ty of - methanol 1n
air, Dy: by the method gﬁpcrlbed by Petersen [44]. Thelf
_.ratlo of the tortu051ty factor to constrlctlon factor was'
| assumed to be 2 (1t is, probably conslderably hlgher, but
_larger values of- thls ratlo w1lfrresult in lower values P
of D. ) DM at- O C is 0.132 cm /sec [45] Slnce Dy varleS\.
B 'as T3/2 [46], Dy at 504K is. 0. 33 cm /sec. Wlth a vord
"fractlon of the catalyst being approx1mately 0. 3, D is'_ 4
estlmated to be £0.05 cm /sec.- The effectlve thermal S "
conduct1v1ty for oxides catalysts w1fh a v01d fractlon of

’~o 3 is of the order of 4 x 107 -4 cal/cm -secK [47 48] .

g . -~ ‘ . N
o o Th@ value of & obtalned by’ substltutlng the §?
B . - .
»

above values 1nto Equatlon(ZB 1s O 304 i ThlS value is’ _ » )'
very close to the above c1ted value of 0. 3.,vIt should be 4 o
.kept 1n mlnd that the calculated value of 0. 304 used -,; T
zéﬁ\ values of the parameters whlch Mould max1mlze N Hence, |

f\ 1t is unllkely that-ln the present study the klnetlcs are

¢



. 8 Qlwere calculated Thls .was the max1mum temperature

;dlfference and it occurred for Runs 69 =74, fﬁ3”ll7, . .

-temperatures (hlgh reactlon rates accomparled by hlgh

I - . 82

. o . . S

influenced by temperature gradlents 1n51de the catalyst

¢

ellets. R ’ T
& | N | Q

Another problem of energy transport ex1sts, i. e‘

‘-r

' the transféahof energy between the catalyst pellets and

© o

‘5the bulk gas phase Us1ng the method descrlbed by Smlth
- ,[49], temperature dlfferences between the external surface

e & the . catalyst pellets and the bulk gas phase up - to 6 to

<

“ v
152- 155 and 226 ~233, 1 e. the experlments carrled out at
< '

_lomgaﬁr feed rate (1ow Reynolds %umber resultlng in low

e e

‘heat transfer coeff1c1ents) andh&he experlments at hfgher

U‘-‘

raﬂes of energy llberatlon) For‘the majorlty of exper—.'

-QS%OK), tbe catalyst pellet bulk gas phase temperatdre

’

" dlfference was calculated o’t@ be ' 2° o BT .

- -:”’te

A The above results cah explaln the observed - ;‘

o

dependence of the rate constant on alr flow rate (see

TabIe 5 and Appendlx 99 $-The expef&mental results show

that at low alr feed rates (5&2500 cc (STP)/mln) the '* ' y.'*

determlned rate constants are larger than at hlgher a1r° L

l_feed rates - At the low air flow rates, the catalyst

temperature can be several degrees above the measured bulk S
5 T ' . .
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‘ (&o the radlus of the pelf@ts) aau a pore radlus ofASOO A,\

Tk

1
'

.‘(‘F

J

¥ . \

/

gas temperature, and’ hence the rdate of. reaction and the T

-subsequently calculated rate constants re higher thah R

they would be if the cataly t temperature had been equal
ta\thp gas phase temperatuﬁg

I3

" . The problem'oﬁT

(ihe.,‘COncentration graqgents in -the pores of ‘the -
catalyst), can be examrifa by the Thlele parameter [50]

The value estlmated for the Thlele parameter based on

g X <

ﬂ391ng1e pSres ds 2.0 usrng a pore length of 0 2. cm (equal

s

@ o
(estlmated mlnlmum radlus of pores . from mlcrographs) A s

simi¥ar value is obtalned 1f the Thiele parameter 1slbased

ﬁﬁ&r on the. catalyst pellet characterlstlcs. Thls value of the‘

‘Thiele parameter is close to the value of 3 at Wthh 1n"

-ternal\mass transfer llmltatlons start to be 51gn1f1cant

-
i

..;' .

ernal. mass transfer llmltatlons

fvang it is greater than the Value,of 0.4 below,whlch 5 LN

L .o . . o . ) . Ty .

. internal mass transfer limitdtiens can be neglected.

- o, » o k ] o ‘“, .. . v .
. - . T R s - : - . e .

S
[ 2 s

, The results shown in’ Flgure 14 (Arrhenlus plot)
i a& _' L. ».'\,

suggest that 1nternar mass transfer 1s not affectlng the

¥o .

measured klngylcs 51nce no decreaSe rn actlvatlon energy

with 1ncré§sﬂbg temperature.ﬂ% o) served

of the effed?‘of 1nternal mass transfer as predlcted by

-the estlmated Thiele parameter and the observed 1nvar1ance

-

can be expla;ned

‘,3:"' : ,bb /.

of the actlv’tlon energy w1th temperature

?hls dlscrepancy



by the phy51cal structure of the catalyst pellets. The

-«

”diffusionvlength,' 2 c@fused in estlmatlng the Thlele

: parameter is'uh_ ealy toodlarge (P?obably by more than~f
’ ’ n'.\ 0 e '
.+ an order of magnltude) , ThlS is ‘the case because the cat—

halyst pellets contaln many large pores (craoks) as OQ»

o B e
served 'by SEM (seé Flgure 3). The presgibe»bfwthese large

pores (radil >10% % A) w1ll reduce the resmétghce to mass—’ffxi

4\)

>
)

»

transfer con51derab1y, and the dlff&Slon ghethe small

-d ’ K
imores is over much sHorter dlstances. It is therefore' iy

concluded that the klnetlc results obtalnéd are-

1nfluenced by 1nternazsmass tramefer\llmltatlon (

e ey, - Cvatet ; ) T

: : b : s
y tﬁrhal mass transfer lrmltatlons are not présent and thy . o~

SR B,

pellet ig 1sothermal, then 1t 1s 1mp0551ble for external

mass transfer llmltaégbns to occur

Y i ’ . BT

S~ f b} .y \ o R . E . '.
energy traﬁsfer and uht Fnal- anJ ext~-r.w Ass,transfer dp
T LR “
\
not affect the reactlon~rates. External mass and,energy

~ o &

transfer was found to. 1nf1uence the-reactlon rates;at e

flow rates of >2500 o, (STP)/an hence the measured'rates,:
t. M : ) - ~ - &,
we \1ntr1n51c k\tes. ’ T s

\ .

- A -' 2
el

Y ‘L N

o

_ \ The speélflc act1v1t1es (1 e.,‘the ac¢1v1ty per
unit oq\surface area) are proportlonal to the rate v
! . - ' ‘ ". L. . . ' a '4.
1 - / Y \ L ._v.' . . . .‘.: ) - : . . . N A
: S T o T L x

e IO SR TRV R

B2



71%%& MoO3 crystals or. be lost by subllmatlon.

"Zreasonable to assume that the prolonged treatment at

, A L
Fe, (MoO ) and MoO phases. e

"The "pltted" structures 1n these cases 1ndrcate.', SRR
AT : R

T

2

. & , .
constants, %, llsted 1n Téﬁ&e 1. é Treatment of catalyst
&

-for <18 hrs. at temperature <820K resulted in an 1ncrease

”of up to 30% 1n the spec1f1c catalYtlc act1V1ty. Thls 1s

probably due to crystalllzatlon of tﬁe actlve phase.

”.> Longer treatment at. elevated temperatures (Catalysts 8, 9:

Ve

85

ST

_and ll) and very long treatment a§ “.’Lower temperaturesJ ?.
(Catalyst 3) result En a decrease in spec1f1c act1v1ty

°ThlS is %robably du ;

the Fe (Moo4)3 phase‘ ThlS Mo could be lncorporated 1nto 'f;

o v

[

4

."7' - o ’ — cqr
o - The scannlng electron mlcrographs show tﬁ%
attrlbuted to ”

B
oévelopme\t of largt wefrﬂseflneﬂ sphc501d

\
: [
spher01ds are%not as- well developedtln Catalyst 3 f

SQOK would result in the . segregatloﬁ of st01chlometr1“
e , ,

; "_ FJVD “ ~._~1‘ *7‘J'1

~

materlal transport, probably MoOB, oocurs betwe n the

Fe (MoO4)3 and Moo3 phases.. ThlS would'suggest that ‘as

4

Y R
the reﬁuctlon ofmthe excess. M&ﬁ& f”

Sl 'Fe (MGO 4t for Catgly%ts 8, 9 and ll. Altﬂough these '-I\Q'

long as suff1c1ent phy51cal contact ek1sts betweenﬁthe g%jf’

t

two phases an actlve Mo rlch iron molybdate phase w111 be:Q

‘;3’ .

ha . Cor . . N LS : -]

S . Ce
o~ It . .

A




‘redisper51on of molybdenum oxide [30].

process 1s another poss1ble mechanism by which Mo c\h be

.- removed frgga;he Mo rich Feg(MoO )3 phase.

86
preseht -This- need of the phy51cal contact in order for

the catalyst to be active, would explain the process of
l

'reactivation of deactivated catalyst by the addition or

. , ‘ N
. \ e .
-~ The reSults of this work therefore qualitatively

14

support the. hypothe51s that the loss of act1v1ty of Mo—Fe

-ox1de catalysts is due to the removal of Mo from a Mo

~rich Fe (MoO4)3 phase. This loss occurs by recrystal-

1ization into well deflned MoO3 and Fe (M004)3 phases (as
shown by micrographs), plus the sublimatlon of MoO3 |
Although the XRF analys1s of the catalysts pellet dld not
yleld quantitative Mo/Fe.. ratlos, the XRF analy51s of the
sublimated material.showed only Mo. The micrographs of

the sublimated material (Flgure 9) showed that it'con-
/

,SLSted of MoO3 crystals. It is not known\yhether the

. sublimation of MoO3 occurs from the Fe (M004)3 crystals

rich ﬂn Mo or only from MoO3 crystals . The sublimation

One difficulty arises in‘the determination of
spec1fic act1v1t1es 1f one ascrlbes the catalytic act1v1ty s

to the Mo rich Feg(MoO )3 phase.. In thlS case one should

)i

area rather than in .terms of the total surface area.



Fe (MoO

[
.o -
1.

_ Unfortunately, SUrface area measurements by the BET method

~do not enable cne to diatingpish"between.Moo3 and

4)3 surface‘areas.h'Qn‘the“basis'of the scanning

electron micrqgraphs it is p0551b1e to- estimate (very

approximately) the I‘ez(MoO4)3 ‘surface area if one assumes

,that the spheroid particles make up thlS phase., The

'} S :
approx1mate estimate of the Fez(M_oO4)3 surface’areas from

Y

the'micrographs and the specific. activities based. on- thése

. ‘areas showed the same trends for the”specific activity as

o

“those’ based on the total surface area, but the 1ncrease

\
inh spec1fic activity, based on Fez(MOO4)3 Y?{ace area,

- due to treatment at 820K and 18’ hr was ~70% as compared

. with 30% whefi ba'sed on the total surface area.-

( L

In the case of industrial reactors one is not
interested_in the specific activity of the catalyst, but
in the total activity. Hence the specific activity ofvthe.

catalyst may increase for‘an 1n1tia1 period, but the total

aCthlty declines due to the decrease ‘in surface area.

e
—_—

For prolonged treatment, as it is thewcase in 1ndustr1a1
reactors (assuming that the treatment in air has similar
effects as'the conditions encountered in the reactor),

= s

both specific activity and specific surface area decrease.(\

' Hence, the deactlvatlon of Fe—Mo ox1des 1n 1ndustrial

reactors is believed to occur because of losses in spec1f1c

%

act1v1ty and speCific surface area.

.



VI - CONCLUSIONS

K - The treatment at clevated temperatureslhas the.

following effegts on iron molybden¥m oxide catalysts:
’ LN . - ) [N N L8

‘1.1 Loss of Specific Surface Area

-

Based on the marked decrease in surface areas
-with:thermal treatments observed in this work, it is
concluded that orie_ of the reasons for the deactivation of

/ . .
the Fe-Mo ¢xide catalysts is a loss of surface area.

2. Sublimation of MoO3
S 'The physical loss of MoO4 from the Fe-Mo oxide
‘catalysts by sublimation reduces ‘the Mo éontent'inﬁthe'
Mo~rich,Fe2(MoO4)3 phase either diredtly by sublimation
~ ) ’ . . )
\gof MoO4 from .this phase or indirectly by reducing the
' o - :

amount of MoO 4 in physical. contact with the.EeZ(ﬂoo4)3;

I 3.g‘Grqwth‘and Segreéation-of MbO3 and 2
. , _

Feé(MoO4)3, !

pﬁéses
The elevated temperatures, or very long treat-
ment at, lower temperatures, produce the redlstrlbutlon

and growth of MoO3 crystals and also a 51gnif1cant growth
. , , _

W .

88



s

o . . X
. Lo - . .- - - . R R .

/

of Fez(MoO4)3 sphereids. This seéreéation\apparently

separates the Fe (Mo_04)3 and‘MoO3 phases originally in ¢

contact and reduges the transfer of MoOy between“the two

°

phases whlch is necessary to maintain the catalytlc

act1v1ty - t. ) e

-

e -

‘The high Mo/Fe (>3) ratlo in fresh industrlal

cat&iysts is necessary to extend the catalyst life 51qcé ‘

a-lower Mo content wouldxresult in a more rapid segrega—

tion of the phas‘ and dep eti®on of the excess MoO . by
' 8 , - 3

" sublimation.

89 .
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Calibration oféhotameter o

s

The calibration of a rotameter for compre351ble
’fiyads requires that the callbratlon runs be conducted in -
suoh a mannér so that the density of the fluld'ln the

rotameter is ‘a constant. This is requlred 51nce~the mass

flow rate, m, is related to the rotameter readlng by

v
€ v

= [lo-0)0]® £¢4) - a.1) -
f v _ -

= dengity of the rotaméter float

Pe ' . o .
P = denszty of the fluld at - the condltlons 1n the
,rotameter S (ﬂ S o “\,
f(y): = reiatlonshlp between volumetrlc’tlow rate of -
o .flUld at condltlons An rotameter and the | \\&
) ' ' »rotvameter readlng, /} _f(y) 1s not- a funotion of

P

In order to callbrate a spec1f1c rotameter, it. .
is necessary to determlne the relatloﬁshlp between n and
Yy at only one value of p.' The ideal gas law, for gases at
low pressures, and Equation A-l can- then- begusedito

determine the mass flow rate at rotameter pressures and

‘tempetratures other tham the pressure and temperature used



-fOf]the‘oalibfation runé. The procedure to obtaln the
e\
mass flow rate at condltions other than, the callbratlon

conditions is illustrated below.

o

/

. . » ot ‘
Let - d . ,
gé = den51ty at the callbratlon condltlons (T and P )
tp = den51ty at any other temperature and preSsure
(T and P) - - .
Ueingfthe‘ideal gas law we obtain _ ‘..‘ T _ -
‘ P M :
c
."-.‘. ‘p = ' .'(A.l-z)
=x Ve RT_ " g
and ) r
- _“PM - e
g A
where M = molecular weight‘of.gas "-v/.
’ ) L [ v . . -

N
; Then the ratlo of the mass flow at T and P to the mass

fIQW'fate at T and’ P, mc, at a flxed value of Y, is

iven by - -
i ¥ .‘ RS
L [(bf‘p)p]%_ v g
m [ (Df‘p'c) D-c] " - ) "

c-

iof , '.. o \ ET S .T .'_/r



fcarrled .out at 21. 1%¢ and a p{izzure in the rotameter of

o | _ f(pgf;)o];i e .

. N Q

m
[(pgmp )0 ]}5 ¢

By knowing the reﬂatlonshlp betw‘pn m * and y,ﬂ

nthe flow rate at other conditions can be calculated by

‘means of Equation A.5. . . L

-

» . .
In- the present work, the calilratlon runs, were

747 Torr. The volumetric flow te as avfunction of
rotameter readﬁng Was measured'by‘a-wet—test meter

. N . . '
(0.1 ft3/rev,olut.1';on). The"pressure at the e:‘.t of the.

‘ rotameter was measured by a manometer, and thls pressure

3
was kept. constant at a¥l flow rates by adjustlng a needle

‘ valve,doﬁnstream'of the wet-test rmeter. The results of

3 o

the_célibration‘are shown ln Table A—lfﬂ The measured ;

. . N . .‘ .
. volumetric flow rates were converted .to volumetric flow

0
rates at standard conditions QC*ST?' (STP, standardf

temperature,-Té = OOC; standard pre

3

_ure, R = 7§0 Torr)

The.use of flow rated at standard con 1tlons is’ analogous
{

99

—

to u51ﬁg mass fldw rate. Hence, a. plot of y versus Q ,STP -

yields the necessary callbration curve.- Figures A-l Aand

A—2 show the callbratlon curves for the two floats in the

Mathéson rotameter employed in thls work.

