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ABSTRACT

The kinetics of the wapor phase air oxi-
dation of methanol to formaldehyde over a manganese
dioxide~molybdenur trioxide catalyst, at atmcapherie
pressure, in the teaperature range 250° - 460°C, has
been studied using a fixed-bed integral reaotor
heated in fluidised sand.

The effect of various prooess varisbles,
namely, the feed ratio of methanol to oxygen ( in
the air), ratio of catalyst to feed flow rate, and
process temperature, on the conversion and yield
were determined.

The reactor effluent was analyszed by a de-
partmental ges chromatograph and a Fisher Gas Parti-
tioner. Mfteen weight percent sucrose oota-acetate
on Jolumpek T was used in the gas chromatograph as-
sembled in the department for analyeing the liquid
products, and hexamethylphosphoramide (HMPA) and mol-
eoular sieve 13X columns were used in the gas parti-
tioner for analyzing the gaseous products.

The ratss of formetion of formaldehyde and
water at the optimal tempsrature were found to depend
on the partisl pressure of methanol. The effects of
diffueion and catalyst surface temperature were neg-
ligidble. The highest selectivity, nearly one hundred
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persent, was obtained at 365°0 for a eonversioa of
84%, W/P ratio of 22,0 ga=hr/moles, and methanol in
air content of 8 moles %

It was found that of the several models
proposed, only one correlated the data sstisfaetor-
ily. %his model was derived from a two-stage irre-
versidble oxidation-reduction processs

0!,0!(;) * 8y ﬁ-’ BOHO(g) + Pred
0y(e) + '!Ol-Ez-# fox
where B,x Was an aotive site of lattice or adsorbed

oxygen, and e’ the reduced site of lattice oxygen
or the empty site. The rate of reaction was expressed

bys
= ol |
¥
1+ "1’!/2"2’02

where kl and k2 are temperature~dependent constants. .




I. INTRODUOTION

A. Zhe Iaportence of Chexiel Kinstics

Chemical kinetics is a study of the factors
that {nfluence the rate of a chemical reaction, In
shemiatry, it is a tool for gaining insight inte the
nature of reaoting systems, for wnderatanding how
chemical bonde are formed and droken, for estimating
sheir energies and stability, and for identifying the
molecular structure of coapounds,

In chemieal engineering, it permits consider-
able freedom of choiee im reaetor design, in ths adoption
of a batoh or continuous process, in the initisl oon-
oentration of reagents, operating temperatures and
pressures, end in making controlled alterations in
these variables during the course of the reaction.

S8ince the purpose of a kinetlo study is not
the same in chemical engineering as in chemistry, there
are some differences in the requirements and approach.
The chemist, in general, prefers to choose & ¢ase in
which all complexities mot related to ihe kinetie
mechanism have been eliminated; as for example, &
homogeneous reaction, im order to gain an insight into
the true nature of the reaction. The reaotion itself
may or may not be of amy practical or imdustrial eige-
nificance. The chemical engineer, on the other hamd,
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=ust keop a high yield and seleotivity in mind, In
most instances a heterogensous catalysic reaction is
the only altermative, Generelly, the use of an
empirical rate expression is sufficient in desiging
the equipment for suck xesctiens, However, it is do-
sirable to ascertain the tzue equation if it ean be
obtained, since then it may be safe to extrapolate
outeide the range of experimental data,

B. Eaterasneous Cotalveis Ressticns

The term catalysis is used %o descride all
processes in whioh the rate of the resotion is influenced
by a substance which remains theorstically unaffected.

An early definition by Ostwald (81) was that a catalyst
is "any sudbstanee that alters the velooity of a chemical
reaction withous modification of the energy faotors of
the reaction.” Later he proposed an alternate definition
(82) which hae been widely quoteds *"a catalyst is any
substance that alters the veleeity of a chemical reaction
without appearing in the end produot of the remction.”

It 48 to be noted (65) that in the definitions
of catalyeis no reference is made to the fact that a
snall amount of catalyst will have a large effeot on
the rate. This is frequently the cass, dut it is not
an essential characteristic of a catalyste Although
by definition the amount of ocatalyst should be unchanged
at the end of the reastion, it does not follow that the
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catalyst has not entered into the chemical reaction
as the reastion proeeeded.

It 1s convenient to classify catalysed re-
actions aseording to whether they oscur homegeneously
Un a single phase) or heterogensously (at am interface
betwoen two phases). An imporsant greup of heterc-
gensous reactions, the oxidation of oxygemated hydro-
oarbons catslysed by s selid eurface, is the subject
of the present investigation,

O, Msthod of Stwdy

Although several methods (62) are svailable
for measuring the resstion rates using a differential
or an integral reaotor, yet thers is no entirely satis-
faotory method by which the reactiom rates can be
measured direotly.

The differential method consists in operating
the reactor with a small conversion so that the reaction
rate may be assumed constant. Rate determimations in
a differential rcactor can be made in a straightforward
Ranner,

The integral method is not restricted by a
small oconversion and the oxperimental acecuracy is
greater. However, it is much more difficult to inte-
grate the rate equations since there are several hidden
parameters which may diminish the value of the experi-
mental data (63).

.
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In the present studies, the vapor phase
sxidatien of methanol to0 formsldehyde over a solid
eatalyst, it was sasier to investigate the rate
nechanisnm using the differential appreach, bLecause
formaldehyde resdily polymerized at high concen~
trations, B8ince a chemicsal enginesr is more imterested
in yield and seleotivity, and sinee the presens ia-
dustrial process wses a mixture of methanol snd air
over & heated stationary catalyst at spproximately
atmospheric pressurs, a fixed-hed integral reastor
operating at atmospherie pressure was used in this
vressaresh, The drawdacks inhereat in this choice
have been minimised av much as possidle by the means
at our disposal and within the limites of available
time.

Sinee the discovery of formaldehyde in the
latier half of the nineteenth century, it has deoome
a chemical of great industrial importance. Production
in the United 8%tates slone reached an estimated level
of 2600 million pounds inm 1963, with s world produotion
of at least six dillion pounds (107). The marked ine
orease in demand can be partly attriduted to the rapid
inorease in the variety of formaldehyde appliocations.

fhough formaldehyde is mainly produced today
by partial oxidation of methanol, inoreasing quantities

Q
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are deing manufaotured from the direot oxidation of
Aydrecardon gases, Yor its suessssful use and a
cheaper pathod of preduction, the unigue charaeter
of formaldehyde chemistry ant kineties must be
fully uaderstood,

B Zha Oblestive of the Pressnt Work

The purpose of the present inveatigation was
%0 study the kinetios and a possidle mechanism for the
oxidation of methanol to formaldehyde over an oxide
eatalyst and to develop a suitable rate expression,
whieh might satisfactorily represent the data,

For thie atudy, an integral-flow resotor was
used, and the effect of temperature on conversion and
yield, as well as the effeet of various variables oa
the reaotion kinetics is disocussed,




II. LIYERATURE SURVEY

Although the exidation of methanol to
formaldehyde has been of great industrial importence,
vory 11%t1e soientific 1iterature is avaiiaile on the
kineties and mechanism of the reaction. Several
patents have appeared in the last decade,

The nunber of pudlications relating to
forsaldehyde per se are very large, A comprehemsive
¥dliegraphy on formaidehyde research was published in
1964 b2y 4. ¥, Walker, as part of the Ameriean Chemical
Sooiety's Chemieal Monograph Beries (103).

The preseat reviev is limited 43 studies an
the heteregenseus oxidation of methanol %o formaldehyde,
and ineludes a general discussion of metal and oxide
catalysts, and a sussery of the published literature
on ferrio trioxide-molybdenun trioxide and manganese
dioxide-molybdenun trioxide catalysts.

A Netal and Oxife Optalyete

Pormaldehyde is produced prinoipally from
methanol oxidstion over metal catalysts. The original
or olaseical approach, as it may be called, employed
high temperatures, in the approximate range of 500~
800°0, and a rich methanol-air mixture, 30-50% methanol
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by veiwme, EfZluent gases from this prosess contained
18=-20% hyéregen, less than 1% exygem, and sinor eneuats
of earbea oxides and methane. Uarescted methanmel im
the produst solution was separated fyom the formaldee
hyde by fraetionsl 4istillation and osuld de returned
10 the evaporating chander for further wee,

As early as 1868, Eefsann (40) produced
formaléahiyde by dravwing & mixture of air and methans)
vapors over a hot platinum spirsl. Once initiated the
reaction was self-sustaining, as sanifested by the
gloving spival, %Twonty years later (16), the fira
of Nereklin snd Losekann wzs feunded, nsar Hamover,
Germany, and commerecial msamufacture of formaldehyde
was begun in 1889, The sudssquent developments in
the oxidation of methanol over metallio catalysts
(oopper, gold, and eilver; have been revieved by
Marek and Hohn (73) in 1938, and by Walker (103) in
3504, Altuough the kinetice of the reaction over
copper and gold wae similar to wilver, these metuls \
wore found to bde much less sotive and to cguse more
decomposition of formaldenyde. Henos, only the 8evelop-
ment of the :ilver process is traced in greater detail.

In 1910, O, Blank (11) in Germuny patented
the use of a silver catalyst. A yesr later, LeBlanc
and Plasoike (69) reported that formaldehyde yields
obtained with silver catalyste were hisher then those
with coppere In 1913, use of the oilver catalyei was
introduced into United States operations with the

A 4 s St o ) R i s




patent of Kusnesow (60); amd in 1920, Thomas (99),

an Ameriean, in a comparative study on the value of
copper, gold, and eilver in the oatalytic oxidatiom

of methanol reported laboratory-seale results for the
preparation of formaldehyde. The net yield of formale
dehyde obtained by Thomas with silver, 8% to 92% of
theoretical, was in general agreement with that reported
by Homer (41) in Bnglanmd in 1941, for commercial pro-
duotion, namely 89.3% of theoretiosl,

Thomas (99) studied the oxidation of methemol
over a silver gauze approximately 13 ma in diameter by
100 ma long. Weight ratios of oxygen o methanol were
varied from about 0,15 to 0,60 and air rates were varied
from about 30 to 200 1/hr. Vherezs the inlet gas temp=
eratures were in the range of 350° %0 565°C, temperatures
in the ceater of the gause varied from 530° to above
900°C. Data from these experiments wers compared at
esnatant alr flow rates,

Homer desoribdes the operation of a British
plant whioch used silver gause of the type patented by
Blank (11), with high methanol-air ratios in order to
keep the oatalyst aotive over an extensive peried, the
excess methanol being subsequently distilled from the
formaldehyde and returned to the vaporizer,

Nore recently, Pumderson (86). in 1960, dis-
covered a selective dehydrogenstion catalyst for
methanol consisting of 97.8% eilver, 2% copper, and
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0.2% silicon. He olaims to have obtained good yields
over this catalyst when pure, preheated methanol vapors
in the range of 600° to 700°C were passed over it.

The catalyst can be reactivated easily when necessary
by heating with sir at the same temperatures.

Aries (4), desoribes a pressure dehydrogens~
tion process in which methanol and hydrogen are passed
over a finely divided silver cetalyst at T700* to 800°C
and 5 to 8 atmospheres pressure.

Kushnarenko and Atroshenko (59), in 1965, out-
line a pressure oxidation, in whioch 0 = 0.4 molar ratios
of oxygen to methanol are passed over a silver catalyst
at 450° to 650°C and 1 to 3.5 atmospheres pressure.

They found that at gas velocities above the critical
level, conversion of methanol to formaldehyde imereased
with temperature and preseure. Below the criticel
level, formation of ocarbon monoxide was accelerated.

Stadnik et al (97) observed that cathodie
polarization of silver catalysts increased the yield
of formaldehyde by 6 - 7% as compared to experiments
without on elestriec field, whereas anodic polarigation

decreased the yleld.