[
-
—_—

‘For the present appllcation Equatlon A-5 cén .be.

51mp11f1ed since; for all flow rate measurements the

] ¢ ;
. : . i

c



temperature-was\Zloc’tloc,'and the density of the

rbtameter floats are\much larger than the fluid density

-

: (pf for glass float =3 g/cic,,bf for stainless steel

float =~ 8 g/cc,.and:pair =1x 10—3 g/cc)-. Wath these

. . K . - S ¥ .
simplications, Equation A-5 becomes : C

m= () m . i (B.6)

j -
< ¢

and substltutlng QSTP for m and Q c, STP forlmc yields

v

o A
%t = ) 9, sre

o

s

be found as a functlon of Y, and the flow rate at. the

measured rotameter pressure P can be calculated by

LR
; )

Equation A.7.

-

Hence, with the aid of the calibration curves,Qc grp can’

100-

T (A7)

/
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d

TABLE A-1: Experimental Data for Calibration of Rotameter

= 707.0 + 40.0 = 747.0 Torr

.P = Patm + Prhanom
L i o
7 = 21.1% - "
)7 -
Time fo§~ Q' Qc STP
1/10 £t7 at 747.0 Torr  at S.T.P.
| & 21.1% s
- [mm] [sec] [ce/min]  [cc(STP)/min]
_ Float: , N4
Float: Stainless ’
Glass Steel -
- 110 42 . 4045.3 "<¢ 3689.3
- 85 51 3331.4  "3038.2
150 ° 65 65 - 2613.9 - 2384.9
125 56 74 - 2296.0 2094.9
' 100 47 88 © 1930.0 1761.6
75 . 37 113 11503.6 ~ 1371.9
50 25 168 1011.3 - . . 922.7
25 . 14 381 . 4859 406.8
' E 2
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: . o .‘.- ‘ . . ) ’ .
B-I Calctlation of the-Correction-FacéLrs \

— P ch

By definition the correction factlr, F,, for

‘component -1 is

- e | . :
ref i . . (B.1)

Ay xref - o .

-

‘r;as a. reference.w._V“.m.”,nm“.”
A - erea_nnder theapeak'for"component 1.
- mole fraotionpof tnenreferenceicomponent-_
X - nole»fraetion‘of_component i. | |

. o -~

If we teke methanolias'; reference and we assign

to this ca&ponent a correctlon factor of - l 00 the

.0

correctlon factor is now. deflned by ~*_

(o]

“air, methanol and water, ‘were prepared by 1ntroduc1ng

'“°11qu1d mixtures of methanol and ‘water into a hot air

- area under the peak for the component con51dered

Samples, of varlous known comp051tlons conta3zlng'

N



stream by means of the syrlnge pump. The COmp031tlon f
of the liquid was known (by m1x1ng measyred amounts of |
methanol and water) The llquld rate of addltlon to the
air stream was known from the callbration of the syrlnge
‘pump.l The(airrflow rate was measvured u51ng the calibrated
rotameter. Mlxtures hav1ng the follow1ng range of
,bomp051t10n were prepared and analyzed mole fraction.
methanol 0.057 to 0.092, mole fractlon water 0 010 to '
' - 0.03s6, the remainder of the samples being air. Approx-
flmately 20 samples were analyzed 1n this manner.- A set of
sample calculatlons to obtaln F rhg and FHZO from the

“peak areas and\compOSLtlons 1s shown below. 'The average

values obtalned for the correctlon factors are glven in

Table B- l

e 3T

(i), Example of calcnlation of the cOrreCtion'factor‘for

‘air o ‘ oy o
.‘ |V' ’ - t . . ) -- . . 4. | 3 c b
JGF CH3OH = OT2079 g/min, given by syrlnge pump.
.. o 12.08 = 6.49 x 103 w1oe o
or GF CH3QH = 0.2079[32.04,— 6,4? x'lO moles(mln.
¥ QF,air "Fn20§9 cc jSTPl/mlnzt
OF Gp,ajy = 2050/22410=91.48 x 10~3 moles/min.

\

. " .
) . - .
. - . . - e
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Thus, the mole fractions are:

¢ . )
6.49 x 1073, o
Xcu.on T T =3 ' =3 = 0.0662
39" 6.49 x 1073 + 91.48 x 10
‘  91.48 x 1073 - ;
and . x = ;3 3 = 0.9338

. 6.49 x 1073 4 91.48 x 10”

From the computer output the following value was obtained

L e

'ﬂh‘ﬁ‘“ﬂ'v o A )
e "€H.CH.
Peak area of methanol . 3 = 0. 0746

. Peak area of air '_,
oo A .
, air

o
o

Us1ng these values and Equatlon B.2 the correction factor
'-) w1ty
for air was calculated as

F_._ = (0.9838/0.0662) (0.0746) = 1.05

(ii) Exémple of‘éalculation,of the4cbrr9c£ion factor for
water: o : T o

Sample: "/;//

Water : k 9.9571 g (Density

1.000)
0.792)

" Methanol = 28,8196 g (Density



\\{Egrefore, the fractions in.boiume are:

\ \
Water = 0.2148 .
Methanol " 0.7852

]

The flow rate of syringe pump is Q

108

pump
Thus, . . N
. S | :
GF‘HIO = (0.2625) (0.2148) (1.000) = 0.0564 g/min
’ . . .
2 e
1) : . : .
}QPQF.CH3OH = (0-2525)(9-7852)(0-792) = 0.1632 g/min
e o |
and
Gp p o = 0.0564/18.02 = 3.13 x 1073 moles/min -
’ : : : . ¢
. L . _ N _3‘ i .
GF,CH3OH N 0:1632/32j04 = 5-09 x 10 ~ moles/min
':QF,air = 1760 cc (STP) /min
and
—— " ‘ _ s _3 : ) et
.GF,air = 1760/22410 =-78.54 x 10 moles/mln

Therefore, the molar fractions are:
x - 5.09 x 1073
- CH30H 5.00%107° + 3,13x1073 + 78, 54x10"3

. S Y313 k103
H,0 3 3 4 78.54%10°3

270 5.00x1073 + 3.13x10"

)

]

0.2625 cg/min, -
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From the computer output the followim valueiwas ined
p pu; g 2 was ghtaine

Peak area of methanol _ . 73 = 2.70
‘Peak area of water -~ = ' ’

a

!
Using these values-.-and Equation B.2 the correction factor:

for water.was calculated as
) - . ey

F, o = (0.0361/0.0587) (2.70) =/1.66

_(iii)’ Calculation of the corréctién factor for
formalddhyde \

[V
)

. . ) . ) : ' :
o The correctio factorofor’fdrmaldehyde could not

be obtalned in thls fa hion since no formaldehyde ‘solution
of knéWn comp051tlon was avallable. ‘The value for FCHZO
reported in Table B 1 was obtained from product analyses

' of methanol—alr ox1dat10n experlmemts. Since the only
observed reaction products were formaldehyde and water,
:the product stream contalns ‘equal number of moles of water
and formaldehyde (wateq‘ln feed stream was removed by ,

drylng'column). rTherefore, the correctlon factor for.

=:forma1dehyde is given by

4

—



| - Pgo I |
CFeno TR Fago -
S . 27 ""CH20' 27 L .

. Over 50 analyses were carried out; and the -
average value of ‘F'—C»H-lé—b—ﬁbtainea from these experiments is, ‘
—.given in Tablé B-1.

- - Y

o
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L
L B ~ A . o
TABLE- B-1:" Correction Factors for Chromatographit Analysis

0

—
v

-3

Component . Average Correction Factor
o .“' - _‘ B ) ,. \’ ; ! g . Fi '. ,/

) o . _ . : .
Methanol : ' : - . 1.00

Air . ’ ' . . . i : - . O . . 1.02 .. R

'Water . 166 o,

‘/"Fémaidehpyd'el . /1.40
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.

q

B-II - Computing Menitoring Program (CMP) N
. ‘ o 8 . " )
' 'Table B-2 shews the listing.of the job defined
-for,” chromatographic analysis d?ing:fhe*éaléﬁlated |

correction factors. e _ L

The analy81s was started by enterlng 1nformatio~
on a, teletype to call the correegondlng program Then the
© sample was 1n3ected and simultaneougly the .CMP 1nterrupt
button was depressed.' After the GC[data were processed
- the correspondlng results appeared on the teletype

Flgure B-l shows a typlqal chromatog?am, its correspondlng'

teletype.prlnt—out 1s shown in Table B-3 ," s ~
! . ’ :

A



JNB NUMBER
GC NIMBER

uon

- FINISH TIME

NORMAL%ZATION CONST.

81

8 .

4

]

N

v

-

CALCULATION OPTION
TOTAL PEAKS T

450
100%

“

TABLE B-2: GC Job Listing °

A
* REFERENCE PEAK DANA *

LOW TIME DOF REF
HIGH TIMRINF RFF PEAK

CONCFNTRATION NF REF PFAK
RESPNONSE FACTOR OF REF PEAK 0.

)

~

. LOW TIME. HIGH TIME - CONC FDR

STND
nm. . T2, 0. 102,
72, . 185.° 0. A PEN N
' 185., 252. 0. 166,
. 252. 448, 0. 100
" COMPONENT " SEONO  IPLUS INREF IFCGOY
« AIR . 1 0o "9 - 0
FORMALDEHYDE 2 -0 0 0
WATER ' 30 0 0 0
METHANOL 4 3 -,0°

’

PEAK

10.
50"
0.

o

TIME..BAND DATA * <

0

1
1
1
A

IR

o0

EST

% PARAMETER AND CANTROL ACTION DATA *

T P — - — —— —— - " —— — - G —— ———— o > w— — -

<

PARAMETER ACTIONS
a .

K3

ACT.TIME KNDTM ISTS IRATE THIGH ILOW IH

2 . AB 11
1 ‘AB .1 -
72 RL -+ 0
448  RL' 20
457 RL. 19

o - Faa

ECO ACTIONS

o

&

8PPS
8PPS
1PPS
1PPS
1PPS

150
150
30
30

- 30

-150
~150 .
=30
-30_.
~30 "

ATR

113

FACTOR  JTYPF COMPONENT

FORMALDE

WATER . -

METHANOL

UNITS
MO. % -

MD.Z
MO.%

i

ARD I SOFT IEXP1- TEXP2

N A RUEY,

#-$$~an

P et et pes pd

RS

NN RN N
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GC JOB LISTING cetCONTID)
i . 0
Jne CAMPLETE =~ © N S
» & .
o )
;



- -Figure B-1l: Representative Chromatogram for Separatlon

3 | : / 115

(millivolts)

Amplitude,

Y ~T Y T T Y T
Run No, 108
Column Temperature: 165°C
| He Flow Rate: ' 50 cc/min |
| Chart Speed: " .5 in/min
' o | .. Current: -\\\ © 180 ma-
0.7 : ‘Atenuetions: : As Noted
0,6 -
A . ‘
Air 100
T CHZO b4 l: e L .
:0.5. "l 4‘ O " -A ‘. ‘ \ T
0.4-.‘ ‘ _} -
\ J
0-3- o . " -
. : +U, . »
0.2 o 7
. ‘™ . .
. o s
. , H
‘ R S '
E;“ .
0~l>- E - -
o g
1 9 |
| i 1 L L L L - 3 1
0 1 2 3 4 5 6 7. 8

Time,v(mlnutes)

!

o

&

of Air, CHZO, HZO and CH3OH. S E
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¢

%% GC JNB yNTRY *x

ENTER \

GC. NO., JvBNO,,
8 81 11 70
88111 7

LUNs KALCs CYCLE IND (~1,04+1)}

1 IF OK .. 2 IF NOT

1 . : .
JOB ENTER¢D

9 MAR 74
z 12734 HRS

~J

¢

o GC REPORTING JOB R1 #5%

PERCENT AR¥A UNKNOWN = 0,00

COMPONENT RESULTS: UNMITS
ATR 93.611  M0.%
FORMALDEHYNE 24274 LR
WATER 24317 M0, %

. METHANNL

14797 T MnL%

JOB CNMPLETE

’v'l'l\BLE B-3: Ruﬁ’lOB-}’i‘eletypa Output

ELUYION TIME

3 51

2?7
210

. .

N

116

~ PEAK AREA

]

0.4318612F 03

: 0,764420LE ot

0.6569401E 01.

0318455801€ 01



. APPENDIX C
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SURFACE AREA DETERMINATIONS: COMPUTER

»

PROGRAM AND SAMPLE RESULTS

— o ) .
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C-I BET Program ° ‘ - e

C
vC***;\\****************************#*#***
c***********************************-

c '
C° - THE FDLLDWING PROGRAM "CALCULATES THE - NITRDGEN UPTAKE
c . AS A FUNCTION OF PRESSURE ENR SURFACE AREA AND, PDRE ;
C ' SIZE DISTRIBUTIDN DETERMINATIONS _ ’
c

C***************** *************** TP
C***********************************

- R oo
DATA TO BE READ IN‘CONSISTsioF'THE FDLLONING

CARD=1 - NSAM = NUMBER DF SAMPLES (I F., NO.,OF
COMPLETE DETERMINATIONS) -
THE FDLLOWING DATA ‘TS, READ IN FOR EACH DETFRMINATIDN

. CARD =2 - T= AVERAGE AMBIENT TEMP (DEG. F) THIS IS
- THE BURET TEMP .
b - PSAT= AVERAGE. SATURATION PRESSURE (TORR) -
. W= WEIGHT OF CATALYST SAMPLE (GRAMS)
CARD 3 - RUN RUN NUMBER o

VOLUME PRESSURE DATA ARE NOW READ IN ? T e s

"EACH TYPE IS IDENTIFIED BY THE NUMBER 'IDY WHICH
ALONG WITH NP, THE NUMBER DF SETS DF'DATA, IS READ

IN CARD 4 |
1D = 1 = HELIUM. CHARGE FOR DEAD VOLUME DETERMINATION‘
. = 2 = HELIUM EXPANNED INTO:SAMPLE CELL-
=-3 = NITROGEN CHARGE FOR ADSORPTION MEASUREMENT o
= 4.~ NITROGEN ADSORPTION. MEASUREMENTS TN
THE VOLUME= PRESSURE DATA ARE READ IN FOR EACH ser UF
——BATA AS : ;.,Q T o
 NB2(I) = HG LEVEL IN BURET 2 e T IR
NB3(1) = HG LEVEL IN BURET 3 = =~ . ~ . - I
NB4(1) = :

HG LEVEL IN BURET &4 S
- BLV(I) = VOLUME OF GAS IN BURET 1 (CC) v
R(I) = READING FROM TEXAS INSTRUMENT PRESSURE GAUGE

. PS(I). = SATURATION PRESSURE AT EACH DATA PDINT (TDRR)

' THE LEVEL IN EACH BURET IS 7 WHEN THE HG’[S AT THE
. TOP 4, AND '1 WHEN THE HG IS AT THE BOTTOM. - ALL OTHER -
LEVFLS ARE SEOUENCIAL BETNEFN THESE LIMITS

ncjciﬂc1€1n<ﬁbﬂ5cshcﬁr»ncvn<1cvﬁcjfﬁn<ﬁraﬁ<1f’orﬂr)ﬁcwfvh<ﬁcaﬁ

v

THE - VOLUME=-PRESSURE "DATA ARE 'OF FOUR DIFFERENT TYPES, - o



INTEGER RU

BET PROGRAM

N

\

VL !

ees (CONTID)

s

119

DIMENS!ON Ble30)7NBZ(30)’NB3(30)yNB4(30)9R(30)1P(30)v

%PX(30)"

2
555
444

556

11
12
13
14

15
16
17

- 18

21

_23_

READ(5,1)
FORMAT(112

PO 888 1JK=1,NSAM
READ(552). T yPSAT 4 W

FORMAT(3F1

_READ (5,55

FORMAT {11

NSAM
)

5) RUN

2)

WRITE (6,444)

“FORMAT ('Y .
WRITE (64556) RUN,W ' ’ .

"EORMAT (///////////////,IOX,'ADSURPTIDN MEASUREMENTS'

%//910Xy ' CATALYST SAMPLE NUMBERYy3X,124//310X *WEIGHT
*0OF GATALYST SAMPLE',3X, F10. 3,3x,'GRAMS') -
T=(T=32,)/1.8+273.16

* READ(5,4) ‘

FORMAT (21

')

NP, ID
2)

DO 38 I=1,NP . ' ‘
READ( 54 3) NBZ(I)yNB3(I)9NB4(I),BlV(I) R(I)yPX(I)

FORMAT(31241F13. 3,2F10 3)

P(I)=3,07%

R(T)

V=B1V(1)1+52.7
- N2=NB2(1) '
G0 TN (11712'13114’15916 17)9 N2

V= V+200 09

6070 18

V=V+99,31.
GO TO 18"

V=V+59,92
" G0.TO 18

V=V+25,19

.GO T0 18
V=V$12.43

GO TO 18
V=V+5,69
GO TO 18
V=V+0,.

CONT INUE -

‘N3=NB3(1)

L]

*VV(30), AD(30)yPR(30)1Y(30)

yX(30)

-

G0 TN (21,22'23,24,25,26.27), N3

V=V+339, 81

G0 TO 28
V=V+195,93

.60 TN 28 -

V=V+108.16

R

9YC(30),DY(30)7

e
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BET PROGRAM ... (CONT'D)-

‘ L . \ 4
GO TO 28 _ g . o
1 24 V=V+68, _ : .
.. 60.TO 28 .
257 V=V+29,.76 : -
. GO Tn 28
.26 V=V+15,.19 .
.60 TO 28 -
28 'CONTINUE : . o ' ';{'
' N4=NB&4 (1) - o

K GO TO (31732933734735 36, 37)1 N4
31 V=V+344,95
_ GO TO 38
.32 V=V+193,2
‘ GO TO 38
=33 V=V+105.19
.. GO ™38 =
34 V=V+65.07 = - -
.. GO TN 38 Y
35 V=V+28,27 K
ww-gg'rq,33 !
36 V=V+14,11

60 TO 38 . - o R

37 - V=V+0,
38.. VV(I)=V -
60 TN (50.150,200,250). 10
50 WRITE(6,51) . o

. PVSogw - | | :
‘51 FORMAT(///,IOX,'HELIUM CHARGE - CONSISTENCY CHECK! , /

%10 Xy *NUMBER PRESSQRE VOLUME - PV! )
DO. 60" J=1,NP o T
PV=P(JF2vv(J)
WRITE(6452) JyP{J)yVVIJ),PV

52 FOKMAT(IZX»IIZ,BFIZ 2). ‘

. PVSE PVS+PY

60 CONT INUE ,

FNP=NP . ' N
" PVAzPVS/FENP ‘
. WRITE(6,53) PVA- '
53  FORMAT(//, IOX,'AVERAGE HELIUM CHARGE (PV) ,1F12 2y,
* TORR=CC').
‘GO TH 5. -
150 WRITE(64151) '
151 FDRMAT(///,IOX,'DEAD VOLUME OF SAMPLE CELL',/,IOX,
*'NUMBER  PRESSURE- VOLUME PV ' ,DEAD
*VOLUME 1) ' : .
pVS=0, - . R
PO 160 J=1,NP .
DV=PVA/P(J)=VV(J) ,
PV=P(J)%(VV(J)+DV) .

Sl
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" BET PROGRAM ~ . ...(CONT'D)y

WRITE(64,152) J,P(J) 9VV‘J) 9PV1DV
15?_F0RMAT(12X9112,4F12 2) . _ , 4
o DVS=NVS+DV- * Lo : .
160 CONTINUE ‘ o :

-FNP=NP

DVA=DVS/FNP .

~ WRITE(6,153) DVA .
,153 FDRMAT(//;IOX,'AVERAGE DEAD VOLUME —',1F10 2y' CC')-

GO0 TN 5 , L :
zoo WRITF (6,201) ' .

201 FORMAT('I',///////////////yIOX INITROGEN CHARGE

®*DETERMINATION' 4/ ,10X, *"NUMBER  PRESSURE VOLUME CH
*ARGE(CC AT STP) ') A3 - o o
SN2=0,

‘DO 210 J=1,NP o
VN2=P(J)*VV(J)*273.16/T/760, :
WRITE(6452). JyP(J)4VVIJ),UN2" ‘
. SN2=SN2+VN2 o _
210 CONTINUE .
- FNP=NP. S

“VN2A=SN2/FNP
,  WRITF(6,203) vN2A ; o
203 FDRMAT(//:IOXy'AVERAGE NITROGEN CHARGE' "+1F12.2," CC
L % LAT STPU)- . . -
GO T0 5

250 WRITE(6,251) ~
251 FORMAT(//,IOX,'NITRDGEN ADSORPTION UPTAKE®y/,10X, |

#* ¢ NUMBER . PRESSURE . VOLUME N2 IN GAS N2 ADSOR -
*BED') : . e o -
PO 260 J=1,NP -
VGP=W(J)+nvA - 7
CGP= P(J)*VGP*Z?B 16/T/760.
ADN2=VN2A~CGP"
WRITE(6,152) J,P(J),VGP,CGPyADNZ
AD(J)=ADN2/W. ,
CPRUII=P(J)/PX(J)
oY) = PR(J)/(I.-PR(J))/AD(J)
- zea CONTINUE
WRITE(6,300) PSAT
309 FORMAT('I',/////////////////,ZSX,'BET RESULTS',//,IOXr
" #$SATURATION PRESSURE =1,1F6, 1,' TORR! L S
WRITE(6,301) ,
30"1 FORMAT(// 443Xy AMOUNT ADS . ¥ ,/ 10X,'NUMBER',4X,'P/PSAT'
<* 3X,'P/V(PSAT P)'ySX,'(CC/GM)',SX,'PSAT (TORR)') .
‘DO 350 J=1,NP . _
S WRITE(64351) J4PR(J),Y(JI4AD(S) . LPX{J) - .
351" FnRMAT(sz,llz,ZFlz 4,1F12 2,2X,1F12 2) ‘
35) CONTINUE™
. N=0 \
) 400 J=1, NP



- BET PROGRAM e (CONT'D)
IF(PR(J)-O 05) 40049401,401
401 TF(PR(J)~0.35) 402,402,400
402 N=N+1 , . 3
" X(N)=PR(J)
Y(N)=Y(J)
. 400 CONTINUE.
- $X=0.0
SXY=0,0 ,
. SY=0,0- . ‘ _ ‘ S
w SXX=0.,0 ‘ .
- 30 ‘'I=1,N
SX=SX+X(1)
SY=SY+Y (1)
SXY=SXY+X{ 1) %Y ()
SXX=SXX+X(IY%X(])
30 CONTINUE , o : '
DEM=N%SXX~S X% SX ' ) o
A= (SY#SXX~SXY%SX)/DEM s | C S R
B-(N*SXY-SX*SY)/DEM -
SY2=0.0 - . , , '
$SDY=0,0 - : oo : : '
SNY=0.0
DO 40 I=1,N
YC(I)=A+BEX(T) ¢
S DY(D =Y(1)=YC(I) : -
SPDY=SDY+DY (1)
1ssov-ssov+nv(l)*ov(1)
;  SY2=SY24Y(1)%Y (1)
40 CONTINUE L S
‘ SDV=SORT(SSDY/ tN-2).) - P,
PSDV-((SDV*N)/SY)*IOO. ‘ o
WRITE(6,100) N
DO 59 I=1,N _ _ -
- WRITE(6,102) o e XUIN9Y(I),YC(I),DY(I)
59 CONTINUE R :
: AREA=4,25/(A+B) .
WRITE(6,106) SpV : ,
106 FDRMAT(/,IOX,' STANDARD DEVIATION .= v 2X,E15.5)
: WRITE(6,108) PSDV . : T
108 FORMAT(/,IOX, PERCENT STANDARD DEVIATIDN =t 2XyF10.5)
~ WRITE(6,107) A : : :
107 FORMAT(/,IOX Y A+B*X ',1,10X,'A= ,FIO.S.' - -
1 /410X 'B= ,F1o 5) . o . o

¢ o _ N

g

© 102 "FORMAT(1F16.443F15.6)
100 FURMAT('I"///////////////,IOX,'LEAST SQUARE FIT OF
¥BET RESULTS',//.IOX,'P/PSAT',9X,'YMEAS' 10X, *YCALC',
*10 Xy *YM=YC1) : A : S
WRITEL6,600)  AREA - : . ;4' . v
600 FﬂRMAT(////,zox,'SURFACE AREA "'ylF?QZ,'_SQsM/GRAM‘)
888 CONT INUE . - I . o, . '

122
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¥

e . b} ‘
% . BETWROGRAM.

CALL EXPr
END

wee (CONT'D)

123
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- i ‘r‘
_C-II Computer Output for Catalyst 1 | 4
. P — = _ ‘ . : E

- '~ ' . ' ' ' ‘ - . - . SN - ’
ADSORPTION MEASUREMENTS . . , o . L ,

‘CATALYST SAMPLE NUMBER - 1 ™

WEIGHT OF CATALYST SAMPLE - . 1.425 GRAMS B -

-HELIUM CHARGE ~ CONSISTENCY CHECK'. = - o ’
NUMBER * PRESSURF . VOLUME pv - o S '

o1 ©207.25° 7 . 77.89  16143.14

2. 143,10 . . 112.62 16116.82 = | e

C— 3 7105.94- 00 152,01 16104.79 S o

! "4' . 63.57‘ 252079_ ‘16072.30 . ' *\.\

16109.26 TORR-CC o

~ AVERAGE HELIUM CHARGE (PV)

-
7 -
N - -
-~ L . L.

'DEAD VOLUME OF, SAMPLE CELL - E 1
NUMBER _  PRESSURE VOLUME = PV - DEAD VOLUME -

i

- 58,5977 .. 252.79 16109.26 122.15 B
2.+ - ,92:45" - 152,01~ 16109,26 2.23 , L

3 . 119.63 112,62 , 16109226 -  P2.,03 - L

4.,

[

Y, T rel.49 77.89 16109.26 . 21.85 "~ .
AVERAGE DEAD VOLUME =  '22.06 CC R
S S R
- @ - A 4 [N
- —= ‘L‘/’,



LI

-

NITROGEN CHARGE ‘DETERMINATION

. NUMBER . PRESSURE 4 ~ VOLUME"
1 B7.377 541,14
2 T 13,54 | 641,92

3 6014 785+ 80
‘4 . 7 50.51 .1 937.55

Ty

AVERAGE NITROGEN CHARGE -=

.

NITROGEN ADSORPTION .UPTAKE
NUMBER  PRESSURE VOLUME
1. 48,26 959,61
2 57.19 807.86 .
3 69.59 ' 663,98
4 81.95 - 563,20
5. T97.11. - 475,19
.6 118.91 *° 387,42
7 0 . 132,40 < 348;03
: 8 "%9.34 - 307.91
9 1,62 267,75 .
10 1 196.83° 233,02
11 _ 233,.16. 196,22
12 288.36 157,98
I3* ; >328041 re '138;48'
14 409.66 . 110,21 °

R RETC
oA
CHARGE(CC AT STP)
te 57.31 v
57.22 ¢+ . : .
57,28 SN L
- 8%.41 | L
. [ . 1 ‘
57031 .CC AT STP
! . - . L . ’
N2 IN GAS N2 ADSORBED i
56,14 L 1.17 .
.56t01 .1029 . A
56,01 1029 ; ;'<i& .
55395 1435 R
55,94 1.36 .
55.84 1946T L P ”
55 .86 Vetd . e s
55,74 1.6 .
55.70 . 1.60
’é‘l " 55,60 y" » 1.70 ‘
 55.46 ¢ . 1.84
55,2 2.08
55,13 2417
- 54,73 2.57



‘ o ® ) ~ . W\
° : @ . "y
e BET RESULTS o | R
i
f'SATURATIDN PRESSURE = 719.0 TORR ST
o ’ N ! )
T o AMOUNT ADS. '
NUMBER  P/PSAT  P/V(PSAT=P) - - (CC/GM)* . PSAT (TORR)
1. 0.0670. . .0.0874 0,82 ' 720.00
2 0.0790 " 0.0941- 7 . 0.91 - '723.50,
3: .0,0.0966° - "0,1180 0.90 720,00
4 7041135 . 0.1343 . 0,95 . 722.00
5 . 0.1348 © .0.1627 . . 0.95 . - 720.00
6. 0.1653 .. 041932 . 1,02 . - 719.00"
S Te 0 041836 00,2215 .- . 1.01 -7 721,00 .
“ 8 -:0.2077. 0.2383 © 7. 1,09 - 719,00
* 9. 0.2377 0.2772 . L2 | . 722.000 .
10 - 0.27R® . 0.3131 . N9 0 721.00 .
11 0.3231° ~ 0.36847 . 721.50
.12 0.4021 0.460) . 1,46 ‘*.g~717¢oo“ »
13.  0.455L. - 0.5469 " 152 . - 721,50 -°
14 0.5689  0.7302 | 1,80 7 720,00 .
[P R
Lo ‘ ,
: ‘
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LEAST SOUARE FIT OF BET RESULTS

A/pSAT |
0.0670 :
0.0790
0.0966
0.1135 "
0.1348,
0.1653
0.1836
0.2077
0.2377"
0.2730
043231

i

YMEAS
0.087443
0.094120.
0.118017

04134345

0.162728
0.193200
0.2215%0

0.238387

0.31316%

0.368452

STANDARD DEVIATION™

'PERCENT® STANDARD DE

1

[

[’

0.277214);

SURFACE AREA

VIATION

0.136749%

. "vealc
'0.085043 °

0.098418

0.118008 «

0.194463
0.214770

0.241533

0..314167-

0.369975

T 1:66244)

o

- 04333786502

n
YM=YC
*0.002399

" -0,004298

0.000008

© -0.002403

0.002197

~-0,001262.

0.006730

..~0.003145

0,002303
=0.001005

-¥.001522

-

3,78 SO.M/GRAM

A
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, APPENDIX D
\
COMPUTER PROGRAM FOR KINETIC DATA ANALYSIS

AND RESULTS OF INDIVIDUAL EXPERIMENTS

1 . .
. ‘
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‘ C************A********M*** **************

®

i

_ ﬂcﬁr)ocﬁryﬁtﬁr)nfﬁcuﬁtwf7n<5r10<ﬂfvocﬁr10<ﬂfvr>Oc1rincﬁrwﬁcﬂcvcvﬁ<w67n<3<3¢!n

N

3

. Computer Program for Activity Measurements

C“******#*******#***<*%n**m*****4***

THE FNLLOWING PROGRAM CALCULATES THE FRACTIONAL -
CONYERSIANS AND RATE CANSTANTS FOR THE OXIPATION DF
METHANOL TN FNRMALDEHYDE \

*********** *** 324 e e o 3 ol e de e 3 ok e ok e e e e e Ak

**w********#*****m*4****#**********

~

DATA INPUT‘DESC;;LTIUN

CARD 1

CARD 2y

CARD 5

TCARP: 6 M1yAL,A2,M2°

_CARD 7

" CARD 8

NGC;ND  FORMAT(?212) -

NGC NOT EQUAL TO ZERO THEN NO FEED GC ANAL .
ND = O CAUSES PRNGRAM TN EX1T .
3, AND & ALPHEMERIC DESCRIPTINN OF RUN

N UP TN 55 CHARACTERS PER CARD
{ STARTING IN SPACE 6 ON EACH CARD,

M1,Al,A2,A34A4, AS A6 (FnRMAT(II?rvﬁFIO 4))
M1=0 MEANS FEED CﬂMPOSITION FROM FLOW. RATES

Al = TOTAL AIR FEED RATE IN CC(STPI/MIN
A2 = METHANDL FEED RATE IN CC OF LTOUID/MIN
A3 = ABSOLUTE PRESSURE ‘IN REACTOR :IN TORR
A4 = REACTOR TEMPERATURE IN NEGREES.KELVIN

A5 = CATALYST WEIGHT IN GRAMS
A6 = CATALYST QURFACE AREA IN SQ. M/GRAM

'FﬂRMAT(112,6F13 4,112)
M1=1 MEANS "FEED. ANALYSIS BY GC

Al = PEAK AREA OF AIR IN ‘FEED
A2 = PEAK AREA OF METHANOL IN FEED-
AS = NUMBER OF SOUARES ON. GC' CHART FOR WATER

1IN FEED (GC JOB DEFINEN DOES NOT.DETECT
THESE SMALLPEAKS. THESE VALHES ARE °°
- MULTIPLIED BY 0.245 TO CONVERT 10 ARFA
GIVEN BY GC PEAK) A .
©M2 = ‘NUMBER ﬂF GC FFED ANALYSIS

RFPEAT OF GC - FFED ANAIYSIS DATA (CNQD 6)

M1 =2 MEANS PRNODUCI. GC- ANALYSIS

Al = AREA RF AIR PEAK IN .PRODUCT.
- A2 = AREA OF FNRMALDEHYNE PEAK IN PRODU
A3,

AREA OF WATFR PEAK IN PRODUCT

R

130

MLyALsA2, A3 A% AS A6y M2 FORMAT(-112,6F104 4, 112i




OO ON0A0 0N O.