The reaction mechanism for the formation of
formeldehyde from methanol and air using a netal
catalyst may be either a dehydrogenation, followed by
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oxidation of hydrogen, to the extent that oxygen is
present in the gaseous mixture:

on,on ) HCHO + H2 « 20 koal
B2 ¢ ioz N 320 + 58 keal

or, a combination of these reactions.

Sator's study (103), in Germany in 1938,
indicates the reaction to be exclusively e dehydro-
genation, the combustion of hydrogen merely offsetting
the endothermic nature of the first reaction to make
the process self-sustaining. LeBlanc and Plaschke
(69) and Thomas (99), conolude the reastion mechanism
to be a combination of the two reactions. The funciion
of oxygen, acide from maintaining the necessary temp-
erature, was to keep the catalyst active by oxidizing
and removing any "poisons" or to keep the surface of
the metal in the propsr physical and chemiecal state.

The proper control of reaction temperature
is very important in the oxidation of methemol to
formaldehyde, eince pyrolytic decomposition of formal~
dehyde to oarbon monoxide and hydrogen

HCHO(g) — €O + B,

though slow, is measurable at 300°C, and increases
rapidly at temperatures above 400°C (14).
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In zecent years, the oxide eatalyut precess
for formaldehyde preduction has asswmed inoreasing
importance. This precess diffors fyvom the classieal
precedure in that it employs lower temperatures
(300 « 400°0), a lean methanol=air mixture (5 - 10§
methanel by volume), and preduces formaidehyde dhat
is sudstantially free of methanol (0 = 1f), The eff-
gases frem this process contain umreseted oxygen and
insignificant amounts of hydrogen, Namufacturing
Yields are said te bs higher with the metallie oxides
than with the pure metals,

Catalysts patented for this type of process
prior to 1945 inolude vanadium oxide (7), mixtures in.
volving salts or oxides of vanadium with other metal
oxides (22, 50), iron~molybdeaua oxide mixtures (76)
and tungsten-molyddenum oxide mixtures (5). The patens
1iterature since 1955 has been devoted chiefly to im-
provements in the methods of preparation, use and re-
covery of catalyets based on iron-molyddenum oxide
aixtures (2' 8, 35, 38, 39, 80)0

The oxide oatalyst process converts methanol
to formaldehyde by an oxidation process, as indiocated
in the following equations

GH,OH + iOe o3 HOHO 4 B,0 + 38 keal.

Adkins and Peterson (1) studied the eoffect of
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the oomposition of oxide ocatalysts on their activity
4n the oxidation of methanol uesing as the bdasis for
their investigation ferrie trioxide and molybdenun
trioxide and nixztures of the two oxides, MNost of the
studies were made using a catalyst bed 15 om in
length, with a eross-sectional area of 5 aq em and
feed rates of 10 gm of methanol ir 93 1 of air/hr,

With pure molybdemmm trioxide, approximately
100% formaldehyde yields based on the methanol oxidised
were odtained. Hewsver, the percentage conversion de-
ereaced from about 60% te a steady value of abous 32%
after 12 to 24 hours of operation at 400°0. Raising
the catalyet bath temperature frem 360° to 400°C raised
the stesdy state conversion level from 24 te 32%. With
pure ferric trioxide under similar conditions, almont
all of the methanol was oxidised to earbon dioxide with
the formation of little or no formaldehyde.

Tho most satisfactory eatalyst was found to
be an equimolar mixture of ferric trioxide and molyb- ‘
denun trioxide. The percentage conversion of methanol

to formaldehyde inoreased from an imitial velue of about

82%, to an equilibrium value of about 91%, when feeding

10 grame of methanol in 93 liters of air at 373°C

through the eatalyst bed. Decreasing the length of

the bed frem 15 tc 5 ¢= gave the same conversion of

methanol to formaldehyde but o somewhat higher yield

of formaldehyde, Decreasing the feed rate (at constant
methanol to air ratio) resulted in a loss in formaldehyde
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yield due to further oxidation, 8imilerly, at temper-
atures of 353°, 373° and 400°C, conversions of methanol
to formaldehyde of 85.2, 91.8 and 91.9% were obtained.
However, at 400°C some loss in yield due to continued
oxidation of formaldehyde wae observed.

Jiru ot a2l (52) teking into consideration
the work of Adkins and Peterson together with a number
of patents (2, 8, 35, 38, 39, 80) earried out an ex-
tensive study on the oxidation of methanol to formalde-
hyde over a catalyst composed of 17,5% ferric trioxide
and 82.5% molybdenum trioxide,

The rate of catslytioc oxidation of methanol
to formaldehyde was measured in a throughflow integral
reactor at atmospheric pressure using the mioroecatalytie
pulse method. HNethanol and air were introduced iato the
reactor separately. Traces of oxygen (less them 0.01%
by weight) in the carrier ges, nitrogen, were removed
by passing it over heated copper wire at 300°C, and
traces of water by paseing it through a dry ice trap
at «76°C., The required amount of methanol vepor in \
nitrogen, obtained by passage of the mitrogen through
a methanol saturator, was introduced inte the oarrier
gas by means of a dosing ocock, equipped with two constant
volume loops of 5.2 and 8.4 ml respeotively. The volume
of the mixture wac dieplaced from the desing cook into
the reactor containing the ferric trioxide-molybdenum
trioxide at the velooity of the carrier gas. The time
for the passage of 5.2 ml of reactant was 5.43 x 10~7
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hours and for 8.4 ml was 8,83 x 10" hours. They
clained that with this arrangement and suecessive
dosing it was poseible fo asssrtain the composition
of the product as a funetion of the overall-time of
passage of the reactants (methanol er exygen) threugh
the eatalyst bed. MNethanol was iatreduced first in
each of the experiments and cxygem later. fhe inter-
action hetween nethanol or oxygen and the catalyst
was studied in a statie sorption apparatus with a
NoLeod mancmeter.

The rate of oxidation of methamol was de-
termined in the integral reaetor at 270°C, fer a feed
containing methanol and oxygen at 1.5 = 7:56 and § =
40 % by volume recpectively. During the oxidation it
was observed that the catalysi ehanged in color from
yellowish green to greyish blue. Based on this and the
fact that doth conatituents of the cutalyst may exist
in a state of lower valenoy, Jim et al have postulated
a tvo-stage oxidation reduction mechaniasms

CH,0H(g) + Ky L, HoH0(g) + B0(8) + Kygg

05(g) + Kpyy h—) Kox

and derived the rate ecuation:

n
re—2 0

1+ Xyoy/ kzpjoz

where m = 1, and n = 1, or 0.5.
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Zater Jiru ot al (51), using & differemtial
Zeactor in the temperature range 210 - 290°0, ebtaimed
the same kinetic meshanism.

Dente ot al (26 = 28) studied the oxidation
of methanel in an imtegral reactor between 220° and
3500°0, and obtained a rate expression similar %o the
one obtained by Jiru et al., Friedlander and Beanett
(%1) and Coster (21) also studied the methanol oxida~
tion snd obtained the rate expression:

rekpgy

Priedlander and Bennett employed a flow-recyoling dif-
ferential resotor between 402° and 452°C and a methanel-
air aixture containing 0.4 to 3% methanol. OCotter used
a fixed=bed integral reactor betwsen 260° and 330°0C,
methanol concentrations of 1 = % moleS, and a gas flew
rate of 0.3 to 0.9 ou £t/ min,

Field (30) patented a mew method for the prep-
aration of a manganese dioxide-molybdenum trioxide
oatalyst with operating temperatures preferasbly held
Potween 250° and 450°C at atmospherie pressure., Oone
version of methanol was found to be practically complete
at the optimum tempsrature, The produot was primarily
formaldehyde with small amounts of carbon monoxide as
the prinoipal by-produat, At lower temperatures some
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Zater Jiru ot al (51), using a differeatial
zeactor in the temperature range 210 - 290°0, chiaiasd
the sane kinetic meshanism,

Dente ot al (26 « 28) studied the oxidation
of methanel in an integral reactor betwesn 220° and
3500°0, and obtained a rate expression similar to the
one obtained by Jiru et al. Friedlander and Beanett
(31) and Cotter (21) also studied the methanol oxida-
tion and odtained the rate expression:

r-kp=

Priedlender and Bennett employed a flow-reoycling dif-
ferential resctor between 402° and 452°C and a methanol-
air mixture contaiming O.4 to 3% methanol., Cotter used
a fixed«bed integral reactor between 260° and 330°0,
methanel ooncentrations of 1 « 5 mole$, and a gas flow
rate of 0.3 to 0.9 om ft/ ain.

Pleld (30) patented-a new method for the prep-
aration of a mamganese dioxide-molybdenum trioxide
oatalyst with operating temperatures preferably held
botween 250° and 450°C at atmospheric pressure. Oone-
version of methanol was found to be practically complete
at the optimum tempsrature, The produot was primarily
formaldehyde with smuall amounts of cardon monoxide as
the prineipal by-produst. At lower temperatures some
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nethanel might have passed over the oatalyst wa-
changed. This catalyst wae found te give excellent
pesults vhen used under optimum conditions of time, |
Seaperature, and concentration of vaporised methamel
in the mixture umdergoing reaction at any suitable
ratio of methamol to oxygem. However, no details of
the optimum cenditions or physical charseteristiecs of
the catalyst were given.

Dissourski and Xisnakov (59), basing their
work im part on Feld's patent (30), studied the effest
of the manganese diexide;molybdenum trioxide ratie oa
oonversion. They found that a catalyst confeining
twanty weight percent of mangamess dioxide to eighty
weight peroent of molybdemum trioxide gave the bdest
results, possessing boih high eatalytie aotivity and
selestivity, However, the kinetios of the resetion and
other physical aspecte of the system were not exanined,

Blisnakov et al (12) have recently pudlished
a note regarding the rate mechanism of the oxidation
of methanol %0 formaldehyde over a manganess dioxide-
nolybdenum trioxide cataiyst. Based on seventeon runs
at 370°C, and using a differential recotor, they derived
a rate expression similar to the one obtained earlier
by Jiru et al for ferrie trioxide-molybdenum trioxide:

X7y
1+ 0.5 hl’: / kz ’0:
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whore B = o4thor 0,5 or' ) and n = 1. No effort appears
t0 have o sade to study the effect of prosess
variables, such as temperature and conceatration of
methanol in the feed, on the yield amd conversien,

~ The kinetios of the oxidatien ef methanel %o
foraaldehyde have been studied over manganese diexide-
molybdenun triexide with a view to recenciling the
apparent diffexenses which exist in the pudlished
1iterature, and to postulate s possidle reaction
mechanien, :
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I1I. EXPERINENRTAL

Ao JReactants and Chemigals

Certified butanol (Lot mo. 31307, Catalog no.
A=400) and speetroscopio grade methanol (Let no. 762008,
Gatalog no. A=93%6) supplied by Pisher Scientific Company
were used in this investigation.