2]

"RUN, NEW SET NF DATA QARDS REQUIREDN FOR EACH
-OF FEED FLNW RATESS o , :

SR L - c | 131

"ACTIVITY MEASUREMENTS ..;(CONT'D)'

B

A4 = ARFA OF MFTHANﬂL PFAK N PRODUCT

A5 AND A6 ARE- 7ZERD
~M2 = NUMBER ﬂF RFPEAT GC. PRODUCT ANALYSIS

CARD 9 REPEAT OF CARND 8 FﬂR EACH PRUDUCT ANALYSI§
NEXT CARD IS CARD 1 EOR NEXT RUN

ﬂNLY ONE SFT DF FEED F!ﬂw RATES™ CAN BE GIVFNQPER -
SET

DIMENSION X2FME (51 yX2FN(5)5X2FN(5) yXPH(8) XPC(8),

‘1 XPM(8),XP0O(8)yXPN(8]), Xl(S),X2(5)1X3(5)9X2FH2(5)

150

11

.200

™

2%)

10

20

155

3

31

1

DIMENSION XPNA(8) - ,
FME=1.00. -~ . <
FAIR=1.02 | oL
FH20=1. 66
FCHZﬂ 1.4

N

FMF FAIR FH?O AND FCH?ﬂ ARF GC CORRFCTIUN FACTORS

CUNTINuh" E, | o 'fE - : E» R
WRITE(6411) - ‘ o ' X
FﬂRMAT('1',//////,5X7'KINETIFS OF METHANOL OXIDATInN'

14/}

READ(S,ZOO) NGC 4ND
FORMAT(212) A .
~ IF(ND) 250,998,250 * - . , :
" CONTINUE o , S o RN
‘M3=0" T o I :
M4=0 . C 4
REAN(5,10) 21,22,13, 24,25 16 17, 28,29 ZA.ZB,zc,zn yZE
WRITF(6,10)21,22,23,ZA 25126477428 4295ZAyZB42CZNyZE - -
CREAN(5910) 21922423 474425426 32742892942A42B42C42ZN,7E
WRITF(6310)Z2Y 922923924 925426477 9ZR+299ZA4ZB4ZC4IN,ZE.
CREAD(5,10) 71422923 424415426527 y284299ZA9ZByZC4IN,2E -
WRITF(6,10)21+22923424425426577 28,429,124, zs,zc,zn,ZE'
FORMAT(SX y14A4) ! : .
REAN(5,20) M1l4Al, A2, A3 AL, AS,Ab M2
FORMAT(112,6F10.4,112)
IF(A1-0.01) 150,150,155
IF(MI-1) 30,40,50°
“WRITF(6431) A1,A2,A3,A4,As A6 ' S
FORMAT(5X 8 ATR FEED RATE (CC(STP)/MIN) -',1F7 1./ sx,
1'METHANOL FEED RATE (CC(LIQUIN)/MIN) - =141FB8.547,5Xy"
2'REACTOR PRESSURE (TDORR) =',1Fb.1y/y5X ' TEMPERATURE

Y



OO0

a

3(
41F64.24/45X " CATALYST SURFACE ARFA (SO, M/G)'=T,IF5.2)

”VL_ . 7‘132_.»

 ACTIVITY MEASUREMENTS ... (CONT®™D) . .
L : A
(KELVIN) =t y1F6.1,/,5X, '"CATALYST CHARGE (GRAMS) =1,

OA A1/22410.
A IS THE FEED RATE OF . AIR IN MOLES/MIN o

(M= AZ*O 792/32,04

VOM IS THE FEED RATE QF. METHANDL IN- MOLFS/MIN

"1 CENT) 'y //+5Xs* TYPE OF
2 NOL WATER CH20',/) .

ar

* FORMAT(5X, ' FEED (FLOW. RATESL',1F7 2,1F9 2,1F7 2)

‘XlFMF OM/(QM+OA)*100.
X1FNZ20,9%0A/ (OM+QA )
X1FN=79, 1%QA/ (OM+0A) .
AREA AG¥*AS A

AREA IS THE TQTAL AREA OF CATALYSI.IN REACTOR

PRFS A3/760.
PRFS IS THE ABSOLUTE PRESSURE IN REACTOR IN ATM

TEMP A4

TEMP 15 RFA@I‘R PERATURE 1N DEG. k-

THE ABOVE 3 X1'S ARE, THE MDLE PERCFNT DF MFUH, 82 AND
N2 IN THE FEED AS CALCULATED FROM FEED FLDW RATFS

NRITF(6,32)

- FORMAT(/45X,' FEED AND‘P ‘DUCT COMPOSITIDNS (MOLE'PER

NALYSIS NITRDGEN LOXYGEN METHA

WRITF(64,33) X1FN,X1F0y VEME - S L

GO TN 1

M3=M3+ . o : _

A2=A2¥1.7 . - e

A9=A5%0, 245 . o o
5 | —

THIS IS 7O CﬂNVFRT SQUARES. TD C PEAK AREA

r—————

SA FAIR*A1+A2+A9*FHZO
XZFMF(MB)—AZ/SA*IOO. )
X2FN{M3)=20. 9¥FAIR*AL/SA -
X2FN(M3)=79,1/20.9%X2FN{M3)
X2FH2(M3)= FH20%A9/SA*100. , ' o
WRITE(6,41) X2FN(M3.), X2FO(M?).X2FMF(M3) ~,X2FHJ(M3)
FORMAT(5X 4 FEED (. C.)',RX,lFb 2,1F9 2,1F7 ZﬁlFé 3)

|
JJ
= ! .
I

= CTF(M2-= M3)998 60,1 N : IR

\ A | » e O,y
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.uC

c

n(ﬁfih .

65

133
" ACTIVITY MEASUREMENTS oou(CONTID) =

M3=0 L , ‘ "

‘FMZ M2 ' o
Fl 0. ; T R SR e S
F3=0. S ' ' : ' o a
Fa=0, -

NO 65 1=1,M2 . . :
F1=F1+X2FME(T) . o ' o L
F2=F2+X2FN( 1)~ : S , . . .
Fa=F4+ X2FH2(1) . . -

S F3=F3+X2FN( 1) S . ,
XAMGC=F1/FM2 S SRR ‘ -
XAOGC=F2/FM2 o : : L
'XANGC=F3/FM2 - :

~ XAHGC= F@/FMZ o ;- L ,j.g

ABOVE VALUFS ARE AVERAGF FEED dOMP, FROM GC -

’

' .NRITE(6,61) XANGC,XAOGO XAMGC ,XAHGC

61

FORMAT(5X,'AVG. FEEP (G. C.)',1F8 2 1F9 1F7 2,1F8 3)
XAFM=(X1FME+XAMGC) /2.

XAFD= ( XLFO+XAOGC) /2. , IR L
XAFN*(X]FN+XANGC)/?._V S , S .

AVFRAGE FEED COMP. BY GC PLUS FEED RATES

62

.50

~'0FT=0AfQM E

»NRITF(b 62) XAFN, XAFO,XAFM - - '
FORMAT(/,SX,'AVERAGE FEED',6X91F6 2,1F9 291F7.2,/)
GO TO 1 : . :

" M4=M4+ 1

CA2=A2+1.2

OA3=A3+1,7
 A4=pL+ LT

THE ABOVE ARE CORRECTION FACTORS DUE TO DEAD BAND IN ,
GC JOB: DEFINITION . : : A o

SIGA FAIR*A1+A4+FCH20%A?+FH20*A3 ST ,‘b‘
XPH(M&4)=FH20%A3/SIGA%*100, o .-

XPC(M&)=FCH20%A2/SIGA*100. -
XPM{M4) =A%/ STGA* 1oo.A.: S S

-

» . AN

THE FOLLONING "VALUES OF MOtE PERCENT FOR OXYGEN AND f
NITROGEN ARE. ESTIMATED PROM MEASURED FEED FLOW RATES

- AND METHANOL FEED COMPUSITION (XIFME) AND METHANOL e

PRODUCT (XPM(M4))..

. c .

QFf = TOTAL FEED RATE IN MOLES/MIN
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a0

70 M4=0

75 P5=PS5+XPN(I) -~

134
 ACTIVITY‘2FASﬂRéMENT$l.;.(CdNT?D)
oPT;QFT*(loo.+p;5*xAF% )/(1Bq;4o;5#xpmfm4))
de‘: ToTAL Pgonucf>anQ RATE IN, MOLES/HIN -

 QFN=0. 791*0A |
OFN = NITROGEN FEEN RATE IN MOLES/MIN
THIS IS EOUAL TN NITRAGEN PRODUCT FLOW RATE
XPN (M4) =0FN/QPT#100 . | J o
XPO(M&)=  ~ XPN(M&)=XPC (M&)=XPH(M&) —XPM(HM4)+100.
AVM=(OF T (XAFM=XAHGC ) +0PT# (XPH (M4) +XPC (H4) XPM(M4)))/

1 6. | _ .
C XPDA(M4)= (QFTHXAFO-AVMY/QPT -~ - ° ' ¢ . \3,
 WRITE(6251) XPN (M&],XPD(M&) o XPM (M4) ) XPH(M&) 4 XPC(M4)
51 FORMAT(  5Xy'PRODUCT (GuCo)'34Xy1Fb6e251F9.2,1F 702,

1 1F7. 2,1F74£ 1 | L
TF(M2-M4) 8,70,J . HRE

P1=0, - B
P2=0. - . ' '
p3=0.

P4=0. | SR

P5=0. _ . N . _
P6=0. > , S ,
DO 75 I=1,M2 - : : s , o '
‘P1=P1+XPM(I) ' iy : e
P2=P2+XPC(I) R

P3=P3+XPH( )¢
P4=P4+XPOTI)
P6=P6+XPOA(T)
PM2=M2 . e : S
XPAM=P1/PM2 ~ .| - R ST
XPAC=P2/PM2

XPAH=P3/PM2

- XPAN=P4/PM2

XPAN=P5/PM2 N S E - : Lo
XPAVO= P6/PM2 ) - T RS

THE ABOVE- VALUES ARF AVERAGE PRODUCT COMP. UBTAINED?I
BY GC L

to

WRITE(6,71) prN,XPAn XPAM,XPAHyXPAC - o
71 FORMAT(/,SX,'AVERAGE PRODUCT',BX,IF& 2,3x 1F6 2, 3F7 2,
Y5 T e

THF FﬂLLﬂwING SECTION CALCU'ATFS FRACTIONAL CONVFRSIQN o
nF MFTHANOL BASFD ON THE ANALYQ]S 0F VARIOU% PRODUCTS



109
"1 COMPASITION' y4X,*BASED ON PRONUCT- G.C.
2 45Xy 'BASED ON' y14Xy "METHANNL  WATER - FORMALDEHYDE!,/)

-« -

ACTIVITY MEASUREMENTS .. (CONT'D)

0

WRITF(6,100) : - n
FORMAT( SX,'FRACT]ONAL cONVFRSIﬂN',// Sx,'FFFD
ANALYSIS OF!

J=1 - ?
XF=X1FME/100. |

101 #XP=XPAM/100.

10 4
ns5

103
115

102
125

112
151

119
130 -

131

X1(J)=(1e=XP/XF)/ (1, +0 S*XP)

XPAZ=XPAH/100,

XFAZ=XAHGC/100. ‘-
X2(J)=(XPAZ- XFAZ)/XF/(I.—O S*XPAZ) \
XPAY=XPAC/100. _ - :
X3(J)—XPAY/XF/(15—O S*XPAY) : - SR

'.Xl X24X3 ARE FRACTIONAL CNNVERSTIONS BASEN ON

“METHANOL, WATFR AND FDRMALDFHYDE, RESPECTIVELY.

1F{J-2)104,103,102 . S
CONTINUE S

WRITE(6,105) Xl(J)sXZ(J)9X3(J)

FORMAT(5X,*FFED FLOW RATES'y1F13. 3, 1F9. 39’1F10 3)
"GO0 TO 112 @

CWRITE(6,115)" Xl(J),XZ(J),XB(J) ' R
'FORMAT(5X,!AVG GC ANALYSIS&,IFIB ¢34’ 1F9.3p_1F10.3)

GO TN 130
WRITE (64125) Xl(J),XZ(J)yXB(J)

FORMAT(5X,"GC + FEED RATES“,IFIB 3y 1F9.3, 1F10.3)

60 7D 131 . i

TF(NGC) 151,110,151 e
CXAVET=(X1(J)+X2(I)+X3(I)) /30

GO TO 147 )
XF=XAMGC/100<- , . - . "~ e, e
J=J+1 - . C e g )
GO TN 101" ‘ e -
XF=XAFM/100%

cJd=J+1

G0 T0 101 . | n .
CONTINUE. -~ . = . SR

Tl:o.". . - . ) , ) ] S '

T2=0.

T3=Oo B : . . X B

DO 140 1=1,3 L g : = o
T1=T1+X1(1) ST

TJ2=T2+X2(1) - - '

T3=T3+X3(1) R , &
X1AV=T1/3, ' o S
X2AV=T2/3..

“X3AV=T3/3,

135

7/‘

ot
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_ACTIVITY MEASURFMENTS .. (CONT'D)

XAVGT=( T1+T2+T3)/9. L , 3
WRITE(6,146) XAVGT . | '
FORMAT( /45X " AVERAGE FRACTIONAL anVFRs}ON =11 1F6.3)

CALCULATION OF FIRST DRDER RATE CONSTANTS BASFD ﬂN

SURFACFE AREA (UNITS ARE M/SEC)
FOALLOWEDN BY HALF-0ORNER RATE CONSTANTS BASED ON

SURFACE AREA (UNITS ARE (GMNLES/M)*%¥1/2/SEC)
FOLLOWED BY RATE CONSTANT RASED ON- HALF ORDER 'IN.
‘METHANOL AND HALF NRDER IN OXYGEN
RK1 IS BASED- ON FRACTIONAL CﬂNVERSIDN OBTAINED FRﬂM‘
METHANNL _
RK2 'IS BASED ON FRACTIﬂNAL CUNVERSION OBTAINED FROM-
WATER : '
RK3 1S BAS: 1 N FRACTION&L CUNVERSIDN OBTAINED E@OM

FORMALDEH™ 2 E
- RKAV IS BASEN ON AVERAGF FRACTIONAL CONVERSION/

s

" CT=PRES%1000. /TEMP/O 08?1

 CT=1./CT : A
OBX=0A%0.209 , R
© YYA=SORT(OM/2.) . S
YYB=SORT(Q0X) U L
X=X1AV : -

CT

 RK4=2. /AREA/60 *(l.—(l.-X)**O 5)*(OFT*OM*CT)**0 5 .
YYX=SORT(O0OX~0.5%QM*X)

YYZ=SQRT(OM/2.%(1e=X))
RK7=2. 82843*0FT/ARFA*CT*ALOG((YYZ YYX)/(YYA YYB))

/60

- X=X2AV
- RK2 -((-ALOG(I.-X))*(QFT/OM+0 5)-0. 5*X)*QM/60 /AREA*

cT

RK5=2. /ARFA/éO.»(l.-(l.-X)**O 5)*(QFT*0M*CT)**0 5

YYX=SQRT(NOX-0,5%QM%X)

YYZ=SORT(OM/2.%E1e=X) )
RKB=2, 82843*0FT/ARFA CT*ALOG((YYZ Y?X)/(YYA YYB) )

/60, ¢

OX X3AV -
RK3 ‘((—ALOG(I.—X))*(OFT/0M+O 5) ~-0. 5*X)*QM760 /AREA*v

CT
RK6=2+/AREA/60. % (l.-(l.-X)**O 5)*(0FT*0M*CT)*%O 5

YYX=SORT(QOX-045%QM*X)

YYZ=SORT(OM/2.%(1.=X))

RK9Z2% RZ%#B*QFT/ARFA”CT*ALOG((YYZ YYX) 7 (YYA=YYR) )
/60, . ‘ o
X=XAVGT S ‘ ’

RKAV - -((-ALOG(I.-X))*(QFT/QM+O 5)=0. ﬁ*X)*QM/éO /ARFA*.“

RK1 -((—ALOG(I.*X))*(OFT/QM+O 5)- 0 5*X)*QM/60 /ARFA*4
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’ACTIVITY.MEASUREMENTS et (CONTID)

1 CT o T
RKB =2./AREA/60. *(1.-(1.—X)**0 5)*(QFT*QM*CT)**O 5‘ :
YYX=SBRT(QOX-0.5%QM*X)
YYZ=SORT(OM/2.%(1e=X)) . e ‘
.RKC=2. 8?843*0FT/ARFA*CT*AIOG((YYZ “YYX)/(YYA- YYB)Y'
1 /60, .
WRITFE (6 N&9)
WRITF(6,148)RK1,RK2,RK3,RKAV
WRITE(69160) RK44RKS4RKE69yRKB
© WRITE(64161) RK7,RK8,4RK9,RKC '
148 . FORMAT(/5X,'1ST ORDER', .1F11.3,2F13. 3o1E11 3)
160 FORMAT(5X,y '1/2 ORDER?, 1F11‘3,2E13 «351E11.3)

161 FORMAT(5X,.- 'OXYGEN v, 1E1183,2E13.3,1E11, 3) »
149 FORMAT( /y5X. oy " IRATE CONSTANTS! Ly
1 SX.'RASED ON METHANOL WATER FORMALDEHYDF
2 AGE L - L .
N 150 : | :

998" CALL EXIT -
END .
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D~ II Llstlng of Klnetlc Results e

KINETICS OF MFTHANﬂL ﬂXIDATION.
RUNS NUMBFR 168 rn 176 .

 CATALYST SAMPLE NUMBER 1 '

"FIVE: GC FEED ANALYSES AMD THRFF‘Ge—pRnDUCT ANALYSES
AIR FEED RATE (CC(STP)/MIN) = 3029,0 .
METHANOL FEED RATF (CC(LIOUIN) /MIN) = 0.262504 '
REACTOR PRESSURE (TORR) = B861.5 :
TEMPERATURE. (KELVIN) = 536.0

CATALYST CHARGE (GRAMS) = 21,06 ,

CATALYST SURFACE AREAL(SO.M/G) =" 3.78 .

FEED" AND PRUDUCT CﬂMPOSITIﬂNS (MnLE PER CENT) -

-

NTYPE OF‘ANALYSIS NITRUGFN OXYGEN METHANNL WATER' CH2N . -

FEED (FLOW RATES) 75.47  19. 4,58
FEED(G.C) -~ 75.34  1ocen/ 4rae ' 10.p00

FEED(G.C.) 75432 19490 . 4,77  0.000. :
FEED(G.C.) = 75.21 19387 © 4,90 0.000 .
FEED(G.C.) 75.44 19,93 4,61 0.000
AVGe FEED (G.C.) 75,35 19.91  4.73. 0,00Q
o R . ) SRR . » .. . . 0N
" AVERAGE FEED - S 75.41° 19,92 - 4,65
PRODUCT (6.Ce)  Thub6. 18,35 2,45 2.18 234 _
PRODUCT: (G.Ce) 74764 " 18,38 2,39 2,10 2,46
PRODUCT (6.Ce)  T4.59 - "18.99  2.27 . 1.94 2. 19

AVERAGE PRODUCT 74,63~ 18.57 2.37  2.07 2 33

FRACTIDNAL CONVERSION

> a .

“FEED COMPOSITION ~  BASED NN PRODUCT G.C. ANALYSES: OF
BASED ON | . METHANOL WATER FORMALDEHYDE -
FEED FLOW RATES — " 0.475 - 0,458 0,516
AVG. GC ANALYSIS '~ 0.492° - 0,443 0,499

GC + FEED RATES  \0,4R4  nl450 0.507 . -

T ——

-AVERAGE FRACTIONAL CONVFRSIHN = 0,480
RATE CONSTANTS : _ R o
“BASED ON  METHANAL WATER . FORMALDEHYDE  AVERAGE
1ST ORDER ' N.T66E-06_ 1 s693E-16 -  0.821F-06 0.759F— 06
1/2 ORDER 0.T04E-06  0.647E-N6  0.746F=06 ‘0.699F =06
(OXYGEN | 0.3156-06  N.289E-06 . 0.334E-06 0+313E-06

A
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-

KINETICS OF MFTHANbL OXTDATION

N [

K

RUNS NUMBER 177 70 18% ‘

CATALYST SAMPLE NUMBER 1 .

THREE GC* FEFN ANALYSES®AND THREE GC PRUDUCT ANALYSES

AAIR FEED RATE (CC(STP)/MIN) = 3751,0

. METHANOL FEFED RATF (CC(tIOHID)/MIN) = 0.26250

REACTOR PRESSURE (TORRT = R74.2 L

. TEMPERATURE (KELVINJ = 536.0 ) 9 s -

. CATALYST CHARGE (GRAMS) = 21.06 - - /. S
CATALYST SURFACE AREA (sn M/G) = 3,78 - iy

/=
FEED AND PRODUCT CDMPDSITIONS (MﬂLE PER CFNT)

TYPE OF- ANALYSIS NITRDGFN DXYGFN MFTHANUL WATER CHZﬂ

(.

FEED (FLOW. RATES) 75.@%, 19.94 4,54 _ :
6 19.98 4,38 0,000

FEED(G.C. ) ‘75, ,
FEED(G.C.) -* - " 75,53 19,95 4,50  0.000

- FEED(G.C.) . 75.58 19,97 4,43 0.000 .
AVG.TFEED (6,C.) . 75.58  19.97 4,44 0,000 . _ . -
AVERAGE FEED - 75.54 © 19.96 4,49
PRODUCT (GuC.) . . 74,69 18071 2,31 1,97 © 2.29
PRODUCT (G.C. ) 74.68 .. 18.89 2,23 1,95 . 2,24.
PRODUCT (6.C.) 147 2. . 18.48  2.38 2,03 " 2.18 . .

- AVERAGE PRODUCT | 74,69 18,76 231 1.98 2.24

FRACTIONAL CONVERSTON f-  S o |
FEED COMPOSITIDN " BASED ON PRONUCT 6.C. ANALYSES oF -
BASED ON . METHANOL WATER- FORMALDEHYDE .
FEED FLOW RATES 00486"  0.41 ' 0.408.

AVG GC ANALYSIS .~ 0,474 “0.45] . ' 0.510.

(6C + FEED RATES . . 0.480  0.446 - 0.504

AVERAGE FRACTIONAL CONVERSTON = o, 4T e '

EN

ey
RN

RATE CONSTANTS e
BASED ON ~ METHANNL | WATER EORMALDEHYDE AVERAGE
IST ORDER 0.752E-06  0.679F-06 0.806F-06 0,744E-06
1/2 ORDER "0 ,695E-06  0,6376-06 . 0.737E-06. 0.689E-06
OXYGEN - 0.309E-06 0.283E-04 " 0.327E-06" 0,306E-06

4 . ' )
14 . . . . T T

o
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KINETICS OF METHANDL annATION . ;“j;:'f ‘
RUNS NUMBER 183 Tn 189‘ .,"a - -‘i’ S
- CATALYST SAMPLE NUMBER ™ 1 - ’ ' '
THREE GC FEED. ANALY.SES. AND FOUR ' GC PRﬂﬂUCT ANNLYSES -
AIR FEED RATE (CC(STP)/MIN) % 3051.0. S
METHANOL "FEEND RATE (CCILIOUID)/MIN) = 1 0.26250 L,
REACTOR PRESSURE" (TDRR) = BT74,0 L ‘ o
TEMPERATURE . (KELVIN) = 536.0 S . e
CATALYST CHARGE (GRAMS) = 21.06 : ;, ' SR
CATAUYST SURFACE AREA (50, M/G) = 3,78. ERRRR
FEED - AND PRODUCT CnMPDSITIhNS (MOLE PFR "CENT) .‘."\v
~TYPE "OF - ANALYSIS NITROCFN DXYGEN MFTHANﬂL WATER CHzn :
r 0("~ . ) .
FEED (FLOW RATES) .75 50 ".19.94 . 4.54 el
JPEED(GLCY) . 75.76 . 2001 - -4.21  0L000
~ FEED(G. c.) - g“ S 75.58. 19.97 | 4,44 . 0,000
FEED(G.C : 75.82 - 2.3 4,13 0.000 .~
AVG. FEED G c.) 75.72 1 2000 4,26 0,000
\A)V,ER'AGE FEED Qs.m 19,97 " 4,40
, R ' . ' ) . o ';"\‘ ‘ . ~' -.
PRODUCT (G.C.) ..74,65'”-'19;51' 2.11  1.68 2.03
_PRODUCT (G.C.) 74065 19,49 2,11 1.68° . 2.13 .
PRODUCT (6.CJ) = 74,64 - 19,48 2,07 1,74 2.05 . s
PRODUCT (G.Ce). 74,66 = 19,22 S 2:13 . 1.94 2,02 .
AVERAGE PRODUCT 74,657 19,40  2/11 - 1.76 ?.Obimf
FRACT 1ONAL CQNVERSION »’\- | :_-";,' SO S
.. FEED CDMPOSITIDN BASED GN PRONUCT GiC.. ANALYSES DF SR
‘:BASED ON ) - METHANO!_ WATER- FnRMALDEHYDE '-*"
FEED %LOW RATESJ 04530 © 03391 0.457 ! :
AVG G@F ANALYSIS .- . 0,499  9.417 0 <488 . o ,
GC + FEED RATES .. ' 0, 2157 0,403 - 04472 . L.
. AVERAGE ' FRACTI.ONAL CONVERSIONﬁ; Deh84 R
L RATE CONSTANTS: . o> o\ 2770 SR L
BASED ON = METHANDL wnTER e FnRMALnEanE AVERAGE f- 
. ’ T . \:‘

. 1ST ORDER 0,é32E-06}» 0594806 0.736FL06  0.716F-06 1
- 172 ORDER 0.756E~06 ., 0.568E=16 .- 0.682E-06 .0566TFE~06
- OXYGEN  0,336E-08 0. 932F-06 ' 0.303F~06 0.296E-06

L : BS . ECER AT A

Y

/}
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KINETICS OF METHANOL 0xgna¥ION
\
RUNS NUMBER. 190, TO 193 g
CATALYST -SAMPLE NUMRER 1
" TWO GG FEED ANALYSES AND TWO  GC PRnDUCT ANALYSES
AIR FEED RATE (CC(STP)/MIN) = 3048,0
METHANOL FEED RATF (CC(LJDUID)/MTN) = 0.26250"
REACTOR PRESSURE (TORR) = 872.7 .
TEMPERATURE (KELVIN) = 536,0 s

CATALYST CHARGE (GRAMS) = 21.06
CATALYSTASBRFACE AREA (SO.M/G) = 3,78

o | L

9 JFEED ANaﬁ%RnDUCT COMPOSTFIONS GMﬂLE PER CENT) -

TYPE OF ANALYSIS NITRﬂGFN OXYGFN METHANOL WATER CHZﬂ

vFEED (FLON.RATES) 75.49 . 19.94 4, 55 : N

FEEDIGL.C.¥ = 75.55 - 19.96 4,48 0.000

F'EE’D(G.C.) 75.44 19.93‘ 4 61 OK.OOO

AVGs FEED. (G.C.) 75.50 - 19.94' - 4 54 0.000 o >
. * o v - i S

AVERAGE FEED ' 75.49 19,94 4, 53 )

e " ' , e o
PRODUCT (G.C.) 74455 19.45 2,00 1.91 © 2,07
PRODUCT (GoCe) = T4.65 - 19,18 2,26 1.78  2.11
AVERAGE PRODUCT " 74 60 ~19.31 . 2.13 g 184 2.09"

FRACTIONAL CONVERSION

" FEED COMPDSITION . BASED DN PROPICT G. C. ANALYSES OF. -
"BASED ON . METHANOL WATER FDRMALDEHYDE
'~ FEED FLOW RATES  0.526  0.410  0.464
s AVG GC. ANALYSTS 0525 0.410 0.464
~ GC'+ FEED RATES ~ 0.526 0,410 0.464

AVERAGE FRACT}ONNX CONVERSION = 0,467

.

RATE CONSTANTS | - ' P

 BASED ON  METHANOL = WATER “FﬂRMALDEHYDF AVERAGE -

(1T ORDER'. 0.859E-06 * 0, 60 6E= 6 0. 718E-06 0.723E-06
1/2.0RDER "0.,776E-06 0.578E-06 - 0.668E-06 0.672E-06"°

OXYGEN L piB65E06 0256606 0.297E-06 0.299E-06

M |
I vggm ﬂww
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;KINETICS NF METHANDL OXINATION

RUNS NUMBER 69 Tn 74
CATALYST SAMPLE NUMBER 3 . .
ONE GC FEED ANALYSIS ANPD FIVE G PRODUCT ANALYSES

I

- AIR FEED RATE (CCSTP)/MIN) = 1788.0 ’ -
" METHANOL FEED RATE (CCLLIOUIDI /MIN) = 0.26250 ,
REBCTOR PRESSURE (TORR) .= 769.5. - \
TEMPERATURE (KELVIN) = 533.0 . ‘
CATALYST CHARGE (GRAMS) = 20.92 - ,
CATALYST SURFACE AREA (S0.M/6) = 3,31 |
. FEED _AND PRODUCT chPnsrTInms (MOLE PER CENT) ¥+ -
TYPE OF ANALYSIS NITROGEN ‘DXYGEN METHANNL WATER CH20 -
’ . }\ n&" . ‘, ’ '
FEED (FLOW RATES) 73.15 - 19,32 "7.52 -
FEED(G.C. S73.91 019,29 7,52 0,167
AVG, FEE? (G.C.) 73,01 19.29 7,52  0.167
AVERAGE FEED - 73.08 10,31 7.5, | &
CPRODUCT (G.6.) 72.07  16.87 4046 3.38° 3.19° -
PRODUCT (G.C.) 72.00 - 16.07 4,28 3,92 3.70 ,
PRODUCT (G.C.) *  71.95 . j1g.85 . 4012 3.76 3,29
AVERAGE PRODUCT C71.99 - 16,71 4¢23.:,3.61 3,44 .
FRACT 1ONAL CONVERSTON o B
FEED COMPDSITIDN BASEN NN PRANUCT G.c. ANALYSES OF
BASED ON . METHANOL WATER  FORMALDEHYDE
FEED FLOW RATES ) 0.428  0.467 0.466 L
. AVG GC ANALYSTS . 408 0.467 ' 0.466 ,
'GC + FEED RATES .° o 0.428 0467 0.466
AVERAGE FRACTIONAL CONVER'SION < 0.453 | .
RATE CONSTANTS 3 o o
BASED 0N MFTHANﬂL - WATER * ' FNRMALDEHYNE AVERAGE ,
° . - ) B . . . o
1ST ORDER n soeF—n V<570E=76 ' 0,568E~06 0.547E-0g |

1/2 ORRER "0, 577TE-0 4 0.639F-n6 - 0.537F406A;0,617F—06

M

OXYGEN . B2 79E-n&" 0.3096-76 0.309F-06  0.299F-06 .
S _ . ‘ S -

.
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KINFTICS NF. METHANOL OXIDATjON C .

RUNS NUMBFR 75 T0 83

CATALYST SAMPLE NUMBER 3

FOUR, GC FEEDN ANALYQES AND FIVF GC PRHDUCT ANAIYSES
AIR. FEED RATF (CCISTP)/MIN) = 2499.0

METHANOL FEFD RATF (CC(ETOUID) /MIN) = 0,26250 .
REACTOR PRESSURE (TORR) = B21.3 ‘

TEMPERATURE (KELVIN) = 533,0 .
CATALYST CHARGE (GRAMS) = 20,92

CATALYST SURFACE AREA (S%§M/@1 = 3.31

- FEED AND PRNODUCT COMPﬂSITIﬂNS (MOLE. PER CENT)

TYPE OF ANALYSIS NITRﬂGFN OXYGEM MFTHANﬂL WATER CH20

FEED (FLOW RATES)#.7%4.75  19.75  5.49. .
FEED(G.C.) - 14,42 19.66 % 5,74 o.162 '
 FEED(G.C.) 74,61 . 19,71 5.50 = 0,162
FEED(G.C. ) 74,71 19.74 5.38  0.164
AVG. FEED (G.C.) 74,57 19;70..,5.55 0.164
CAVERAGE FEED ° . 74,66  19.72. 5.52 ‘
PRODUCT {G.C.). 73.88 ' 18.84 3.15  2.24 1.87
PRODUCT (G4 C.) 73.99  18.21. 3.45 2.35 1.97
. PRODUCT (G.C.).  73.91 18.59  3,22° 2,14 2.12
PRODUCT - (6.C.) .~ "73,95. IB.IR ~ 3,35 2,45 2.04
PRODUCT (G.C.) (73.93 0 18.19 | 3.29  2.36  2.20
" AVERAGE péobur.‘ 73.93 /13.&0 3;29 2.31 2.04
.. ) . L N .\\ c .
FRACTIONAL CNNVERSION o ‘ / 1
L " L
FEED COMPOSITION 5 BASED NN PRONUICT G.C. ANALYSES OF.
BASED ON _ < IMETHANOL WA®ER FORMALDEHYDE
FEED FLON RATES 0.394 - 02395,  0.375
AVG GC ANALYSIS . 0.400 ~..0.390 0.371
GC + FEED RATES 0.397 0,393 0.373 -

AVERAGE FRACTIONAL CONVERSINN = 0.388

RATE CONSTANTS

BASED ON - METHANOL:. . WATER FnhMALnEHYDE AVERAGE
1ST ORDER 0.585E-06 - 1.577f06 0.541F=08 Q.568E-06
1/2 ORPER' 0 .599E-06 0.592F-06  0.559E-06 0.583F-06

OXYGEN N.2756-06 ©, 1.272F=%%  0.256F-06 0.268E-06 -

\
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KINETICS OF METHAMOL OXINATION

RUN NUMBFRS 90 TO 98
CATALYST MUMBER 3
FIVE. GC FFED. ANALYSES AMD FnUR GC PRODUCT ANALYSES
AIR FEED RATE (CC(STP)/MIN) = 3
METHANOL FEFD RATF (CE(LIQUID) /MIN
REACTOR PRESSURE (TORR) = 850,)
TEMPERATURE (KELVIN) = 533,

+ CATALYST CHARGE (GRAMS) = 20 .95 |
“ CATALYST SURFACE ARFA (so, M/G) = 3 31

"FEED AND PRODUCT COMPﬂSITIﬂNS (MOLE PER CENT).