Alr, argon, helium and nitrogen eylinders

were obtained from LindeCa The gas ohromatographie
analysis of the air gave the composition as: 20,95%
oxygen, 0,05% carbon dioxide, and 79% nitrogen. The
argon, helium, and nitrogen possessed minimum purities
of 99,994, Gas chromatographic analyses of these gases
showed no significant impurity. Moisture was removed
by passing each gas through a tube containing drierite.

fhe chemioals used in the preparation of the
catalyste weres ammonium molybdate, (nn‘)slo7024.4n20.
HoWe 1235.954 (Baker Aralar grade, molybdemum trioxide
gesay weight percent 81.6, Lot no. 20116); manganese
(ous) 50% nitrate solution, Mn(lO,)z, .%o 179,04,
(Pisher certified, Lot mo. 762191); amnmonium vanadate,
NB4V03, (Pisher purified grade, Lot mo. 79262); oxalio
acid, (000H)2.2320 (Msher certified, Lot no. 700897);
and manganese dioxide, MnO,, (Pisher certified, Lot
noe 770514) .
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The substrates temted were suorose oeta~
acetate, Opglyg0yqr Ne We 678459, (Eaetman Xodak
grade, Lot no. P4024, Canlab Oatalog no. V=134)}
and Bthofat 60/25 (Lot mo. 8174, Armour Industrial
Ohemical 0os), & polyethylene monostearats, contain-
ing an average of 15 ethylene oxide units, M.¥. 998,
The s01id supports used were Columpak ? (Lot no.
724875, Pisher Scientific Go., Catalog no. 0-587)3
Porapsk N, 800-100 mesh (Batch no. 500, Vaters
Associates Inos); and Porapak Q, 80-100 mesk (VWaters
Assooiates Inc.). Nethyleme chloride (resgent grade,
Picher Scientific Co.) was used as & solvent for all
substrates,

fhe chemieals used in the qualitative tests
for the products were: basic fuohein, totel dye oon-
tent 99%, (Pisher certified, Lot mo. 760154, Oatalog
no. P=98)3 sodium disulfite, NaH803 and Naasaos.
Pisher certified, Lot no. 710148, Catalog no. S«654))
hydroehloric eeid, 37-38% HOl, (Shawinigen Chemicals,
Nontreal, Lot no. 6066); sulfuric acid, 95.5 ~ 98.0%
Hy80,, (Shawinigan Ohemicels, Lot no., 9175); potassium
hydroxide, KOH, (analytiocal reagent, British Drug Houwses,
Lot no. 201333, Catalog mo. 280-p)s phenolphthalein,
Cpoly 4040 (Pisher, Lot no. 710971, Oatalog no. P-79)3
and thymolphthalein, 02833004' (Pisher certified,
Catalog no. T=119).
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A paste (59) mede from ammonium molyddate and
manganese nitrate, in the raquired amounts to yield
a final produet containing manganese dioxideimolyddonum
trioxide in a ratio of 20180 perceat by weight, was
dried for 6 hours at room temperature, 12 hours at 40°0
and 6 hours at 150°C. The oatalyst was activated by
sucoessive one hour heatings at 200°, 250°, 300°, and
350°C, and a 6 hour calcination at 420°C. Samples of
manganese dioxide and molybdenum trioxide were obtained
by thermal decomposition of mangenese nitrate and
amnonium molydbdate at similar temperatures.

fhe physical characteristics of the catalyet
are given in Table 31

Table 3=1

Physical Properties of Hnozoloqzﬁpatalyat

Particle Diameter (D ) = 0,525 mm
Particle Density (PB) s 4.6 ﬂ/ﬂl

Surface Area (Am) = 7.8 na/gn

The particle diameter (Dp) was determined by
measurement with a micrometer. A random sample of 25
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granules was taken and the diameter of each measured
with a nicrometer. An arithmetic average of these
measurements gave the value of the partiole diameter
as 0,525 mm, with a deviation of ¥ 5%

The particle deneity (fi) was determined by
measuring the weight and volume ocoupied by 100 gran-
ules of the catalyst. BSince the granules were relative-
1y small, the ephericity was taken as 0.9 (111).

fhe surface area of the catalyst per unit mass
(A.), as determined by the Division of Mineral Procees-
ing, Department of Mines and Technical Surveys, Ottawa,
Ontario, was 7.8 nz/kn.

The color of the ocatalyst was yellow prior to
uee but turnmed dlack on caleination and gsubsequent acti-
vation. There was also some shrinkage of the surface of
the ocatalyet on heating. It is believed that this wae
caused by the loss of ammonia and water which had been
trapped in the particles when they were formed.

Catalytic activity wes verified periodically
by peseing a epecified mixture of methanol and air over
the catalyst and determining the percentage conversion
of methenol to formaldehyde. The change in catalytic
‘activity vas negligidble (Table~8~B=1).

The manganese dioxide-molybdenum trioxide catalyst
appeared to be highly gelective, much more stable, and hence

b




mere suitable for the kinetic study of the oxidation
of nethanol te formaldehyde. In view thersfors, of
the stability amd seleotivity of the eatalyss, it was
used threughout in the kimetic investigation of the
reastien, exespt whare stated otherwise,

The other catalysts tested ware manganess
dloxide, molydieamm triexide, snd vanadiwm pentexide. |
fhe first two were obtained by heating mangansse dioxide
end ammonium molyddate respestively. Vansdium pemsoxide
was prepared by precipitating ammonium vansdate soluticn
with oxalic acid, and drying the precipitate at room temp-
erature. All thres eatzlysts were caloined and sotivated
in a mannor identiocal to the one used for setivation of
the nanganese dioxide-molybdenum trioxide catalyst.

Oc BEperinsats) Apparatus

A schematic diagram of the experimental apparatus
used ia this study is givea in Pigure 3-1,

All tuding, unless otherwise specified, was 1/4"
standard ospper, exoept for the following which was 1/8%
high pressure stainless steel from Auteolavs Engineers
Ino., of Brie, Past the portion of gas line 5 from the
duplicate methanol containers to the sight glass and frea
the sight glass to the evaporating chamder; all of gas
line 4, that is, froa the air oylinder %o the evaporating
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Pig. 3-1. Diagran of Experimentel ipperetus

Ikl il }
¢ Vater condenser
By Dy 33. 2 D; Drying tubes
) | Evaporating chander
!1. ¥, Junnels for methanol input
0 ‘§as chromatograph
) Gas yartitioner
b¢ Inswiation materisl--verniculive
7 Liquid trap
lol, lcz Iiquid methanol eontainers
n Needle valve for adjusting
methanol flow rate
? Pressure regulator, BEdwards
PR Porous plate
b | Aly pump for fluidised eand bed
R Reactor and fluidiged sand bed
'1’ nz. R,. l‘, 25 Rotaneters
8¢ S8ight glass
By Sasple valve
!1. 25 Shermocouples

20, 20,, 0, femperature controllers
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chamber; the feed line from the evaporating chamber
to the reactor; the product transport line from the
reactor to the liquid trap; the condemsing tube in
the water condemser; ¢he tubing to and from the drying
tube to the gas sample valve and the gas partitioner;
and all interoomnections within the gas chromategraphs.

Swagelok standard stainless steel fittinge were
used throughout. GCheck, fine metering and bellow stain-
less steel valves were made by Nupro Company, Oleveland,
Ohio. All valves used unlese specified were bellow valves,
Both valves and fittings were obtained from Laurentian
Valves and Fittings Linited, Ottawa.

Heating cords (supplied by the Chemieal Rubber
Company of Cleveland, Ohio, Catalog no. 37-278) covered
the last two feet of line 4 immediately preceding the
evaporating chamber, the line from the methanol sight
glass to the evaporating chamber, the evaporating ochamber
1tself, the air-methanol feed line from the eveporator to
just above the fluidised bed, the product transport line
from the reactor to the upper part of the liquid trap, \
and all the interoonnections of the departmental gas
chromatograph. The cords were 3/16" in diemeter and
made of a glass fabric capable of withetanding 400°C.
They could easily be applied to and removed from the
tubing without damage and had no unsacfe loose terminals
at the ends. Asbestos cloth tape, 1/32" thick, woven of
plain, purified asbestos (Pisher Catalog mo. 1-473) was
wrapped around the heating cords for insulation. The
temperature of all the heating cords was controlled by
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temperature controller 3., Details of this controller
and the arrangement of the sensing probe are given in
the product analysis seotion,

The experimental apparatus itself may be divided
into three main sections: (1) feed, (2) reactor assem-

bly and (3) product analysis,

1, Feod Section

The feed seotion consisted of five gas streaums,
the first and second of which tramnsported helium, carrier
gae for the gas chromatograph, The third line carried
nitrogen used in compressing methanol in order to keep
the pressure in the methanol container just a littls
higher than the pressure below the needle valve, Two
lines carried air: one to the methanol evaporator, and
the other to the fluidizing eand which was used for heat-
ing the reactor.

Two-Btage pressure regulators (Model 8, katheson ‘
of Canada, Ltd,, Whitby, Ontario) were used to control
the pressure and volume flow rate of the five gas streaus.
In addition to the two-stage pressure regulators, two
BEdwards pressure controllers (liodel VPCl, Code no., D8301,
Edwards High Vacuum Ltd., Sussex, England) maintained a
constant pressure in the helium lines,

A Matheson Company flowmeter with needle valve
(body series 620, flowmeter tubes and float series 600=605)
was used for measuring the flow rate of each of the gas
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streans. The flowmeters were panel mounted with
chrossd-teass end fitéings. All tubes were inter-

changeable.

Nethanol was kept in a eontainer and fed %o
the resctor through & sight glass and evaporating
chamber as shown in Pigure 32, Two identical feed
vessels were employed to permit oonbtinuous operetion,
While one supplied methanol to the evaporating ehamber,
the other was being recharged. Methanol entéred the
feed vessel through valve Ve2, whils the nitrogen
pressure regulator and valve Ve3 were olosed. During
operation, while valve Ve2 was closed, valves V-l and
Ve3 wers opsned, and the methanol flow rate regulated
bty the needle valve, NV, between the feed vessel and
the sight glass. The volume of methanol flowing to
tho reactor was estimated by observing the number of
drops per unit time passing through the sight glass
into the evaporating chamber, B, Reproducidility ty
this method was within £ 28, In the evaporating ohame
ber methanol was vaporized and mixed with air before
entering the reactor.

The sight glass, 3G, for determining the nethanol
drop rate was construsted from two oircular plates of
ohromiuz-niockel stainless steel (see Figure 3-2), with
three holes in the top of each plate; one for methanol
passage through a pointed dropper, and the other two for
sorews. Betwesen the two plates, s plexiglass viewing
oylinder was inserted (1" in diameter by 0.5* high by
0.2" thick) and Epoxi~-Patoh glue from Hysol Corp., Orlean,

-
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Fig. 3-2. Symbols: E, evaporating chamber; F1 and F2,
methanol input funnels; MC; and HCp, duplicate methanol
containers; NV, needle valve for adjusting methanol flow

rate; SG, sight glass with dropper; VT, V,, and Vz, valves

for inflow of N and CH30H, and outflow of CHBOH respectlvely.
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N.Y., was spread between the top and bottom of the
oylinder and the stainless stesl plates before tighten-
ing the sorews.

The evaporating chamber was made from two 1/2¢
0.D, stainless steel tubes, arc welded together in the
form of an inverted *Tv, and was packed with smsll
plecas of broken ceramioware and glass (see Pigure 3-2).
A 1/ln 0,D, stainless stesl tube was then welded in
place betwaen the vertical portien of the inverted *T+
and the methanol sight glass, and 1/8» 0,D, stainless
steel tubing was used to cormect the horizontal portion
of the "™ with air line number &, on the left and with
the reactor on the right.

2, Reagtor Asgembly

The reactor was made from & 6 x 1/2 inoh plece
of stainless steel tubing (see Figurs 3=3). A porous
stainless stesl plate, supplied by Pall Trinity Mioro
Corporetion, Cortland, New York, was installed at the
bottom of the tubse. The grade D plate had a mean pore
size of 65 miorons, a normal thickness of 1/16, and pro-
duced & pressure drop of approximately 0.1 PeSelogZ. pOT
180 ofm/sq £t of air. A Swagelok reducer was used below
the porous plate and attached to the air-msthanol feed
1line from the evaporating chamber,

The top of the reactor was fitted with a Swagelok
nTn oonneotion (810-3-2-316). A 1/16v protection tube
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oontaining two thermosouples, was inserted through this
comnection %0 a level just adove the top of the porous
plate. The ends of the thormsecuples inside the pro-
tection tude were one inch apart; the first deing con~
neoted with Temperature Controller nuabder 1, for esentrel-
ling the temperature inside the reastor; the sesond
going %o a potentiometer (Honeywell, Nodel 2745) for
vesording the temperature during the reastion. The tem-
perature at doth levels in the reastor was shesked period-
fieally. The differenses between the temperatures at the
two ends was found to be negligidle and the axial temper-
ature gradient gould be negleocted (Appendix D, 21). The
thermooouples were supplied by Thermo Elestric Canada
Ltd., Brempton, Ontario.