- TYPE OF ANALYSIS.. NITRUGFN ﬂXYGFN METHANDL U”TFR CHZﬂ

.
- nw

FEED (FLOW RATES) 75, 49 . 19.94 4,55
FEED (G.C, ) - 7524 19,88 4,70  0.167
FEED(G.C.) 74,97 19,89 5.05 0.166
FEED(G.C. ) o T5.45 19,93 4,43 0,165
FEED(G.C.) -~ 75.29 19,89 4,65 0,164 -
FEED(G.C.) | 75416 . 19.85° 4,81 (.160
AVG. FEED (6.C.) 75,22 19.87 4,73 0.165 -
AVERAGE FEED 75.36 1991 4,64 -
PRODUCT (G.C.) .- & 79 18081 2.75 1.97  1.65 4
RODUCT (G.Cs) B6 - 18.97  2.92. 1.69 1.564
PRODUCT . (G.C.) 74 80 18,95 2,76° 1.72° 1.73
 PRODUGT (G.C.) T4.80  19.21° 2,77 1,72  1.48
AVERAGE PRONUCT '74 81 . 18.99. ‘2,80 . 1.78 1460

FRACTIONAL CﬂNVERSION g P . -
A . .

~on, @

FEED COMPOSITIDN a BASED nN p@ﬁhUCT G.C. ANALYSES OF

BASED ON . - METHANOU  WATER FNRMALDEHYDE
FEED FLOW RATES . 0.378  A.357 . 0.354.
AVG GC ANALYSIS 04401 0,344 0.341

6C + FEEQ/RATFS © 04390 0,351 . 0,348

.AVERAGF FRACTIONAL CDNVFRSION =0, 363

RATE CONSTANTS | L o -
BASED ON ' METHANOL . WATER. - FORMALDEHYDE AVERAG

15T ORDFR‘ e 665F-06,~ ). SEEE-1 6 0.5756-06 0.607E-06
" 1/2 ORDER'._0:.833E-06 0.562F-06 0.556E~06. 0.583F-06
NXYGEN ,.qsn 2838-06 0.251E-6" 0.249&—06‘-0.2615-06

LN

]

s
e
S .
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KINETICS NF MFTHANDy\QXIDATION

RUNS NUMBFR 99 TO 105
CATALYST SAMPLE NUMBER 3 ‘ .
FOUR - GC FEEN ANALYSES AND THRFE GC. PRODUCT ANALYSES
AIR FEED RATE (CC(STP)/MIN) = 3546,0 , :
METHANDL FEED RATE (CC(LIOUID)/MIN) = 0.26250
“REACTOR PRESSURE {TORR) = 916.3. o :

" TEMPERATURE (KELVIN) = 533,0

-CATALYST CHAXGE. (GRAMS) = 20,92 -
CATALYST SURFACE AREA (S0, M/G) = 3,31

FEED AND PRODUCN CE\PﬂSITInNs (MOLE PER CENT) .; s

"TYPE OF ANALYSIS \&ITROGFN O%YGFN MFTHANOL WATER CH2Nn,

FEED - (FLOW RATES) - 75. o8 ”'20.07 3,93 .
FEED(G.C.) 4 76.19 - 29,13 - 3,49  .179
FEED(G.C. ) 75.96 0.7 3,78 - 0.180
FEED‘G.C.@ . 750<83 . 200()3 3.‘94 06181
FEED(G.C ) . 75.91 . 20.05 3.8 0.181
AVG, FEED (G.C.)  75.97  20.07 3,74 0.180
AVEKAGE FEED , 75.98  .20.07 3.85 R
PRODUCT (G.C.) ~ ° 75.35 19.80 2,17 1.41 - 1.24

. CPRODUCT (G.C.) 75.43 19,34 2,38 . 1,55 1,27
PRODUCT (6.C.) ' 75.41. .19.4) 2.32 l.44 " 1.41
AVERAGE PRODUCT, - 75.40  19.51 - 2,29 1.47 - 1.31

FRACTIONAL CONVERSION

FEED COMPOSITION B BASED ﬂN PRﬂﬂUCT G.C, ANALYSES OF

BASED ON METHANOL WATER FORMALNEHYDE

FEED FLOW RATES o 0.412_ 0.330  0.335.

AVG GC ANALYSIS . 0,386 n.345 04350

'6C + FEED RATES * . 0.399  0.337 0.342 -

AVERAGE FRACT’ONAL CONMERSIUN =n. 360 . -
4 . ) . ..; k“‘ . . .

RATE CONSTANTS - o - e

BASED ON  -METHANOL _'WATER . FORMALDEHYDE =~ AVERAGE

IST.ORDER 0.737E-06  0.595E-06  0.605E=06 C0.644F=06 .
- 1/2 ORDER, 0.674E-06" - 1,558FE=06 0.567F=06 0.599F-0¢
COXYGEN  0.289E-06  0.239F-06  0.MK3E-06 0.257F-06

o
»f 4
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KINETICS NF METHANOL OXIPATION

RUNS NUMBFR 106 TO 112. . : o
CATALYST SAMPLE NUMBER '3 ~ . D S <
“FOUR GC FEED ANAILYSES AND THREE GC P”ﬂDUCT ANALYSES
" 'AIR FEED RATE (CC(STP)/MIN) = 3061,0 : -
. METHANOL FEFD RATE (CC(LIOUID)/MIN) = 0. 26?50
REACTOR PRESSURE (TORR) = B58.8 :
TEMPERATURE- (KELVIN) = 552.0
.+~ CATALYST -CHARGE - (GRAMS) = 20,92 o oo
CATALYST SURFACE AREA (SO M/G) = 3.31 ' RO

FEED AND PRODUCT CUMPUSITIQNS (MﬂLF PFR CENT)

iTYPE DF ANALYSIS NITRDGEN ﬂXYGFN METHANUI WATER CH2ﬂ '

. . - 1 . .
FEED: (FLOW RATES) 75.51 19.95 . 4,53 R
FEED(G.C.) . 75.18 119,86 4,75 © 0.194 S
FEED(G.C.) . 75.45 19,93 4,40  0.194
AVG., FEED (G.C.) 75.38 19.91 . 4,49 0.196

. ) N .‘. . lk . ' ' . o l!‘", ,

AVER AGE "FEED 75.45 ©  19.93. 4,51
"PRODUCT (G C. ) 74063 17,76 2,13 T 2,87 2.59
PRODUCT (G.Cu) = 74,51 “18,62 1,82 2.47  2.55
PRODUCT  (G.o.Co 74,50 18.58. 1.78: 2.57  2.55 .
AVERAGE PRODUCT  74.55  18.32 1,91 2.64 2.5

FRACTIDNAL CﬂNVERSIDN
‘fFEED COMPOSITIUN BASED -OM. PRﬂﬂUCT G.C. ANALYSES DF

BASED ON - . METHANGL WATER FORMALDEHYDE .-
‘FEED .FLOW RATES ' 0,572 ' .0.546 - o.573 SRS
AVG GC ANALYSIS - 0.569 9,550 . 0,578 = .-*

GC + FEED RATES 0.571 . 0.548-,  0.576 )
AVERAGE FRACTTONAL . CONyegsrnﬁ = .565 R
) o . . Y
RATE CONSTANTS .. . , - S
BASED NN METHANOL | a-wATER; FNRMALDEHYRE = AVERAGE
1ST DRDER. 0,117E-05 ° 0.110F-05 : 0,119F-05 0.115F-05
172 ORDER 0.101E-05  0.963F-06  0.,102F=05 0.100E-05

COXYGEN '~ 0.462E-06  0.439E-06 _ 0.46BE-06" .0.456E-06

v,¥§T7

e
N
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KINETICS DF METHANOL OXIPATION =

. "RUNS NUMBFR 113 TN, 117 - s : S
CATALYST "SAMPLE NYMBER 3 ' - :
TWO - GC FEED ANALYSES AND. THREF GC PRﬂDUCT ANALYSES
. AIR FEED RATF (CE(STP)/MIN) = 2739,0 .

METHANOL FEED RATE (CC(LTOUID)/MIN) =.0. 26250
REACTOR' PRESSURE (TORR) = B854,0 .
TEMPERATURE (KELVIN) = 571.0-
CATALYST CHARGE (GRAMS) = 20.92 .
CATACYST SURFACE AREA (SO0.M/G) = 3,31

FEED AND PRODUCT chanITInNs (MOLE PER CENT)

| -

TYPE OF ANALYSIS NITROGFN ﬂXYGFN MFTHANﬂL WATER CHZO

' FEED (FLOW RATES) 75.11 = 19.R4 - 5.04

FEED(G.C.) . 74,69 .. 19.73 5,38 0,188
.~ FEED(G.C.) T4.70 - ©19.73 ° 5,37 0.184
 AVG. FEED (6.C.) 74,69  19.73  5.38. 0.186
AVER AGE FEED."{_ 74,90  19.79 5.21 .
PRODUCT (GuCo) . 73,60  17.36 - 1.09 - - 4.01  3.92.
PRODUCT (6G.C.) . 73065 - 16424 . 1.23 4.47 4,39
‘PRODUCT (G.C.) 73,64 0 15,84 102077 4.70 - 4,60
| AVERAGE\P§ODUCT 73630 16048 1017 439 430,
‘FRACTIGNAL CONVERSION ,f.“ R S S
| FEED COMPOSITION “ . BASED NN PRONDUCT. G.C. ANALYSES OF ”
. BASED ON . METHANOI WATER FORMAQE%EYDE : o
FEED FLOW.RATES . , 0.762 . 0.853.  0.873°
AVG GC ANALYSIS - ' 0.776.. 0.799  0.817
GC + FEED RATES . - 0.769  0.825  0.844

AVERAGE FRACTIONAL CONVERSIﬂN =0, 813_

" RATE CONSTANTS

BASED ON  METHANOL H]WATERJ.;' FNRMALDEHYDE  AVERAGE

1ST ORDER D.191E-05  0.229E-05  '0,244E-05  0.2196-05
1/2 @RDER N.147E-05  D.165E-95 - 0.172F<05 0.161F=05
- OXYGEN 0.698E-06 - 0.783E-06 0.816E-06 0.763FE-06

:;k4..  | ,}.jf%/%/v-A
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KINETICS OF METHANOL nXIDATION‘

RUNS NUMBER 118 TN 122 , S
CATALYST SAMPLE NIMBER "3 .

THREE GC FEFD. ANALYSES AND WA 6C. PRDDUCT ANALYSES
AIR FEED RATE (CC{STP)/MIN) =.3421.0

METHANOL FEED .RATF (CC(LIOUID)/MIN) = 0, 26250
REACTOR PRESSURE (TORR) = 8R4.5 :

TEMPERATURE (KELVIN) =' 5)4.0

CATALYST CHARGE (GRAMS) = 20.92 ‘

CATALYST 'SURFAGE AREA (SO.M/G) = 3,31

.

FEED AND PRODUCT CﬂMPhSITIONS’(MﬂLE¢PFR CENT)

TYPE OF ANALYSIS NITROGEN OXYGEN METHANOL "WATER CH2N

Ay

FEED (FLOW RATES) 75.87 0.4 407
FEED(G.Ca) . . 75.56  19.96 4,30 - 0.161
FEED(G.C.) 75.61° 19497 4,25 . 0.157
FEED(G.C.) 75,53~ 19.95 4,35 -0.157
AVG. FFED (Gu.C.) — 75.57  19.96 4.30- 0.158
AVERAGE FEED | . = 75,72 . 20,00 = 4,19
" PRODUCT (6.Ce) . 75.64  19.17 - 3,56  0.96 0.65 |
PRODUCT (GJCi)- 75.62 - 19435 3,51 0.88 0.62 )
AVERAGE PRODUCT - 75.63 . 19.26  3.53 " 0.92 0.63 .

FRACT IONAL CONVERSION

. FEED comﬁdslTION', BASED ON PRnnUCT G.C. ANALYSES OF

BASED ON -~ METHANOL ' WATER FEORMALDEHYDE -
. FEED FLOW RATES . 0.130 ° 0.188 - 0,157 |
AVG GC ANALYSIS. .. 0.174 - 0.179 - 0.148
(GC + FEED.RATES  ° 0.153  0.183 . 0.152
AVERAGE FRACTIONAL CONVERSION = n.163 . oy

 "RATE' CONSTANTS . . . T |
. BASED'ON  METHANBL _'WATER .- FNRMALPEHYDE = AVERAGE

1ST ORDER 0.226F-06  0.277E-N6 0.226E-06 0.243FE~06
. 1/2 ORDER 0.231F-06 .7 0.281F-16  i0,232F=06 0.248E-06
OXYGEN =~ 0.980E-07 . 0.119E-06 0.982F-07 0.105F-06

/
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KINETICS NF MFTHANﬂL OXIRATION

“RUNS NHMBFR 123 Tﬂ 130 I : : s

. CATALYST SAMPLE M(MBER 3

FIVE GC FEED ANALYSES AND THRFF GC PRODUCT ANALYSES
AIR FEED RATF (CC(STP)/MIN) = 3096, 0 :
METHANDL. FEED RATE (CC(LIOUID)/MIN) = 0,26250°
REACTOR PRESSURE (TORR) = 864.1/ .

" TEMPERATURE (KFLVIN) = 513,0

CATALYST CHARGE (GRAMS) = 20.92 :
CATALYST SURFACE. AREA (SN.M/G) = 3.31

FFED AND PRﬂDUCT CﬂMPﬂSITIﬂNS (MﬂLE PER CENT).

- CTYPE UF ANALYSIS MI TROGEN ﬂXYGFN METHAN”L WATER CHZﬂ

FEED (FLOW RATES) 75.55. ..19.96 4,48

FEED(G.C.) - .- . 75.48  19.94  %4.41  0.159

FEED (6.Cs ) 75.52° 19,95 4,35 04160 - ,

CFEED(G.C.) . T5.60 . 19.97  4.26 ".0.160 e
FEED(GJCo) " 75.29 19,89 < 4.6& 0.159
FEED(G.C.)- 75,28 - 19.89  4.66- 0.159 .

AVG. FEED (G.C.) 75.43 19,93  4.46° . 0.159

‘" "AVERAGE FEED .~ 75.49  19.94  4.4T |

PRODUCT (G.C3) 75.20 19.10 3,55 1.18 0.95
PRODUCT (G:E?) . 75.16 19.12 . 3.42  1.27  1.01°
PRODUCT (G6.C.)  «75.16 19.15 3,42 . 1,30 - 0.94
‘AVERAGE PRODUCT. 75,17 19.13 3.46 1.25 0.96

o

FRACTIONAL CnNVERSIUN‘ o

'FEFD CDMPOSITION ) BASED ON PRDDUCT G.C. ANALYSES 0OF

BASED ON - |  METHANOL WATER | FORMALDEHYDE
FEED FLOW RATES - 0.223  N.245 Jow216-
AVG GC ANALYSIS - = 0.220 - 0.246 .~ 04217 -

- GC + FEED RATES -~ - 0.221 ~ N.246 0.217 ' o

~ AVERAGE FRA&TIUNAL CONVERSION = 0.228

 RATE CONSTANTS o T ;o

"BASED ON  MFTHANOL CWATER - FORMALDEHYDE' AVERAGE
LST ORDER N.324E=06 ~ 1.365E-76  0.316E-06 0.335E-06..
172 ORDER 0.334E<06 ~ 0.374F=06  .0.327E=06 -0.345F-06. .

OXYGEN- .O.iQSEfobV L N.162E06 - 0.141F=06" 0.149E-06

;( o
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KINETICS .OF MFTHANOL OXIOATION

RUNS NUMBFR 131 T0 139
“CATALYST: %AMPLF NUMBER 3 . : . 7
FOUR GC FEED ANALYSFS AND FIVE  GC- PRODUCT 'ANALYSES A
AIR FEED RATF (CC(STP)/MIN) = 3199.0 . , o
METHANDL . FEFD. RATF (CCILTIOUID) /MIN) = 0,26250 ' o
REACTOR PRESSURE (TORR) = R64.7 - SR . .
TEMPERATURE (KELVIN) = 524,00 o
CATALYST CHARGE. (GRAMS) = 20, 92 &
‘CATALYST SURFACE AREA (SO, M/G) = 3.31

)

FEED AND PRODUCT COMPOSITIONS (MOLE PFR CENT)

TYPE OF "AMALYSIS NITROGEN OXYGFN MFTHANOL WATER CH2N

FEED (FLOW RATES) 75.55 - 19, 9% | 4,48 '
FEED(G.C.) 75.27  19.88 4.67  0.160
FEED(G.C.) 75,38 1991 4.53 0.159
FEED(G.C.) 75.35  19.91 4,56 0.169 =
AVG. FEED, (6.C.) © 75.30  19.89' 4,62 0.164.
AVERAGE FEED . 75.43 719,93 4,55
PRODUCT (G.C.) 74,97 ' 19.68 2,99 1.24 1.10
PRODUCT (6.C.) . 74.95  19.62 2,92  1.39 ° 1.11
PRODUCT (6.C.)  75.16. 18,77 3,50 - 1.46  1.09
/PRODUCT (G.C.): . 75,12 © 19.15 3,39 1.24 —§f.08
PRODUCT (G.C.) 75.14 18484 . 3.44  1.52
*AVERAGE PRODUCT  75.07 19.21  3.25 1.37

FRACTIONAL :CONVER SION o ‘ S

4
FEED COMPOSITION BASFO ON PROOUCT G.C. ANALYSES oF

BASED ON. .- METHANOL WATER . FORMALPEHYDE
‘FEED FLOW RATES - 0.269  0.271 ©  0.243 .