Therno Electric Potentiometer Cirouit Controller
(Model no. 80025) was used to sontroel the temperature
of the reastor. It was used with transducers such as
thermooouples that generated a millivolt signal. The
controller measured the output of a thermocouple posi-
tioned in the reactor and provided relay contact closure
to maintain the resctor tempersture. A oonstant voltage
supply oireuit provided a standard voltage for the
measuring oireult eliminating the need for a standard
cell, btattery and standardization of the tattery oircuit.
The scouresy was within 5 miorovolts (around 0.08°C);
and the sensitivity was 1 miorovolt, which in terms of
temperature, would be approximately equivalent to a
change of 0,0167°C for IroneConstantan thermosouples.
The response speed had a maximum of 1/4 second and an
ambient temperaturs of 15° to 40°C was used,




The oentainer for the fluidised sand bed

(Pigure J+1) was made from an 8 0.0 stesl oylinder,
with & porous stainloss stesl plate (Pall Trinity Miero.
Goxperation, Cortland, New Xork) inserted at the botton,
and & steel furnel, eight inches wide at the top, taper-
ing to 1/M 0.D. at the bottom, welded to the dase of
the oylinder below the poreus plate, and abtached %o
eompresssd alr line.

A layer of olean Ottawa sand, mesh numbers &0 %o
M.'mmmmmhunruupofmwmpun.
and the reastor was held upright in the center of the
bed, while the vessel was oompletely filled with sand.
During operation, only enough air was passed through the
f1uidised bed to meks the sand budble s 1ittle.

Two layers of Cerani«Flex beaded heating wire
(Chemieal Rubber Co., Cleveland, Ohlo, Catalog no. 39+207)
were wrapped around the steel oylinder. One was sonnscted
to & 10 ampere powerstat (Fisher Catalog no. 9-521) and
was left on sll the time; The powerstat was set in such
s wy as to produas suffioient heat to maintain the re-
aotor temperature just a 1ittle below the required aet
teaperature of Temperature Centroiler number 1. The other
heating wire was gomnested to & 7.5 anpere powerstat '
(Pisher Catalog no. 9=521+120V2), then to Temperature
Controller number 1. Asdestos powder (Asbestos Corpore
ation, Ltd,, Montresl, Qusbtec) was mixed with & sall
amovnt of water and applied in a 3/% thiok layer to the
heating wires for inmlatien and also to f£ix the wires in

position.




Zhe reastor and fluidised ded were then plased
iz an outer aluminum eylinder, one fuot in dismeter,
pesting on & piese of asdestos doard (Fisher Catalog
B0, 1=438), im the center of which s hole had been
drilled for the cempressed air line. The space between
the aluninum eylinder snd the *hed" was packed with
vornioulite, The surfase of the outer oylinder was
ooated with a layer of asbestes powder 2* thick for
further insulation,

%he 1iquid trap oonsisted of a 4* x 7/8* 0.D,
glass tube fitted with a twe~hole rubber stopper, for
imsertion of the product transport line and the tube
from the condemser, The heavier reaction products,
formaldehyde, methanol, sad water were cendensed in the
trap from which samples cowld de withdrewn wheh required.

The copper water condenser was two feet long and
f44ted with a oentral condensing tude of 1/8" stainless
asteel,

®he drying tube, made of pyrex and steel separated
by rubber seals and held tegether by serews, wap packed
with drierite, Pieces of glass wool were placed at either
end to step the emall drierite particles from esdaping
into the gao etream,

All $races of moisture from the gaseous reaction
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products were removed prior to thelr anslysis in the
Pisher Gae Partitionsr by the sondenser and drierite
tude,

The produst stresm afier the removal of formalde~
hyde, methanol and water passed through a sample valve
and coil, and was them veated, A stream of the earrier
god=~heliun-~passed through the other leg of the sample
valve on its way to the separating ecolumn ia the gas
partitioner, When the sample velve was turned on, the
sample c0il was taken out of series with the preduct
strean and was simultaneously comneoted with the earrier
gas. Using this scheme, it was possible to flush re-
producidle sample volumes into the separating column of
the gas partitioner.

The Pisher Gas Partitioner (NModel 25V) could
separate and analyse oxygen, nitrogen, methane, oarbon
monoxide and carbon dioxide in approximately five minmutes,
using & 30-inch hexsmethyl-phosphoramide (EMPA) oolusn,

a 6.5=foot moleoular sieve 13X oolumn, and 8 earrier gas
flow rate of 80 mi/min., A constant tempersture eof 350
was meintained by a Pieher Thermal Stebiliser (Model 27).
She order of elution:s ocomposite peck, earbon dioxide,
oxygen, nitrogen, methane, and oarbon monoxide, is showmn

in Figure Sede

When the formsldehyde coneentration in the 1iquid
sample was high, it wes gomewhat difficult to eccumulate
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and analyse. Various methods of deteotion had there-
fore to be tried.

fhe gas chromatograph and columne used in an-
alysing the products were assembled in the departaent,

All interconnections were made of 1/8* stain-
less steel tuding and were wrapped with heating tapes
eontrolled by Temperature Jontroller mumber 2 (a Yellow
Springe thermistor temperature controller, Model 63),
having a temperature deviation of & 0,05°C. The sens-
ing probe was placed between the connection of the
colusn and the detector through a Swagelok union tee.

fhe ocolumn was immersed in a liquid bath (Mish~
or bath oil no. 2) for better temperature control. The
1iquid was heated with an immersion heater (Fisher
Oatalog no. 11-463-5V4) end a *Variac." A constant
bath temperature was maintained by Temperature Jon-
troller nusber 3 (a Ysllow Springe thermistor temper-
ature controller, Model 71), having & controlled devia~-
tion within + 0.,01°C. A 1-1/2" thick layer of glase wool
around and below the liquid bath (Pyrex-Corning Glass
Worke, Oorning, H.Y.), and an asbestos Yoard (Msher
Oatalog no. 1=435) placed on top of the bath reduced the
heat loss to the surroundings.

fwo~-hundred-inch 15 weight percent sucroae octa~

acetate on Columpak T, 400-inch 10 weight peroent Bthofat
60/25 on. Oolumpak T, 80-inch Porapak ¥ and 80-inch Pora=

pak Q, 80-100 mesh, coluzne were used to eeparate and anal-

yze the reaction products, The sucrose octa-acetate and
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Mhofat columms were dried at 195°C for one hour prier
40 use, while the Porapak N and § soluans were dried at
200°C overmight. All columas were made frem 1/4" eopper
tube,

Three detectors were Sested for preduct amalysis
in the gas chrematograph: & thermistor, gae demsity and
thermal conductivity cell. The thermister was net

"selested for further use due to the low operating temp~

eratures recomnended by the instrument manufacturer.
Both the gas demsity deteotor and thermal oonduotivity
o6l were assembled in the department and hed the same
type of filament (a Gowulac ¥=2X hotwire, 333 moun$,
msde of rhenium-tungsten, in a four-element maoro cell).
The filament possessed a cold resistance in air et 23°0
of 60 ohms, and after passage of 160 ma direot ourrent,
of 80 ohms. The Gow-lac filament gas density deteotor
(5‘. 66, 71, 75, 83, 84, 92). when in use, was immersed
in the same oil dath as the gas chromatograph solumn,
but proved less sensitive to formaldehyde end methanol
than the thermal conduwotivity cell. fThue, of the three,
only the thermal comductivity deteotor, a Gow-Mac Nodel
TRIIIA, 4¥2 temperature-regulated oell, recommended for
temperatures between 30° and 150°C, was found satisfactory,
and was used throughout the rest of the investigation,
Since water, one of the products of the reaotion, could
condense at temperatures less than 100°C, the oell temp-
erature was maintained constantly at 100°C + 0.1%, %The
deteotion temperature was controlled dy a Penwal Thermo
Switeh with an adjustable range from ambient to 205°C.
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fwo 120-watt eartridge heaters were comnested in series
with the Thermo Switch., ZThe temperature range of the
unit could de varied by turning the adjusting serew at
the bostom of the case, one revolution clockwise for
every 320 rise in temperature, or vice versa.

Pirest curreat for the detectors was supplied by
a GowsNao Model 405-9;1 solid state DO Power Supply., In=
put power was 115 velis A.C. at €0 eyoles per seoond)
output power was from 0 to 40 volts direct ourzeat.
Ripple was less than 1 mv. Regulated output ranged
from 0 to 500 ms with s four-step veltage oontrol starte
ing at 6 - 10 volts,

The evaporating bleck for the liquid sample,
supplied by Wilkens Inotrument and Research Inc., of
Galifornia, was maintained at 200°0. fThe liquid sample
1tself was injeoted with a two aieroliter syringe,
Pressure-lok, Series "A" (Precision Sempling Oorporatien,
Baton Rouge, Louisiana,)

Iiquid separations were alsoe checked on an Aerc-
graph Model 90-P3 gas ohromatograph equipped with a thermal
oonductivity filament detector, and on a Perkin-Elmer
Nodel 1540 with thermistor.

A Philips recorder PR2210U, with various multle
range units connected to the appropriate gas chromatograph,
recorded the peak composition of the effluent streem. A
printing integrator computed the areas under the ocurves.
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AS times these areas were used in csleulating the oon-
seatration of the varieus materials in the product
sirean,

D gaidratien of Rxkment

Flow rates of the gas sizeams were measured i
calidbrated rotameters, and the measurements corrected
for temperature and pressure variations. The flow rates
were cheoked by both the soap bubble method and "Feher
Vet Teat" gas meter. Flow rate calidration ourves for

air are given in the Appendix (Pigure A-l).

fhe 1iquid feed rate of methanol was controlled
by a needle valve, and estimated by sounting the number
of drops per uait time flowing from the pointed dropper
in the eight glass chamber. 7The average volume per drep
was 0,016 ml.

A sample calculation showing the calibration of
the thermocouples is givem in Appendix A=1.

gynthetioc mixtures, similar to the actual samples,
were used to calidrate the gas chromatographs, with the
$ime and order of elution of the components besed on
previous injections of the pure compounde.

8ince gas samples were separated on the Pisher
Gas Partitioner and liquid samples in the other chronato-
graphs, synthetic mixtures of both gases and liquide had




«3B e

%0 be prepared. NEixtures of oxygen, ¢arbon monoxide,
carbon dfexide and nitrogen in varying proportiens
were accordingly made for separation on the gas paz-
titioner, Mixtures of msthame), formaldehyde and ntor
of known eompositicn were prepared for injeotion iato
the other chrematographic columns.

The widths of eash of the component pesks in the
sasiples tested were found to be nearly equal (Pigure 3=5)e
A quantisative analysis could therefore be based on either
peak height or the relstive peak height ratio versus per-
sentage oczposition, 2he peak height ratioc method was
chosen due %0 its simplieity and greater aceurady over
the method of measuring the areas under the pecks with
an integrator which had am accuracy of only & 0.1% at
full seale deflection. It elso elimimated the variations
due to differences in the volumes of injected liquids,
espeoially when the sample quantities were very emsll,

E. Anslyeis of the Produats

The success of & kimetic study depends on the
ability o measwre acourately the rate of change ia the
chemical comstituents of the system. An acourate quanti.
tative analysis of the reastion preducts must be known if
the reaction rate or conversion is to be desorided dy a
mathematical equation. Attempts were therefore made %o
modify the existing amalytioal methods to odbtain a quicker
end more acourate analysis of the reaction products (72).
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Fig. 3-5 Iypical Analysis .
of the Liquid Products.

Chromatographic separation
on 15 wt% sucrose octa-
acetate-Columpak T at 93°C.

~ Column: Length 200 in,
inlet pressure 872 (20 psig)
mm Hg (at room temperature),
outlet pressure 769 mm Hg.
Sample size: 'l.}ﬂ.of solu=

‘ tion containing 37.2% form-

' gldehyde, 13.1% methanol,
and 49.7% water. S
Bridge current: 250 ma.
Sensitivity setting: 32.
Carrier gas flow rate: 54
ml/minute. | |
Room temperature: 24.5°C.
Detector: thermal conduc~
tivity-filaments. '
" Carrier gas: Helium.