AVG GC ANALYSLS - 0,292 0.263 - 0,235

GC + FEED RATES ~ 0.281 0. 267'» 0,239

AVERAGE FRACTIONAL CONVERSION = 0 262_~:

. r

RATE CONSTANTS L SR S .
BASED ON . METHANOL - WATER °  FNRMALDEHYDE AVERAGE

1sT ORDER 0.436E-06 71.410E-)6 0.362E-06 0.402E-06
1/2 ORDER 0.436F-06 " - 0:412E-06 0.367E~06 0.405FE-06
OXYGEN® ~ NJ191E-06 = -141R1F-N6 -  0.161F-06 "0.177E-06

ta



'KINETICS OF METHANOL OXINATION . -
N B

" RUNS NUMBFR 140. TO 146 .- . g
CATALYST SAMPLE NUMBER: - 3 \ , o
~THREE GC' FEED ANALYSES AND FOUR © GG’ PRDDUCT ANALYSES

~ AIR FEED RATE {CC(STP}/MIN) 3037 0 -
- "METHANOL- FEED RATE (CC(LIOUID)/MIN) = 0. 26250
: REACTOR PRESSURE (TORR) = RT76.4 - - S
TEMPERATURE (KELVIN) = 544,0 - . e
. CATALYST CHARGE (GRAMS) = 20,92 . - = .
. CATALYST SURFACE AREA (SO.M/G) = 3,31

FEED. AND BRONUCT COMPOSITIANS, (MOLE PER CENT)
TYPE OF ANALYSIS NITROGEN DXYGEN METHANOL WATER CH2D

FEED (FLOW - RATES) 75.54 19.95 4,49

FEED(G.C. ) - 75.33 19,90 4,59  0.159
FEED(G.C.) . 75.66  19.99  4.18 .0.165

FEED(G.Co)  * - 75.23  19.B7 4,71 = 0.163 -+
AVG. FEED (G.C.)  75.41  19.92 4,49  0.162

AVERAGE FEED T5.47 19,94 4,49
PRODUCT (G.C.) ~  74.71 17,92 2.26 2466 2,42 .
PRODUCT (G.C.) T4,76 1799 2.39 2.46 .2.37
- PRODUCT «(6G.Cs) - T4.B1 . 17.57 @2.53 2,68 2.39
PRODUCT (G.C.) - 74,76 . 1*@13 2633 2,74 - 2.44
- » - . : B . R

AVERAGF-PRODUCT" T4.T5 17.81 2038 2.63. 2.40

FRACTIDNAL CﬂNVERSION

. FEED COMPOSITION BASED ON PRNNUCT G C,'ANAL*SES OF

BASED ON - METHANOL-- WAJER FNRMALDEHYDE
- FEED FLOW RATES. T0.465° 0,557 0,542
CAVG GC ANALYSIS .~ | ° 0.465  0.557 . 0.542

'GC + FEED RATES .’ - 0.465 N.557  0.542
:'AVERAGE FRACTIONAL CONVERSIAN = 0. 521 - '
“RATE CONSTANTS '

151

‘BASED ON MFTHANDL f: ‘WATER_T ,fnRMALnEHYnE AVERAGE
1ST ORDER N.8456-06 ~ 7.110E-05. 0. 105E-05. 0.997E~06
1/2 ORDER 0.778E-06 0.971E-N6  0,936E~06. 0.893E-06,
- OXYGEN 0.347E-06 04435606  -0.419FE-06 0.399E=06
_ . - : ﬁ
s ur
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KINETICS DF METHANDL nXIDATION

RUNS NUMBFR 152 TN 156 o -
CATALYST SAMPLE *NUMBER 3 . L
~TWO  GC FEED ANALYSES AND TWO  GC PRODUCT ANALYSES | &
AIR FEED BATE (CCISTP)/MIN) = 360.0

METHANOL FEED RATE (CC(LIOUID)/MIN) = 0.26250 R
REACTOR PRESSURE (TORR) = 879.5 . .

TEMPERATURE (KELVIN)- = 568,0

'CATALYST CHARGE (GRAMS) = 20.92

 CATALYST' SURFACE AREA (S0, M/G) = 2y

FEED AND PRONUCT CﬂMPﬂSITIﬂNS (MnLlﬁppp CFNT)

" TYPE OF ANALYSIS NITRﬂGEN ﬂXYGFN MFTHANOL WATER CHZD f

FEED (FLOW RATES) 75. 51.. 19,95 4, 53

FEED(6.C.) . -.75.18°  19.R6 . 4.75 .0.184 ,

FEED(G.C%) ©75.32 1 19.9) _4.58 0,183 s -

AVG. [FEED-(6.Cs)  75.25  '19.88 \)\éz, 0.183 .
g\\' ) o o K .

AVERAGE . FEED - 75438 19,91 4,60

PRODUCT (GuCe) 74429, 16469 1.30 3.81  3.89

PRODUCT (G.Ce)'™ 74433 . 16419 “1.42. 4,11 . 3.91

AVERAGE'PRbDUCTf' 74,31 16,44  1.36 3,96 3.90

—

FRACTIONAL CDNVERSIDN

FEED,COMPOSITIDN- “BASED ‘N PRnDUCT G.Ca ANALYSES OoF
BASED ON - S METHANUO WATER ~ FORMALDEHYDE .

5 '°’_ R ’ ST
FEED FLOW RATES. - - «'0,694_ 0.851 . 0.877
AVG' GC ANALYSIS . . 0,702 0,826 T 04852
GC + -FEED RATES =~ 0.698 0.838 7 0.864

AVERAGE FRACTIUNAL CONVERSION = o son’
CRATE CDNSTANTS : L S Coe
'BASED. ON MFTHANOL _ - WATER " FNRMALDEHYDE  AVERAGE

" 1ST DRDER’ 0.167E-05 = o0, 256F—os . 04281E-05" 0.226E-65

1/2° BRDER—-.132E-05 ~ 03 ,176E~N5" n;O.fB6E-05'_O.16ZEfOS'
OXYGEN ~ 0.609E-06. . "0,814E-n6 - 0.861E-06 0,752F=06

— . - »



. KINETICS OF METHANDL OXI

RUNS NUMBER 156 TN 162
CATALY ST SAMPLE NUMBER

o
T

PATION -

23

u 1~53 | :

"FOUR - GC FEEN ANALYSES AND THREE GC PRODUCT ANA!YSES T

AIR FEED. RATE (®C(STP)/M
 METHANOL FEED RATE (CC(L
REACTOR PRESSURE (TORR)
" TEMPERATURE (KELVIM) =
CATALYST CHARGE (GRAMS) -
GATALYST SURFACE AREA (5

5

_FEED -AND PRODUCT CﬂMPOGI

" TYPE .OF ANALYSIS

FEED (FLOW RATES) 75.50
FEED(G.C.) 75,65
FEED(G.C. ) 75.56
FEED(64C.) 75.50
. FEED(G.C.Y =~ 75.60
AVG. FEED (6.C.). 75.58,
AVER AGE FEEbaf\ " 75.54
PRODUCT (GoCa) - . T5.06
PRODUCT (G.C.)" 754,12
~ PRODUCT (G.Ca). 75.07.
AVER AGE PRODUCT £ 75.08 "

FRACTIONAL CONVERSION

IN) 3052.0
TOUTID) /MIN)*.
= 856.8
19,0
20.92
D.+M/G) =

0.26250

3,313 -

(;nws (MNLE PPR CENT)

™

NITROGEN‘DXYGEN;METHAN L WATER CH20

19.94 < - 4,54 . -
19.99 .. 4.18 162
19,96  4.31 0}163
19.95  4.37  0hL6b
19.97 & 4.24 0.165
19.97 . 4.28 - 0.164
19,96 4.41 '
©.19.19 3,23 1.31  1.18
- 719.13 3.38  1.22  1.13
19.18 3.25 131 L7
19.17 - 3.29 “ﬂfﬁH}~ 1.16

‘-

ANALYSES OF

FEED'COMPOSITION BASED ON PROPUCT G.C.

'BASED ON. METHANOL ~ WATER FORMALDEH,QE
" FEED FLOW RATES 0.271 .. 0,247 0.257 .
 AVG GC ANALYSIS 0.227 . 9.263 1 0.273"

GC + FEED RATES 0.250  0.255 0,265
"' AVERAGE FRACTInNAI CONVERSION = q,zse] P

_.; 'RATE CONSTANTS
', BASED ON

- METHANOL wATER @’FHRMALDEHYDE

"\1ST: ORDER "0, 374E~06 0.383E-06 - 0. 402&-06
1/2 ORDER 0.381E-N06 ).390E-06  0,407E- 06
' " 0.178E-06 -

OXYGEN 0.167E-06

- NWG1T1E-06

nn | - -
A 1

AVERAG

o 386F-06

0.392E~06

.}g‘

K

0,172E-06 - ..
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KINETICS 0F . MFTHANOL OXIDATGSN
RUNS NUMBFR 198 T& 204
. CATALYST SAMPLE NUMBER_ 5
.. FWO ~ '6C .FEFD ,ANALYSES 'AND TWN. GC PRODUCT ANALYSES
» AIR FEED RATE (CC(STP)/MIN) = 3040.0
- METHANOL ' FEFD RATE {CC(LIOUIN)/MIN) =-0.26250 .
REACTOR PRESSURE (TDRR) = aégmo :
TEMPE ATURE (KELVIN) = 536 0
CATALYST CHARGE (GRAMS) 20.08 .
CAT ALYST SURFACE AREA (so M/G) = 3,53

,FEED AND PRﬂDUCT CﬂMPOSfTIﬂNS (MQLE PFR CENT)

r

TYPE DF ANALYSIS NITROGEN ﬂizGFN METHANOL NATER CH2n"

{

. FEED (FLOW RATESﬂ’ 7548 19,94 - 4,56 -
EED(G.C.). - 75.35 . ¢ 19,97 4,53  0.203.
EED(G.C.) 75,45 19,93 4,40 . 0.202

AVG, -FEEBR- (G.C.) = .75, 40, 19.92 ~ -4.46 ~ 0. 203 PR
. . . . . . . . - ; A\ . ‘- Y - ! . . S “Aih".".
AVERAGE FEED ~ ' 75, 44'- 19093 4,51 0. !
PRODUCT (G.Cu) | 74468 C18.34 234 2,31  2.30.-
o PRODUCT '(6aCu) 74.66 1837 2327 2444 < 2.24
| AVERAGE ‘PRODUCT 74, 67 ,18,3@',72.30f 2.38 - 2,27

FRACTIUNAL CﬂNVERSION SRR . | |
FEED COMPOSITION  BASED NN PRODUGT G.C. ANALYSES OF

BASED ON . - ' METHANOL. WATER® FORMALDEHYDE

FEED FLOW RATES" , 0.488  « 0°.483.  '0.503 P

AVG GC ANALYSIS . v = 0.477 . 0.493. - 0.514 .  wi . ,
GC + FEED RATES - - 0.483 ' 0.488 . - 0.509 + .
AVERAGE FRACTIONAL CONVERSION = 0. 493 ey N

RATE CONSTANTS B S
BASED ON . METHANOL - WATER oFﬂRMALDEHYDE AVERAGE

-

15T" ORDER fo;QSSE—06" 7.86BE=16 . 0,922E-06 0¥6EYE-06
1/2 DRDER 0.788E-06' © 0.798E-06  0.839E-06% FLBORE-06
COXYGEN i 0.351E-06 * 0.356E-06 . 0, 3745-06,;0 3§DE- -06"

]

- B %
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KINETICS 0OF MFTHANUI OXTDATiON ' S
~ AU
RUNS NUMBFR 213 TO 215 o . an

CCMTALYST SAMPLE NUMBER 6
ONE  GC FEED ANALYSES AND TWN - GC PRODUCT . ANALYSES
AIR FEED RATE (CC(STPI/MIN) '= 3051,0 .

METHANOL FEED RATE (CC(LEIQUID)/MIN) = 0,26250 -
REACTOR PRESSURE (TORRi = B70.7 Ci o
TEMPERATURE (KELVIN)"= 53640 . | - . Yo '
CATALYST .€HARGE (GRAMS) X, 20.08 . o s
CATALYST SURFACF AREA (sa.M/G) = 3,22 ;, Lo

N

FEED AND PRODUCT chPOSITInNs (MnLE PFR CENT)

>T¥PE OF ANALYSIS NITRDGFN OXYGEN METHANﬂI WATER CHZO

peo-
!

FEED (FLOW RATES) © 75.50 49.945;54 54

FEED(G.C.) C 75,53 ° '¥9,95 4,35 0,157
AVG. FEED (6.C.d " 75.53 . '19.95 ' 4135 0,157
AVERAGE FEED ' 75,51 J'19.95A3 4;45"1 " v
PRODUCT €G.C.)  * 74\ 7oﬂ%; 18.85 2,30 2.12, 2.00 .
PRODUCT (GeCuY 14,72 18 59 * 2‘39, B2 25 2.07
AVERAGE PRONUCT 74.71'”;;13,7g*~ 2.32 ; 19 2,04
_FRACTIONAL CONVERSION -~ “;',~.i77/ e
. ’ . . . S ! . .'."iﬂ v. : ... ./” : b .
*FEED COMPOSITION .~ BASED ON.PRONUGT G.C. ANALYSES.OF
BASED ON - METHANOL "WATER * FORMALRERYDE
FEED FLOW RATES. 's}f”,o 433 ;0;452, 7o
AVG GC ANALYSIS. 0,480 0,472
GC + FEED RATES Lo L0p8T2 50 04462

T

| AVEhAGE FRACTIDNAL CONVERSION - 9. 466Q,.:'”*

;RATE Q§NSTANTS SR S ‘ ' )
- BASED I MFTHANUL, = WATER o FnRMALDEanég AVERAGE)

1ST ORDFR“O.QO?E—Oé 5 %1 &dF—Obl - 0.88&5—06 - 0.890E% 6&

. "71/2 ORDER' 0.R40E-06 7 gIRE-N6 "~ 0,821E4#06 0.827E=D6 -
. DXYGEN . .~ 0. 374E—06’ . '4E406'4. o 3655t06 0.3&§ﬁ~06
‘S Sl ‘: EYE . 3
.
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KINETICS OF METHANOL OXIRGTION -+ & & ' wg” . .
o . . . . M—’ . -6‘-,,:?._':}\ ; T‘l‘_ﬁ‘ \
RUNS NUMBER 216 TO 225 ' B '4‘¢; FL