1., FPormaldehyde
.. 2, Methanol
3, ‘Water

29
min
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Recently several worksts have reported the
separation of formsldehyde from methanol by gas chromato-
graphy (15, 78, 19, 90, 91, 95, 102); the more interest-
ing ssparations being those of MeReynolds (78), Bomdaugh
and Bull (13) snd Smolkova et al (95).

MoReynolds (78) reported the separatione on
columns using sucrose octs-acetate swpported on Gelite,
which had been previously washed with acetic aoid., How-
ever, he reported that methanol interfered with the
elution of formaldehyde. Bombaugh and Bull ( 13 ) desorid-
ed a quantitative proocedure for determining formaldehyde
in eolution and as a high purity gas. They tested eight
subatrates and five solid supports using four different
gas chromatographs, one squipped with a thermistor deteotor
and the others with hot wire filaments, and recommended
a five meter, 1/4" copper column with 10 wté Bthofat 60/25
on Golumpak T, Smolkova et al (95) tried seven different
substrates on two solid supports. They found that formel-
dehyde, water and methanol could be determined both
qualitetively and cuantitetively ueing 30wt% Reoplex on
Oelite, 28 wt’ PEGA on Rysord and 28 wi% PEGA on Uelite,
the last gave the best results and methanol eluted much
before formaldehyde,

Porapak ¥ may also be used to separate formalde~
hyde from methanol and water. However, it usually
produces a greater pressure drop aoroes the column than
Oclumpak %, and therefore is not suitable in ¢ases where
long columns are required, In studying the kinetios of

B T
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the oxidation of methanol to formaldehyde, the latter
4s the more important preduct. A sharp sysneirical peak
with a short retention time is desirable, and mo advant-
age is to be gained by having the formaldehyde elute
after methanol and water,

fhe present work deserides the use of 15 wif
sucrose oeta-scetate on Golumpak ? in a 200 by 1/4 imeh
copper tube and compares the results with 10 wit Bthofat
60/25 on Columpak ¥, with 28 wif PEGA on Oelite, and with
Porapak N. Separations were checked on an Aerograph
Nodel 90-P3 gas chromatograph with filament detootor, a
PerkineElmer Model 1540 with thermistor and the depart-
mental Gow-NMao 4¥2 gas chromatographs. Similar ourves
were obtained with all three instruments, Procedures
like those desorided by Bombaugh and Bull (13) were
followed. l

fhe presence of formaldehyde was confirmed by
absorption of part of the offluent streem in water,
followed by volumesric anslyeis using Sohiff's resgent
(106) .

fhe guantitative analysis of formaldehyde proved
to be difficult due to its rapid polymerization. This
polymerigation was probably caused by the presence of a
trace of water im the formaldehyde at room temperature.
The temperature was therefore gaintained at 100°C to
prevent polymerigation of formaldehyde in the air eiream,
and the presence of methanol in the mixture of water and
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formaldehyde in the 1iquid trap effectively prevented
the polymerisation from ocourring there. 8inoe polym-
erisation ean occour at low methanol concentrations,
methanol (or butanol) may be added to the products in
the trap if necessary.

The total aoid content was obtained by titration
of the condensate from the trap with 0,0558 potassium
hydroxide solution. Fhenolphthalein was used as the
jndicator for the titration, Zhe total aoid was found
to be too low to affect the paterial balance.

‘ A Porapak Q column six feet long, 3/16 inch in
dismeter, with helium, the carrier gas, flowing at 8

rate of 50 ml/min, was used in Aerograph Model 90-P3

with filament detector to test for the presence of formio,
aoetic and propionio acids in the product stream. The
retention time for water, methanol and formaldehyde (a
composite peak), formiec, acetic and propioniec acids were
0.65, 1.10, 2405, 430, and 10,50 minutes respectively

at 157°C, Ko eignificant amount of the aclde was found.

After removal of the low=boiling-point compounds
«-formaldehyde, methanol, and water--from the product
gtrean by the liquid trap, the remaining gases were
passed through the oondenser, drying tube, sampling
yalve and coil, and were either vented or analysed in

the Msher Gas Partitioner.
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* Eeriaetal Breceinre

Detailes of the experimental precedure for
making an indtisl rwa with a specific weight of
eatalyst axe deserided in this ssetien,

fhe following procedure was adopted 18 %o 24
hours prior to the aetual takimg of data so that the
system might zesch a steady states

1. Purge the feed and preduct transport lines and the
reactor by the passage of air wnder high pressure.

2, Remove the top of the resctor, place s specific
weight of ecatalyst in the reacter chamber, and eover

41t with a layer of glass wool. Replace the tep and the
thermocouples, and wrap asbestos thread around any portioa
of the Swagelek "T" visible above the reactor chamber, to
prevent sand from adheriag to the oonneetion during oper-
ation of the fluidised bed.

5, Switoh on the various heating tapes for preheating
the air and methanol entering the evaporating ohamber,
vaporising the methanol, warming the feed line leading
to the renctor, and maintaining the transport 1ine at
or above 100°0,

4. Set the two "Variac® svensformers for heating the
fluidised bed and adjust them periodically until the
desired temperature is attained. Approxinmately 48 hours
were required for this system %o reach equilibrium.
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5, Oheok the ¢il bath temperature for the gas ehronato-
graphy eselvmn.

6, Purn on the heliwm gas for the gas chromategraph
(atresms 1 and 2), air for the astivation of the ocatalyst
and later the oxidation of methancl (stiream 4), and com-
pressed air for hest fluidisation of the reastor bed
(stream 5). Adjust to obtain the required flow rates.

7. Switch on the recorder for the gas partitioner and
gas chromatographs, in order to allow the base line %o
become straight and stabdle.

the prooefures which oan be carried out imnediate-
1y prior to or during ihe experinental rvums aret

1. Turn on the water for the condenser above the liquid
toap.

2, Ewitoh on the detector for the gas chromstograph.

3, Turn on the nitrogen gas stream, 1ine 3, Vhen the
catalyst has reached the required temperature add methanol
to the feed, and adjust the rates of methanol and air se
as to give the desired total flow rate and correot molar

Patio of oxygea to methanol.

4, Haintain these gases at their specified ratees over a
period of 30 minutes in which steady state conditions atd
the required temperature are reached,
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5, Place the liguid trap in position and continue the
run for at least an hour, while maintaining the required
methanol and air flow rates constant.

6, Introduce the effluent gases from the reactor inmto
the Pisher Gas Partitioner via the sample valve and ¢oil,
Inject liquid samples from the trap into the gas ohrom-
atograph, until both the liquid and gas samples show no
change in composition thereby indicating that a steady
state has been attained.

7, Continue the steady state run for another hour dure
ing which time at least two gas and 1iquid samples should

be analysed.

8, After each analysis, check rotameter temperature and
pressure settings and record the readings.

9, Shut off the methanol feed and keep air flowing
through the catalyst bed for another hour, before the
start of a second rum,

it the end of each day's operation, the preceding
steps were roversed, In general, any change in the re-
actor temperature was made at this time, by adjustment
of the "Variacs" controlling the fluidiged bed, Periodice
ally, the gas chromatograph calibrations were checked to
assure the stability of the columns.

N
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ho_ﬂnhmmmnmotm
product separation in gas chzomaterraphy vith 4ifferent
columas, eosparisens ore generelly nade on the baeis of
theoretioal plate or minimm deteetable quantity of

sanples

 The theoretical plate (n) vequirement is defined
aosording to Kaiser (54) ast

- Sl

where ¢, = petention time (umesrrested) seasured in mm
or min., sad by = peak width at half height, measursd in

m or min,

fhe minimus detestable quantity of sample (MDQ)
is defined sp the quamtity required to preduce O.1 mv
signal on & 1 mv yecorder, when the sensitivity setting

of the gao chromatogreph is one, OT

e '(imﬂﬁ% :’ gas ﬁ%my&! iﬁ o¥ peak in BV)

The resulis of the gas chromatographic analysis
of formaldshyde, by (ine)y $5,/%y o o8 M (ng)y axe

given in Table Belin2 o
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The retention time of formaldehyde on 15 wif
sucrose oota-adetate supported on Columpak T was 4
ainutes at 97°0 (Pigure 4~1)., %he injested sample
contained a mixture of 26.,9% formaldehyde, 9.5%
methenol, 35.9% water, and 27,8% butamol by weight.
The column inlet pressure was 872 (20 psig) mm Hg
at room temperature (24,5°C)s outlet pressure, 769
zn Hgy Ddridge ourrent, 250 ma; sensitivity setiing
524 and oarrier gas flow rate 54 ml/min. With Ethofat
60/25 on Oolumpak ¥, formaldehyde eluted after methanol
and water, and the formaldehyde peeks were broader in
comparison t0 those obtained with suorose oota-acetate.,
On Porapsk N, the retention time of formaldehyde wee
much greater tham on sucrose oota-acetate and higher
inlet pressures (17.5 psig) were required.

Sucrose oota~acetate on Columpek T gave the
lowest tdr/‘i values (4.1 at 97*), the smallest number
of theoretical platee (92), and the greatest sensitivity
(MDQ-formaldehyde = 0,0009 mg) of all the columns
tested. The substrate for this column could be easily
loaded on its support up to 20% by weight, end still
pack without difficulty., It was also stable over a
wide range of temperature.

Ae compared to sucrose oste-acetate on Columpak
?, the tdr/bi valuee for formaldehyde with 10 wi%
Ethofat 60/25 on Columpak T at 115°0, with 20 wt% PEGA
on Celite at 110°C (95), and with Porapak N at 110°C
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1 'c1, HOHO T
‘2, CH,0H

3. HyO
.4, C,H

OH

489

| 2 3 -4 min

Fig. 4-1 Gas Chromatogram of HCHO, CH30H.,

H20, and C4H90H




-4 =

were 5.4, 5.7, and 14,5 respectively., Similarly, the
smallest number of theoretieal plates were, respective~
1y, in that oxder 160, 179, and 1162, 7The KR~
formaldehyde in milligreme for Ethofat 60/25 and
Porapak ¥ was 0,525 and 0.0441. ZThus the ocolumn
containing suorose osta-acetate on Columpak 2 gave

the Dest results and was used for all remaining

analyses.

The effect of the satalyste--manganese dioxide-
zolybdenum trioxide, vanadium pentoxide, molybdenum
trioxide, and manganeas dioxide--on conversion, yield,
and seleotivity was determined.

b S A MW S 550 42 T e
> < 3 . T R

Conversion msy be defined as the ratio of the
moles of methanol converted per hour to the moles of
pethanol fed per hour; the yleld, the ratio of the
moles of formaldehyde produced per hour to the moles
of methanol fed per hourjy the selectivity, the ratio
of the moles of formaldehyde produced per hour to the
moles of methanol oconverted per hour.
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The highest yields obtained with manganesse
dioxide-molybdenum trioxide, vanadiua pentoxide,
molybdenum trioxide and manganese dioxide were 84,
69, 10 and 2 peroent respeotively. The results
seoured with manganese dioxide-molybdenum trioxide
as oatalyet are given in Table 8-B-1 and Pigure 5«3,
and with the others in Teble 8-B-2 and Pigure 4-2.
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Ve KINBRIO ANALYSIS OF DATA

The pertinent prohlea in the denign or
analysis of a satalytie flew progess is the relation-
ship detween the weight of the eatalynt and the re-
aotant feod rate. IR & steady state flow system, {thie
relationsiiiy is obtained by consideration of sn ele-
neatary seetion of the Tenstor containing a mass of
satalyst 4V in whieh a counversisn dx is predused.

Then

Tax » pdv (%-1)
where ? = foed rate, moles por unit time
V= nass of eatalyst in the reastor
x = gemversion, moles per unit mole of
feed
r = peaotion rate, moles/(mass of catalyst)
(time)
Integration yields

;_i & (5-2)

The reaction rate, r, can be expressed ae a
function of conversion. It is sustomary to correlate
and derive a rate equation in terms of partial pressures
of reactants dased on the well known Hougen-Vatson
method (45, 109). %his method assumes one of the
reaction steps $o be the rate controlling step, and
is baoed on the Iamgmuir-Hinshelwood theory. of cat-
glysis on s0lid surfaces(61).
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The overall eatalytic precess is the result
of a series of reaction steps. PFor non-porous catalysss
these steps are:

1. ZTransport of the reactants from the bulk-flwid
phase to the selid-fluid interface.

2. Adsorption of resetants (ons or more) on the
s01id surface.

S, A surfaee reaction betwsen the adsorbded re-
aotants or one of the gaseous reactants and an adsorbed
reactant on the eatalyst surface.

4. Desorption of products (one or more) from the
surface to the fluid-selid interface.

5, Zransport of the produots from the interface to

the bulk-fluid streanm.

In the oase of porous oatalysts, intermal
diffusion through the pores of the catalyst may also
be involved in addition to external diffusion in the
fluid phase surrounding the oatalyst particle (eteps
1 and 5). Some of the reactznt molecules, for exemple,
will not be adsorbed on the outer eurface of the
catalyst but will diffuse into the pores and be
adecorbed and reaot on the internal pore surface, In
suoh ocsses two additional steps should be added to the
1iet: (la) 4nternsl diffusion of reactants along the
pores; (5a) internal diffusion of the products along
the pores to the outer surfaoce.
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The relative importexse of these steps ean
vary greatly, and depends on the operating eonditions
for the system, Processes 1 and 5 can be handled in-
dependenily of the others, Hewever, the intermal-
diffusion stepe la and 5a eannot be separated froam
the surface reastions 2, J and 4. OConventionslly,
they have been treated by dasing the rate of resctionm
upon the total satalytic surface (intermal and extermal).

Baoh of these steps offers some resistance
to the overall process, If all these resistances
were considered, the resulting rate equations would
be very complisated, The diffusion steps 1, la, 5,
and Sa ure physiesl prosesses which oan be minimised
or ageounted for imdependently as will de deseribed
later, The ohemical steps 2, 3 and 4 contribute sig-
aificant resistances whioh cammot be reduced by alter-
ing phyeical conditions end henee are the most important
ones to comsider. Inclusion of only these three types
results im equations of high oomplexity, Usually omly
one of these three offers a much higher resistance than
the other two, and is therefore considered to be the
rate-controlling, or rate-determining step, while the
other two are considered to be ai equilibrium.

D. Qorrelation of Rate Nquations

the olassioal Langmuire-Hinshelwood theory of
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eatalysis o s0lid surfaces is founded primarily ea the
eonsept of menclayer chenioorption on the surfase of
the satalyst and asswmes an equilidbeium Sotveen the
sdsorption and deasryption precosses wnier Lesthermal
eenditions,

thres possidle fivesstep exidation-redustioa
nechanisas for the ecaversien of methanol s formalde-
hyde are desoribed in the fellewing pages under the
headings, Groups I, II, and I1I. The signifigance of
this sevies lies in the fuet that if only ome step
esnirzels the kineties of the reastion fifteen &ifforent
zate mechaniens can Yo postulated, bused ons the rate-
omntrelling step. The general development of ode -
rate equatien, the selestion of a yate controlling
step, and correlatieon of the kinetieo data Saken in
thic study are deserided,

Group Js Atomic exygem and molecular forsalde-
hyde adsorbed on separate sites:

on(g) + o X 08-s (5-3)
Oy = %
10,(8) + 8 K2 0en (524)
-2
OEy0B-8 + OG-8 HOHO=n + HyOes (5-5)
X

HOHOwa .;g__, HORO(g) + » (5-6)
-
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H0-s v;’-ﬂ' Ky0(g) + » (3-7)
where &, 02 0,. .1‘ and 0, are the fractiens of the
surface that are dare, oovered with methanol, atemie
oxygen, formaldehyde and water respestively,

fhe rate of adsorption and dcaniptlon‘ot

aethanel per uait of total surface is 'i’i’i'
10,. At cqglltbtiun.

®

™ being the methanol gas pressure, '1 and k x the
adsorption and deserption rate constants.

Similarly, from equations 5«4 to 5-T the
following relationships can be derived:

2- k z - xaqu (5-9)

o .:,.(_.u.,." o oo

a9, ;f‘. b * K,/vg (5-11)

8ince ;E o =1 (5-12)
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elininating 8,y 0,. 0‘. and 0,. by eombining equations
S~ & 512 and selving
S
b+ oK E) ¢ Eoh, + /Ky ¢ /Ry

If the adserpiion of methanol centrele the surfase
precess, the net rate of the reseiion would b

P =6 - X8 = k00, < da/REETES ) (5-1)

Sxeupe II+ Neleoular oxygen and tomumu
adsorded on separste nuu.

OR,0H(g) + » * OBy0R=-s

02(‘) ¢ 0 - O!.B

2 ClygOR-p + 0g=es !?,‘ 2 HOHO=—s + (H,0)o~8 (5-28)
w3 |

HOHO==g é‘ HCHO(g) + »
d

(Hy0) g=s é_d 2 1,0(g) + »
-5
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SROUR IIXs Ome molesule of oxygen and twe
melesules of formaldehyde adesorded on asparate sites)

om0N(g) ¢85 Q;;_, Ol 08~
X

0o(s) + o Og~et

-
2 GEyORs + Op=s ,?_; (HOEO ot + yDuns (3-16)

(BOM0) g8 i 2 BAHO(G) ¢ @
ol
B,0ems 5,0(g) + o
L

Rate equations for Groups II and IIX could be
similarly derived following the procedure used for
Greup I reactions, Laidler (64) and Hougem-Watsen (46)
have derived rate exprsssions for several of the rate-
oontrelling steps,

2.

The oxidation of oxygemated hydrocarbons can be
visualised as an irreversible oxidation-reduction re-
aotion teking place in either two or three stages, The




- 5§ -

Lengsuir-Ninshelwood meohanism applied %o this prosess
is generally referred to as the "Bedex Nechaniss,” This
mechanien may o applied to the oxidation of nethanol
%o formaldehyde, which can be treated as an irreversidle
two- or thres-stage oxidation~-reduction reastion,

s, ZIye-atage Redox Nechanisp

dasecus methanol reacts with elther adeorded
or lattice oxygen of the catalyst to form formaldehyde,
water and & redused sits, BSubdsequently oxygen in the
air replsces the oxygen which was used in the conversion

of methanols

m(ﬂ,ﬂ(g) + 0, -ﬁ-’ HOHO(g) + H,0 ¢ l“‘) (5-17)

n(0,(g) * 8peq -k—’a-y 8 (5-18)

%he equilidrium in both stages is shifted to the right ,
side of equations 5-17 and 5-183. It is thersfore poss- %
1ble to consider in the kimetio mechanism only the re-
action rates from left ¢o right.

$he rate of the prooess is therefors given
by equation 5-191

», = kR (5-19)

where O is the fraction of the catalyst surface covered
by adsorbed or 1attice oxygen. The rate of process 5-18




may be defined as

v, - kapzz(l - 9) (5+20)

At steady state whea the rates of both processes $-17

and 5-18 are the same and "o *, that is, the number of
oxygen molecules required for sonverting ens methanol

molecule to formaldehyde, is equal %0 0.5,

X By w2y (3-21)

1¢ one substitutes equations 5-19 and 5-20 in 5-21, then

R s (5-22)
1 *“"1’:/‘2’32

and the rate of oxidation of methanol (z) to formalde-
hyde 1is

r‘rl

W TR,

The integrated forme of rste equation 5-23 with differ-
ent & and n values are listed in fable 5-1, where

Py * ol - 2)
p02” OPOQ = &op.x
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Py = partial pressure of methanol at time ¢

oy ™ partial pressure of methansl in the
{1 ]

’°2 = partial pressure of oxygem st time ¢
"°2 » partial pressure of exygen in the foed

2z = peresntage conversion of l_otnul ‘o
formaldehyde

g
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be A

fhe oxidation of methamol to formaldehyde
asoording to the “three-stage redox wechanisa" can be
visualized to oceur in the following wayst

1) @aseous methanol is adeorbed at the oxidized site
on the catalyst surface, which then decomposes to give
gaseous formaldehyde, water, and a reduced site.
Oxygen subsequently reacts with the reduced site to
give the oxidized site.

2) Geseous methanol reacts with the oxidiged site at
the catalyst surface to give water and adsorbed formale
dehyde., The adesorbed formaldehyde is then desorbed

to yield gaseous formaldehyde and a reduced aite.

%he reduced site reacts with gaseous oxygen to form

the oxidized site.

3) Gaseous methanol reacts with the oxidized site
at the oatalyet surface to give gaseous formaldehyde
and edsorbed water, which subsequently desorbe to
yield geseous water and a reduced site. Gaseous
oxygen then reacts with the reduced site to give
back the oxidiged eite,

4) Gaseous metnanol reacts with the oxidiged site
at the oatalyst surface forming formeldehyde, water
and 2 reduced site, Subsequently gaseous oxygen is
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adsorded at the reduced site, and reacts with the
reduced site to form the oxidised site,

5) daseous methanol reacte with the oxidised site
at the catalyst surface forming water and adsorbed
forsaldehyde. The latter enters into equilidriun
with desorbed formaldehyde and the reduced site,
Gaseous oxygen reacts with the reduced site to
yield the oxidised site.

%he three-stage redox mechanisms with
their respective rate squations end m and n values
are listed in ZTadle 5-2, %The rate equation for the
oxidation of methanol to formaldehyde according ¢o
mechanien 1 can be derived as followst

IOB,Oﬂ(s) L JR (CH,0H) 28, (5-24)
(ca,on)i-aox  — .nono(g) + nlao(g) + 8.0 (5=25)

fred + noz(ﬂ) e oy (5-26)

where 61. 62. and 63 vepresent the frections of the
gurface of the catalyst that are bare, covered by
methanol, and the reduced pite respectively.
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.63
nehhg (3-21)
¥ = ke (5-28)
7y = kyty¥o, (3-29)
nen (3-30)

RORECY -2 (-38)
zy = 27y | S (sen2)
Oy = kpby/omgmy, = ysghy/BRo, - (s-33)
3

: o=1 (5-34)
1=1

where 01 1s that fraction of the surface covered by the
4th species.

o - /(1 + klp:/kz + k’1p=/2k5p'°'2) (5-35)
It vy is {2 oontrel
Pw '1

Lt )
Y/ (1 + yap/y ¢ Mypg/2spg ) (3<3T)
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It 2, is in eeatrol

rs 22 . ;{‘.@L: Ry &
= Xy 0np/%, (5-36)

It ¥y 4s the rate-controlling step, thea

"2’

The rate of reaction is gemerally o function of
teaperature, pressure, and composition of the reactantis,
She aetual kinetis of the reaction may sometimes bde
hidden by seversl fsotors, as for example, oatalytie
activity of the reactor systeam, stability of the
catalys$, diffusien, and catalyst surface tempera~
ture effects. In order to derive & true zate equation,
the preceding factors which may effect the mechanisn
significantly should de either eliminated or aininised,

No resction detween methanol and air (0.0%
moles of methanol/hr and 0,345 moles of air/hr) was
observed to take place, in the absence of the catalyst

even after three hours at 450°0.
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The aotivity of the eatalyst remained fairly
constant during the course ¢f the study (Pigure 5-1
asd Table 8«B-1l), In addition, the experimeats were
performed at endom in order to mallify any effeste
due t0 changes in catalytic asetivity,

In the rate equations for reactions eatalysed
by selid surfases the pariial pressures and tempera-
ture should represent values at the gas-selid inter-
faoe. These valueo ean usiually be salewlated from
messurensnts of dulkestreanm values. Because of
resistances imposed by heat and mass transfer, the
interfaeial and dulk-sirean quantities are different.
It is desirable to elimimate thess transfer resistances
to simplify the correlation of experimental data on
reaction rates,