CATALYST SAMPLE NUMBER - 6 °

o

THREE GC FEED ANALYSES AND' FOUR GC P T ANALQY.SE§“ _‘J",‘;.f -

AIR FEED RAIE (CCUSTP)/MIN) = 2153,0 f® . % "= T s
MET HANOL FEFD RATE (CC(LIOUID)/MIN)dp 0:26250 A e e

REACTOR PRESS URE (TORR) = R73.2 M= "% % R o)
TEMPERATURE . (KELYVIN} 536.0 B C o aer T
- CATALYST CHARC (GRAMS) 20,08 s T R
, CATALYST SURFATE AREA (sn M/G)-= 3,22 ,'-‘ ,,z." B
‘Y ’ . 4\ ok
FEED AND_PRODUCT COMPOSITJONS {MNLE PER CENT) LT e e
TYPE OF ANALYSTS NITRDGEN UXYGFN MEFHANG{ WATER "CH20 |
. ! Y
FEED - (Fdﬁw RATFS)  74.@9” - 19.57. 6732 .
. FEED(G.C.) 7“7 174400/ 19.55  6.43 - 0,000
FEED(G.C.) . 74,16 19,59  6.23  0.000
FEED(G+C-. ) 74401 19.59 - 6.24  0.000
" AVG. FEED (G-C. F’¢‘z@;bv,- 19.98 16,30 = 0.000 '
AVERAGE FEED ﬁ;f%f7§ 19.57 * 6.31 | k.
PRODUCT (G.Co) 72, 18,13 - 2,86 .3.06" 3.07 )
PRODUBE (6. C2) "+ 72.8: 18,15 2,81 7 3.11 - 3,07 E
PRODUCT WZG.C.) -  72/80 17,93 2472 3.24 3,28 '{_'
PRODUCT o) 7289 * 18.1 2.97  2.92 -3, 05;.:. |
AVERAGE PRODNCT © . 72.84 18.49  2.84 3.08 3.12
v R - L
“ FRAC@@@NAL CDNVERSID o S TR
FEED COMPOSITION ASED ON PRAPUCT G.C. ANALYSES OF°
«BASED ON .. | METHANOL' WATER FORMALDEHYDE
FEED FLOW RATES . || 0.542  0.495 . 0.501 e
AVG GC MNALYSIS® . 0,541 0,497 " 0.503
GC + FEED RATES, ‘*; o 541.  0.496. 0,502
AVERAGE FRACTIONAL CONVERSIDN = 0. 513-_;“‘.A R b
RATE CDNSTANTS . & o ' .’%/”f; : ,.‘;@
BASED .ON, MFTHANOL | SWATER FnRMALDEHynE AVERAGE * %
1ST ORDER® 0.846E-06 0. 7425—0@ " 0, 756E-06" 0.780E-06 |
'1/2 DRDER. 0.8656-06 @, 778F-16 . 0.789E=06 0.,810E-06 -
© OXYGEN 0.404E-061  0,362E-06  0.367E-06 0.377E-06 :;'3\
v-r“' ‘Jk}j“ ) . % - ;
' 5 i ¥
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KlNLTICS OF MFTHANﬂL ﬂXIDATION
RUNS NUMBER 226 Tn 233
CATALYST SAMPLE~NUMBER 6 '
FOUR GC FEED ANALYSES AND THREE GC.PRODUCT ANALYSES
AIR FEED RATE (CCYSTP)/MIN) = 1753.0 .
METHANOL FEED RAFE (CCILTQUID)/MIN). = 0.26250 - .
REACTOR PRESS (TORR) = 799.0 o - :
- TEMPERATURE (KELVIN) = 536,0 -
CATALYST CHARGE- (GRAMS) = 20.08 |
CATALYST SURFACE AREA (SO.M/G), = 3,22
FEED AND'PRODUCT‘GOMPOSIIIDNS_(MOLEvPER CENT)
TYPE OF ANALYSIS NITRNGEN OXYGEN METHANNL WATER CH2M\
‘ . . . N N . . + . . ]
FEED (FLOW RATES) 73.04 . 19,29 7,65 .
FEED(G.Ca) o 72,72 19.21  7.83 . 0.232
FEEND(G.C. ) ' 72.89 19,268 7.60 0.232
FEED(G.C.) . . 72.42 . 19,13 8520 0.232
FEED(G.Cs) 72.65 19.19"  7.92. - 0,233
AVG. FEED (G. Ca 7267 19.20  7.88 03232
AVERAGE FEED 72.85 - 19,25 “7.77 7
PRODUCT (6.C.) ~  71.66. 16,99 3.85 3,90  3.67-
PRODUCT (G.C.)  ~ 71.69 16,61  3.94 3,94 3,80
GAVERAGE' PRODUCT .| 71,67 - 16,90 3.88 3.80 3.73 . "
. FRACTIONAL CONVERSION | e L
FEED COMPOSITION ~ “BASED: ON PRODUCT -G.G. ANALYSES OF
BASED ON _ " » METHANOL WATER 'FORMALDEHYDE Uk
VFEED FLOW RATES  0.483  {.474  0.497 - -
"AVG. GC ANALYSTS © 0.498 - Wm460 0,482
GC + FEED RATES 1 0.491  0.467 - 0.489
- AVERAGE FRACTIONAL CONVER $TON = 482 o S
RATE CONSTANTS'§ 4 . = = o R
BASED ON- METHANOL{*' . WATER .. FNRMALDEHYDE AVERAGE /
. p : . . R c -’/‘.
1ST ORDER |0 i623E-06%% . 0.582E=6 0.621E-06 ©.60RE-Q6 . .
1/2. ORDER [0. 7oﬁF—06 3D 668E-06  0,706E-06 0.694F=06 .
OXYGEN  [0.338E-06 - :q 319F-N6  ° 0.3376-06 0.331E-06 -~ -

' . Y

" ' - ‘ : . - l.‘ - : . b
. oLy s
A . \ . o te . . \
. : ] . 9 . M . . . . H
[ AT ’ . Lo ‘ g
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AR 158
sg :
».d% .
' “‘A 0L OXIDATION
RUNS NUMBFR 242 10 250
-CATALYST SAMPLE NUMBER 7 .
FIVE. GC FEEN ANALYSES ANR:ROUR GC PRODUCT ANALYSES
AIR FEED RATF (CC(STP)/MIME = 2%14,0
METHANOL: FEFD RATE (CC(LI ). N) = 0.26250
REACTOR PRESSURE. ( TOPR ) SR STNS IO N |
TEMPERATURE (KELVIN) 536&) !55; e
CATALYST CHARGE'(GRAMS) £ 207
CATALYST SURFACE AREA (SQ.M/G) = 2.42.  °
B .
FEED AND PRODUCT COM?OSITIU%S,OMOLE PFR CENT) !
S mé : .
TYPE OF ANALYSIS NI TROGEN OXYGEN MFTHANDL WATER CH2n
FEED - (HJ»:RA;gS) Y4, ;B 119.75  5.48" T
FEED(G Cilm, =% © 74,91 [19.79. 5.29  0.000
FEED(G.C.) = = ° 75,04 {19;82 5.12  0.000
FEED(6.C.) ' T4.71 19.74  5.54  .0.000
'FEED(G,C.) 75.03  19.82 © 5.14- 0,000
.AVG. FEED (G.C.) - 74489 19.78 5,31 0.000
- AVERAGE, FEED ; 74,82 19,77 5340
CRRODUET 6G.C.)  © 73.87  19.14 . 2.95- 1.98 - '2.03
. &LBRODUCT. (G.C.) 73.81 19.72° 279  1.68 1,98
PRODUCT (G.C.) , 73.93 18,92 -3,13 1.89 2.10
PRODUCT (G.C.) ©73.88 - 19.12  2.98 . 1.89 2.1l
AVERAGE PRODPUCT * 73.87 . 19,22 2,96 1.86 2.06°
: FRACTIONAL CONVERSION
FEED COMPOSITION BASED ON PRONUCT G.C. ANALYSES OF
BASED ON \ METHANOL - WATER FNRMALDEHYDE
FEED FLOW RATES . 0.452  0.343 0%379
AVG' GC ANALYSIS 04435  N.354 0.391
GC + FEED’RATFS - 0.444 0.348 0.385 "
AVERAGE FRACTIONAL CONVERSION = 1.392 -
RATE CONSTANTS .
BASED ON = METHANNL WATER RMALDEHYDE AVERAGE
- ‘ - . - ) & .
SEORDER, 0 ,983E-06 0.718F-N6 - 0.815F- 06 0.835£206
IMSDRDER 05979E-06 .  1.T743E-6 0.831F~06 " 0.849E-06 -
EN 0.343F=06

0.393E-06
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KINETIC% OF METHANOL OXINATION
»RUNS:NUMBERxZSS-TD~258 S
CATALYST SAMPLE ‘NUMBER 8
TWO  GC FEED ANALYSES AND TWN  GC PRODUCT ANALYSES
© AIR. FEED RATE. {CCLETR)/MIN) = 2957.0
" METHANOL FEED RATET4CC(LIQUID)/MIN) = 0.26250
REACTOR. PRESSURE (TGRR) = #39.7 . ° |
TEMPERATURE, ' { KELVIN) 2. 536,0.. |
CATALYST CHARGE. (&RAMS$s~ zd.ns .
CATALYST“@QRFAGE SARER (804 Mfctxgcl 21
FEED AND pgdgugr EGMPOSITIONS tuﬁxg PER’ CENT)
s .\,';‘, Carpet . ;y
TY®E OF ANALYSIE &JTﬂnGEN nszFN MEJHANOL WATER CHZO
?&L«‘. ¢ :
FEED (FLOW RATES)" f% g fﬁ“ﬁ%& 4,68~ _
FEED{G.C.) " 75.22 19,87 © 4,74 . -0.150
FEED(G.C.) .. ©75.22 7 19,87 4,74  0.149
AV%k FEED (6.C.).  75.22- . 19.87  4.74 0,149 A
AVERéi FEED.  75.31°, 19,89 4,71 ©
PRODUCT (6.C.)  75.08  19.8% 3.87  0.70  0.50
PRODUCT (6.C.) .. 75.09 . 19.8) 3.90 0.71 0.48
AVERAGE PRODUCT ' 75.08 ' 19.81 < 3.89 0.7l  0.49
FRACTIONAL CONVERSION. Lo ”vﬁﬁ.
FEED COMPOSITION  BASED ON @ROPUCT G.C. ANALYSES o_
BASED ON . METHANOL WATER FORMALDFHYDE £
3 i v ' ‘ .‘:_Si}, <
FEED FLOW RATES 0. 162§§ 04120, 0.105. S L
 AVG GC ANALY-STS Q,l?b 0118 - 0,103 T wAEs
*GC + FEED RATES : 171~‘: o 119 - 0.104 _’;w;ﬁﬂa
AVERAGE. FRACTIONAL CDNVERSIﬂN =n. 131 A Ll
RATE CONSTANTS v I O 4p;,'»
BASED -ON  METHANOL. . WATER  FNRMALDERYDE AVERAGE
 IST ORDER 0.7T14E-06 0.481E=06 - 0.417E=06 0.535E-06 s
~ I/2 DRDER - 0,737E-06.  0.505E-06 0.4640F=06. 04B60F-06°
OXYGEN . "0+331E-06 0.226E-06 ,  0.19%E-06 " O. 251E%06
gah ~ ' / ’ — ¢ ‘. o ey ¥
b o o A,
SR : e,
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,'.KINETICS nF ME THANOL OXIDATION

~FEED COMPOSITION -
 BASED ON T . ME

1ST ORDER - 0. 338E—06.

RUNS NUMBER 263 Tnvzea"' o E
CATALYST SAMPLE NUMBER O .. '

ONE°  GC FEFD ANALYSES AND OME GC PRODUCT ANALYSES

AIR FEED RATE (CC(STP)/MIN) = 3972.0

METHANOL FEED RATE,(CC(LIOUID)/MIN) =

REACTOR PRESSURE.(TORR):=l858.5,

TEMPERATURE (KELVIN) .536.0
 CATALYST CHARGE (GRAMS) =20.04

CATALYST SURFACE AREA (sh M/G)" = 1&66

FEED AND PRODUCT COMPOSITIONS (MﬂLE P

0426250

ER CENT)

TYPE OF,ANALYSIS NITROGFN OXYCFN*METHANDL WATFR chzn

’FRACIIUNAL CﬂNVERSIDN"~A

BASKD ON PRADUCT'
ANOL  WATER -

FEED FLOW RATES, © 0144
AVG GC ANALYSI P66 T 0.0617
GC + FEED RATES us

AVERAGE FRACTIDNAL CDNVERSIUN = 0.077

RATE CONSTANTS . ‘_' .
BASED ON ‘MFTHANﬂL WATER = - FQ
0.181F=06 -
l/Z‘DRDER N.35TE-06 © 0.194E-06
OXYGEN - ' D.158E-06  0.R62E-0T

0.060

.064"

FEED (FLOW RATES) 75.44 - 19.93  4.62 - | t

FEED (G.C. ) 75,65  19.98 © 4.12 . 0:234

AVG. FEED (6.C.)  75.65  19.98" ‘4,12 - 0.234

AVERAGE FEED . 75,54 19,96  4.37 ‘ S
P PRODUCT (G.Go¥- ~ -75.25  20.15.  3.84 0.51  0.23.
_ AVERAGE PRODUCT  75.25 .. 20,15 /3.84 ~0.51 0.23

P

P =

G.C. ANALYSES OF _
FnRMAlﬂEHYDE

0.050

10,056

Ny
0, 149E-06

0.160FE-06

0.710E-07

0.052

RMALnEﬁihE-

1

fAVERAGE"

"0 222F 06 .

0. 104F-06

0..236E-06
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KINETICS OF METHANDL OXIDATION

RUNS-NUMBER 251- TN 254 -

CATALYST SAMPLE NUMBER. 10 -

TWO  'GC FEED ANALYSES AND TWD . GC PRODUCT ANALYSES

AIR FEED RATE-(CC(STP)/MIN) = 2971.0

METHANOL FEED RATE (CC(LIOUID)/MIN) = 0.26250 - .

REACTOR- PRESSHRE (TORR) = 816.8 o . .

TEMPERATURE (KELVIN) = 536,0 o ' S
CATALYST CHARGE (GRAMS) = 20,05 - " - ,
CATALYST SURFACE AREA (S0.M/G). = 8,70 ;' e -

FEED AND PRhnUCT CﬂMPnSITIﬂNS (MnLE "PER: CENT) '
TYPE OF ANALYGIS NI TRNGEN ﬂXYGFN METHANﬂL WATFR CHzn ;pé?
FEED (FLOW RATES) 75.20 - 19.92 4, 66;; ; ' :
. FEED(G.C.) 75.39 . 19,92  4.52% 0,160

AVG. FEED (6.G.)  75.36° ° 19.91 »4.55 = 0,160 :
AVERAGE FEED 3; 75.38  19.91 - 4,61- - - & ’
. 3 A, L " i T .

CPRODUCT (B4Cs),  T4.04. 17.19  0.89 4,46 - 3,40
'PRODUCT €6.C.) ;" 74.04 17.09 © 0.90  4.48. 3,46
'QVERAGEbPRQDUCT '_74;04 C 17,140 0,90 4,47 3,43 -
FRACT IONAL -CONVER STON o . T
FEED COMPOSITION . BASEN N PRONUCT G.C. ANALYSES OF, ¢
BASED ON =~ - © . METHANOL. WATER FORMALDEHYDE *. S

FEED FLOW RATES ';,oéghz 0.945° - 0,749 - -
AVG GC ANALYSIS 0.797  0.968  0.767 . . .. |
G& + FEED RATES - ° 0,800 0.956 0,758 :

AVERAGE FRACTIONAL CONVERSIDN'— 0.838

RATE CONSTANTS = . . - . A ~

BASED ON  METHANOL WATER ' FDRMALDEHYDE AVERAGE"

1ST ORNER " 0.RB6E-06  I.173E=15  0.781E-06 0.100F-05

1/2 ORDER 0.,642E<06 -~ 0.920E-06  0.590E-06 0.694F-06
OXYGEN 0 .R299E-06" N L432FE-06 0.274E-06 0.324E-06

)

N
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KINETICS DF METHANOL OXI

RUNS NUMBER 270 Tns271.
CATALYST SAMPLE NUMBER 1

NATION

(USEP NI
1

ONE GC' FEEND ANALYSES. AND NNE
AIR FEED RATE (CG(STP)/MIN) = 213
METHANOL FEEN RATE (CC(LIOUID)/MIN) = O, 26250

" REACTOR PRESSURE { TORR)

=.794,)

TEMPERATURE (KELVIN) = 531.0°

CATALYST CHARGE (GRAMS)

= 11.67"°

CATALYST SURFACE-ARFA (SO.M/G)

V-

SC'TNTEGRATOR)»'

162

GC PRODUCT AMALYS&;

4.0

»

=0 2%

»

HFEED AND PRODUCT CﬂMPOSITIONS (MDLE PEQ CENT)

%

+

TYPE OF ANALYSIS NITROGFN OXYGEN METHANOL NATER CH20

uéz.it

 FEEDY (FLOW RATES) 74.05
"FEED(G.C.) = 74.08
" AVG. FEED (6.4C.) - 74.08
AVERAGE FEED . 74.06

PRODUCT (6.C .) 73,97

AVERAGE~PRDDUCT~" 73.97

FRACTIONAL'CONVERSIDN

FEED- COMPOSITION

~BASED ON - ‘ ME
FEED FLOW RATES - 0
AVG GC ANALYSIS . o

. GC +‘Ft§D RATES

-RATE CONSTANTS

BASED ON ~ METHANOL -

1ST ORDER 0.787E-06

19.57
19 ."5’7

19,57

19.56

119.73

19,73

6.25 0, 089

©6.25 .. 0. 089
. '.,“,\
4‘6;31'

‘6 10 O 13

"6.10 ’6 13

: jl“‘A

BASED ON PRONUCT G.C.- ANALYS

THANOL - “WATER  FORMALDEH
2041 0,007 -04006
022 D007+ - 0.006°
0.032. "0

WATER-

0.177E-06 "

172 ORDER - 0.,965F-06 Ne218E-N6

OXYGEN 0.446E~0§‘

- 0.101E-06

'007 . .0.006

| AVERAGE - FRACTIONAL CONVERSTION = 0.0J15

"#nRMALnEHxDE

0.166E-06
0.205E-06 -
- 0.949E-07

0004

0.04

ES OF
YDE

AVERAGE..

0 375E- 06
0.462F~-06 -