PRI AR
o e e e e e

z_ L

Lot

o3

he effeet of heat and mass tranefers oan be
visuslised from the following:

o £ EAPT =
T SrA T YVIA, 2N T R SSANNALIA

o LRI

Neat fxepster Nass Srsmster

4

A!-!‘-!a-h- Ap‘-pAi-pAs A

hgen Eooy
where

2, = temperature of the ,‘1 = partial pressure of
gas-s0lid inter- ocmponent A at gas-

£ace s01id aurfaoce
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DAYS
Stability of Catalyst Activity
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Eeat Ixspafer

2 = temporature of the
bulk strean

A2 = temperature dyop
asreas the film

Q" heat transfer &ue
t¢ heat of reaction
per unit mass of

catalyst

hg = beat transfer 6o«
eftiotent of the
gas fila

= particl pressure of
lmunm
ik stresn

A9y = partial pressure dit-
gorence of component A
asxoss the ges fila

B " zate of reastion or
mass trensfer of A
per unit mass of

satalyst

k‘ = mace transfer od-
efficient of the
gas £ilm

., " partial surface area per unit mass of eatalyst,
The transfer coefficients hg and kg oan be ocaloulated
from the dimensionless Ohslton-Coitemn (18,20) §-

faotors.

ol

)

(5-40)




ofl e

= specific heat of the gas

G = masy veloaity of flew dased en the
fo%a) sross~sestional avea ¢f the 3
bed, mass per unit time per wnid k

= viseosity of the ga»

= thermal sondustivity of the gas

= the dimemsionless Prandtl nwaber
« moan moleswlar weight of the gas film

» £31n pressure fastor, defined by

oquation (5-41), 7
= density of gas g
= aversge diffusivity of ecomponest A

G ke

AL wY)
vy 2 oo s

™
+ « the dimemsicnless Sohmidt awaber

ﬂnbuupt £ = properties at aversge condition
of the gas film

>
~
L
R
3
o
L
E
b

Por

> 350,
I and 3 can be obtained from Gamson, Thodos and
noun'o (32) equations

1 =2 (n = 0\




Tor

,’*?, <3500
J) and Jq are obtained by Wilkie and Nougen's (108)

egquationt

9,0\ -0.51
3y = 1495 (_2_,) '
) |

whore "f" = nodified Roynolds munder

g =05
§g = 182 (_2_)
A

'p = offestive particle diameter -/5 |

where &, * average surface area per particle
The fiim pressure fastor for component Ay D¢ » in
Zquation (5-40) is defined byt A

Pe, = (m+ &p,) ~(m* “’i&.). (5-41)

n C * ‘l’!
"+ 8‘p‘1

where 1 = total pressure

m 6A - x.““’. M .:I-!u‘,

. .
where Ty 8y see 8) Dy oo 8T0 the coeffieients of
components R, Sy eeey Ay By <e0p respesotively,
in the reaction equation ah * BB + see g

R + 88 + o00
It can easily be recogaised that for the diffusion of

component Ay Pe, {9 the log-mesn value of (@ + §,p,)

P Lt )
A N L s 7L TS

{
|
¢
5
&
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asress the ges film, 8imilarly, Lor By pg *
(x+ S,y,)-h. for 8y po_* (y £ l’l)n'. (P
I¢ the wetios ( Py 19 axe small, for example,

| ¢
less than 1.2, the arithnetie means are suffielen
assurnte for prastissl purposes, ~

Yoshida ot al (111) recently developed
a methed for calowlating the drep in temperature and
partisl pressure between the Yalk ges atresn and the
extorior surfase of the eatalyst, snd even within the
eatalyst pellet iteelfl.

She temperature (4 %) end pressure gradients
(Ay) osn be essily deternined roa the eharts preposed
%y Yoshida et ol (111) using calonlated values of the
ecantants and dimensienless musbers for the particular
system. In @880R09, they oan bo represented byt

‘ - a/%
r = q(g)"? ()% N -‘-‘% - Mg 1’&“‘) .

There

A8
x Ph

AR, = heat of reaction Yg, = ¥
per mole of A A LA
r
renoted
Pr = Prandtl number 8¢ = Sehmidt number

- _F = n/pDAn
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G' = molal mass velocity of gas based on total
eross section of ded
g = shape factor, defined as the ratio of aotual
external surface area available for mass and
heat transfers to the total extermal surface
area, assumed to be 0.90 for irregular granules.
fhe j-faotors are related %o the modified Reynolds
nusber defined as, Ro = &; by the equationss
(1) for Re » 000dme==50
3y = 0:84 pe~0+51

(41) for Re = 50-~=e-1000
3 = 0,57 "0 8

and §, = 1.076 Ja
Phe data of many investigators have been corrslated by
this method. The gradients are found to f£all in a
narrovw bend on a Ay, verses R or a AT verses Q plot,
indicating that R and Q are the most signifiocant
factors in oontrolling the preasure and the temper-
ature gradients respectively.

. CANLALIA.

PP NS ST SIS SR S X Y 3
= i e AT

i
‘s
14
04
¢
M
i
;

It ean alee be seen that both the tempera-
ture and partial pressure differences across the film

are proportionzl to gD n+l oB-1  ginge n4s either
0,51 or 0.4l decreasing ¥he particle size and inoreas-
ing the flow rate are effeotive means of eliminating

the heat and mass transfer resistances.

A sample calowlation based on the method
of Yoshida et al (111) for estimating the temperature
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and pressure drop from the dulk gas phase to the
surfage of the catalyst is shown in Appendix Dand C.
Phe temperature and pressure drop cdp‘/bﬂ) were
found to be only 0.,01°C and 0.1%, Henoe, these
effects could be neglected.

3. Jaterna) Diffusion and Bffectiveness
Ractor

fwo kinds of diffusion in pores are
poseible. If the mean free path of the diffueing
molecule is small with respeot %o the pore radius,
the collisions between molecules control diffusion
and the usmal molscular diffusivity is applicable.
The pore sige is uniaportant, but the diffusivity
i3 inversely proportionsl to the pressure.

It the pore sige is small in compariaon
with the mean freepath, collisions with the pore
wall control the process. Pressure has no effect

on this diffusivity.

Por most conditions of operation of
catalytic reactors, the pore diffusion ie of the
Knudsen type. Only at high pressures and large
pore radii does the process oeour by molecular
diffusion, TPor example, at atmospheric pressure
for nearly all porows materials useful ae cata~
lysts, Knudsen diffusion controls.

e giind

e tidiindocdiniri .
o i awA, CH 1Lk CAANALIA.

Ferok i
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(a)e Kmmdsen Diffusion

As most oatalysts are porous, their
external surface ares onlycomstitutes a emall
fraction of the total surface area on which the
reaction takes place. The diffueion of the re-
aotants into and of the product out of the pores
oould, therefore, be important faetors im oontroll-
ing the reaction rate. Yet, even if the exact con-
centrations (in thie ease partiel pressures) of the
reactants at the gas~solid interface on the outside
of the catalyst particles are knowa, the oonditions
existing in the interior surface are different due
to reaistance offered by internal diffusion and heat

transfer.

BV SR -2

g a3 et i g ) ..
TR B I AVVAL CIN T LR, CANALIA.

The effectivensss fastor, used to evaluate
the effect of Knmudsen diffueion, is defined as the
ratio of the aotunl rate of preaction per unit mase
of catelyst to the rate whioh would exist if the
conoentrations at all 1ntorio£ interfaces were the
game as those at the gross exterior interfaoce (44,

45, 98).

fhe effects of diffusion 1n this investiga-
tion were kept to a gpinipun by passing the gas mixture

at high velooity through the eatalyst bed. The
Knudsen diffusion effect itpelf was eliminated by
decreasing the particle size of the catalyet. Por
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this reason, three partiole sises (1.65, 0.53, and 0.20
mm) were tested. These three sises produced no signifi-
cant ohange in the eenversion rete. This neant that the
Knudsen diffusion effect was not rate-determining and
therefore oould be neglected. The detailed ealoulation
and experimental sonditiocns used are given in Appendix C.

(v). Nolseular PtSusien

The extent of moleculay diffusion was evale
uated ty varying the feed rate froa 0.37 noles/hr to
0.5 moles/nr at 326 C. The experimental data are re-
corded in Table 8+C-1 and the results are shom in
Pigure 5-2. The eonstaney of conversion indicates that
molecular diffusion was negligible.

C. Effegt of Process Varisbles

The effect of temperature, weight of catalyst
to methanol feed ratio (¥/F), and oxygen (in the air)
to methanol feed ratio (R) on the conversion of methanol
(x), yield of formaldehyde (y), and selectivity (s) of
the catalyst were investigated. The effeot of several
catalysts on conversion and yield was also studied. The
results are tatulated in the Appendix (Tables Bel, Be2,
and D=1).

The effeot of temperature on the eonversion,
yield and selectivity was {nvestigated in the tempera-
ture range 250 - 460 C, and the results are given in

T f PR D TN /

, 4

e o e e
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moles of CH30H fed per hour

X Moles of HCHO formed per hour to

06 |-
o — e o
05
0.3 0.4 0.5

Velocity of feed moles per hour

Fig. 5-2 TFeed Velocity Effect on Conversion

-



«?6 =

Appendices D and E. Mgure 5-3 shows the effeot of
temperature at & W/F ratio of 16,3, and an oxygen %o
pethanol ratio of 2.42, over & manganese dioxide-
molybdenum trioxide catalyst, With increasing temper-
ature, doth conversion and yield inoreased up %o a
temperature of 365°0, sfter which comversion continued
%o inorease reaching 100% at 460°C while yield decreased.
The selectivity was 1008 up to 365°C, decrsasing at
higher temperatures.

The effect of the oxygen to methanol ratio
{n the feed (RB) on the conversion and yleld for s
W/? ratio of 13,3 at 365°C over manganese dioxide-
molybdenunm trioxide is shown in Mgure 5-4; data for
this and other W/P ratios and temperatures are given
in the Appendix (Tables B-1 %o E~4). The ratio of oxy-
gen to methanol in the feed varied between 2.42 and 5.04.
$he conversion of methanol and the yield of formalde-
hyde decreased rapidly with increased reactant ratio
(R), The selectivity was found to be independent of
the reaotant ratio in these experiments.

Phe effect of various W/P ratios on the
conversion of methanol and the yield of formaldehyde
was investigated for W/P ratio's in the range 2,5 =
22,0, Mgures 5-5 and 5-6 show the effect on the
oconversion and yield at a temperature of 365°C for
various feed ratioa contalning 4 to 8 moles percent
methanol in the air. PFigures 5-7 to 5-9 show the

ey A o T oA e, EeANALA.
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Selectivity, Conversion and Yield

05
. ] | \
04—t L L
R 0p/ CHyoH
Fig. 5-4 R Effect on Conversion,Yield and ‘

Selectivity at 365°C,W/F=13.3
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0.8F

o
H

moles of CHzOH fed per hour

4 moles % methanol in air
5.5 moles % methanol in air
6.5 moles % methanol in air
7 moles % methanol in air
8 moles % methanol in air

X Moles of HCHO fo'rmed per hour to.

o > oe® P
[}

i 1 J

5 10 15 - 20
W/F GMS Catalyst fo moles CH;OH per hour

. Fig.5-5 W/ Bffect on Conversion and Yield of
HCHO at 365°C.
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to -

moles of CHz OH fed - per hour

« b moles § nethenol in alw

X Moles of HGHO  formed per hour

A
o = 5.5 moles § nethenel in iz
o @ 6.5 neles § methanol 1n aly
A =27 sales S nethanol in oi?
o =8 moles $ methamel in alr

| 1

5 {0

W/F GMS Catalyst to moles CHzOH per hour
Fig. 5;6  W/F Effect (Initial Values) on Conversion and
| Yield of HCHD at 365°C
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Fig. 5-7. W/P Effect on Conversion and Yield of HCHO at 326°C,
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-moles of CHZ;OH fed per hour
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» 5.5 moles ¥ methanel in atr
» 6.5 moles § methamel in aiy
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1

W/F GMS Catalyst to moles CHzOH per hour

Pig. 5-8. ¥/F Effect on Conversion and Yield of HCHO at 319°
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319 °C |

- moles of CHZOH fed per hour

=4 soles £ methenel in alr
® 5.5 soles § nethanel in alr
» 6.5 noles § methamel in aly
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W/F GMS Catalyst to moles CHzOH per hour
Pig. 5-8. W/F Effect on Conversion and Yield of HCHO at 319°°i
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pig. 5-8. W/P Effect on Conversion and vield of HCHO at 319°C
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offeot of W/P at other temperatures. %he cenversien
aad yield inoressed with dnoreased reties of V/2.

1 Isitiel Rate

In a steady atate flow system, the relatien-
ship betwesn cenversien, flow rate and reastien rate
is givea ¥y the equation

MNx = NV
whioh on integration yields
| J b ¢
s - s
[
or

¥ . x
; S u
°
Yang and Hougen (109), who considered several reatilions,
have shown that by cemsidering the effect of preasure
on initial rate (x=0) 4% 1o possible to reduce the
aumber of reastion mechanisms and finally to tent

some of them for their suitability in representing
the date.

fhis method driefly emvisages the plotting of
the experimental date (eonversion versus v/? ratie),
and determining the slope of the curve as W/? approaches
sero. This rate of reaotion at sero conversion 1s
defined an the initial rate.




ol

he advantsge of the initial rate methed -
is Ahat & more miwgds ¥ate squation can be odlained,
sinee the partisl pressures of the preducts ave
negleoted, Hewsver, the dig draweback is the
necennity to estimate the slopes at low sonversions
by use of sxtrapolation,

fhe initial rate equations are odtained by
seglesting the partial pressures of the product.
In eguation (5«23) and rate equations 1 t0 4 ia
fable J=2, the initial rats equations are the seme
as the rate equations. Nowever rate equation 5 in
fable 5-2, and equation 5430, oan be reduced Vo

n
T o) (5-35)
and
z, -ﬁ;: (5-36)
2.

fhe initial rates were obtained by finding
the slopes of the ourves at x=0 (Pigures 8.6 to 59,
x vs ¥/2). %he plots of moles persentage methanol in
the fesd versus the initial rates ('o) for 365*, 326°,
and %19°C are given in Figures 5«10, 5-11 and 5~12
respestively.




She advantage of the 4nitfal rate methed
ie that o more sisgds ¥ate squatien can be odiained,
sinae the partis) pressures of the preducts are
asglected, Nowever, the big draw-back is the
nesesaity to estimate the slopes at lovw oenversions
by use of extrapolation.

She initial rate equations are odiained by
seglesting the parvial pressures of the produet.
In equation (5<3) and rate equations 1 to 4 in
Pable 5«2, the initial rats equations sre the seme
as the rats squations, HNowever rate equation 5 in
fable 5«2, and equation 5«30, can be reduced Vo

n
LR o.ﬂk,vﬁ/‘k,r’;z) (5-35)
and
o "3!5!“ 3'1'., (3-36)

2. Gerrelation of Iaitisl Eate Pats

fhe initiel rates were obtained by finding
the slopes 0f the ourves at x=0 (Pigures S=6 t0 5-9,
x vs W/?). The plots of moles pereentage methanol in

the fesd versus the initial rates (’o) for %65%, 326°,

end 319°C are given in Figures 5«10, 5-11 and 5~12
uapocttnly.

N



0.07F
006k
0.05

0.04

Moles of HCHO produced
~per grams of catalyst -hour

0.03}

ro

0.02

0.0l

| S .
0 0.02 10.04 IODG ObS
" Nm CHzOH % in FEED

' Fig. 5-10. Initial Rates (ro)' vs. moles % CHBOH'
© at 365°C. '




- 87 -

0.05

o
o
S

- per grams of catalyst-hour
o
o
N

fo Moles of HCHO produced

0.0l

0.03F

326 °C

. I o |
0'.02 0.04 0.06 0.08
‘Nm  CHzOH % in FEED

Pig. 5-11. Initial Rates (ro) vs. moles % CH3

at 326°C.

0H -



- 88 -
319 °C
-
23 , 00 |
Oc
.g ., 0.04F
own 0 o 0
S V-
Q-—
S
Oo
I :' 0.03p
2%
“ g
%0
q(/; o 0.02"'
'6
sa
o
- 0.0l
\ | | L
0 - 0.02 0.04 0.06 0.08

Nm CHzOH % in FEED

Fig. 5-12. Initial Rates (ro) vs, moles % CIIBOH
at 319°C. '




-89 e

A comparison of the ourves in Tigures 5-10 to
5-12 with the type of curve used by Yang and Hougen
(109) for identifying various mechanisms, suggented
that the oontrolling step in the reaction was either
the adsozpiion of the reastants or a surface reaction
between the reactants.

5. Sorelation of Gonversion Raia

The integrated form of the rate equations in
Table 5-1 ean be rearranged into a new form as shown
in Pable 53, vhere X = & and y = a, + 3% fhe vale
ues for y and x in columns six and seven of the table
are oaloulated from the experinental data by sudbstitut-
ing the values of W/F and the respective partial pres-
gures, The values of 8, and &, m2y be determined from
the intercept and slope of the 1ine in the y versue X
plot (Mgure 5-13), using the method of least-square-
error (Appendix @G). The values foT &, and a, oan be
expressed by this nethod as

RS
,, < AE e (5-31)
iﬁh'(i!’)(i’j)/k
o = A2d— _L'!..L‘L'i_l_—— (5-38)
fo-(ix, /3 |
i=1 i=1

where £ 48 the total number set of experimental data,
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and §, the mumber sssigned to eash set of experimentel
F““o’

Suitable correlation was obbained for the twoe
stage oxidabion-pedustion mechanisn when n equalled 1
and n equalled 0.5, The rete equation is

rm= .
;_?%fn_ﬁ; ($=39)

The values of ky and ks betwesn 250° and 365°C
for m = 1and n = 0,5 are 1isted in Table S-b, Proper
fitting was not found in the olassiocal or modified
langmuiy-Hinshslwood meghanisms with other values of »
and n, The other two-stage redox meghanisms gave negative
k) values, and there was no proper fitting for the three-
stage meshanism (Appendix J).

% Tenpersture Bffect on Iate Jenstante

The temperature dependence of the rate sonstants
ky and k, was detersined for temperatures between 250°
and 365°C, and an oxygen to methanol ratio (R) of 2.42
(Pigure S-14). The mathematical relations are given in
equations Se40 and S-hls

1og k) = 3.432 « 2&.}122 (5=10)
log ky = «7,508 ¢ 1-11{-192 (5-41)
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tadle 5-4
Temporature Rffect on Rate Jonstants
vhen n =31 and 8= 0.9

Sexp. 1/' . " |
ey S ade

0 x 21 § x10 xl
365 638 1.575 8.0 3.4 3.89
740 3.59 3.63
645 3.5 4,08

545 4.79 %.13
4.0 3.26 3.54

326 599 1,670 8.0 1.14 8.13
7.0 1.22 8.00
6.5 1.29 Te39
5¢5 l.44 773
4.0 2.11 6.93
319 592 1.690 8.0 0.96 7.54
7.0 1.10 6.85

6.5 1.05 12.50
5¢5 1.2 10.10
4.0 1.64 8,82

250 523 1.910 8.0 0.173 0.295
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Fig. 5-14

Temperature Effect on Rate Constants,R=2.42
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Similar teaperature aapwlthoin were determined for N ,'
other feed ratios (R)s The reastion appears to fellow
the Arrhenius law in the temperature range studied.

fhe valuss of k, and ko obtained from the |
Arzheniws oorrelation were substituted inte equatien |
1 of Table -1 to determine the W/P versus x relation. ]
Pigures 5=5 to 5~9 show the comparisen between the
experimental and prediocted velues of this relatioen for I
methanol to air ratios of 4 to 8% at varions temperaiures.
The solid lines in tho figures refer te the curves !
predioted by substituting the appropriate valuss of k; ‘:
and ky in the relation) the ¢iroles represent the ‘:
experimental datas A sample ealoulation is given in i
Appendix ¥, @
E;

E

s




Similar temperature dependencies were deteramined for
other feed ratios (R)s The reaotion appears to follow
the Arrhenius Law in the temperature range studied.

The values of k1 and k2 obtained from the
Arrhenius ocorrelation were substituted inte equation
1 of Table 5-1 to determine the W/P versus x relation.
Figures 55 to 5-9 show the comparison detween the
experimental and prediocted values of this relation for
methanol to air ratios of 4 to 8% at various temperatures.
The solid 1ines in the figures refer to the curves
predicted by substituting the appropriate values of kl
and ka in the relation; the ciroles represent the
experimental datas A sauple caloulation is given in
Appendix F,
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¥Yi. DISCUSBION

The kinetios for the air oxidation of meth-
anol to formaldehyde have been investigated detween
250° and 4600, over a manganese dioxide~molybdenum
trioxide catalyst and a possible rate mechanism has
been proposed. A esimilar catalyst was used by Klis-
sourski ot al (58) for methanol oxidation, but these
authors 4id not report the kinetic details of the re-
aotion, nor attempt to postulate a reaction mechanisn.
They simply compared the aotivity of the ocatalyst at
ssveral temperatures for various panganess/molybdenun
ratios.

More recently, Blismakov et al (12) have
published a note regarding the rate mechenism of the
oxidation, ueing the same manganese~molybdenum ocat~
alyst. Baced on seventeen runé at 370°C in a differ-
ential reactor, they suggest the rate mechaniss to be
aimtlar to the one postulated dy Jiru ot a1l (52) for
the oxidation of methanol over iron oxide (10203)-
nolybdenum trioxide, and to the oxidation of bensene,
naphthalene, and anthracene over vanadium pentoxide as
proposed by Mars and Krevelen (74)., However, Blisna-
kov et al could not define the exact rate mechaniem,
and 444 not study the effect of temperature on conver-
sion, yield, and gelectivity, nor provide other aspeots

of the system.
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Jimu et al (51, 52), on the other hand, car-
ried out an extensive study of the kinetice of methanol
oxidation over the iron oxide-molybdenum trioxide osd~
alyst. this catalyst has characteristic propexties
similar to0 the manganess dioxide-molybdenum trioxide
catalyst used in the pressnt rescarch, The results
obtained in this investigation are compared with those
of Jiru and others who used esimilar types of oxide eat~

alysts,

Manganese dioxide-melybdenum trioxide was
chosen in this oxidation study decauss detailed work
had already been ocarried out with iron oxide-molybdenum
trioxide, and the manganese dtoxide-nolybdenun trioxide
oatalyst appeared {0 be more gelective for the oxida-
$ion of methamol to formaldehyde than the ferric eatal~
yot. The space velocities used here covered the range
9.6 x 10° - 8043 x 204 nrL, |

The Hougen-¥atson method based on the lLang-
suir-Hinshelwood isotherm, and the initial rate teoh-
nique were used for the kinetic analyeis of data. 8ince
the values of equilibrium constant (Table 8-H-1) for
the gaseous oxidation of methanol to formaldehyde areé
vory large, in the order of 108 st 25000, and 10%2 at
450°0, the process oan be considered highly irreversible.

The rate equation derived on the basis of &
two-stage irreversible redox mechanien fitted the ex-
perimental data best in the temperature range 250°=365°C,
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and one atmosphere pressure,

fhe mechanism and the gemeral kinetics of the
reaction over the mangansese dioxide-nolyddenun trioxide
catalyst investigated in this study have been found %o
be similar to those obtained by Jim, Wichterlova, and
fichy (52) and Mars and Krevelen (74).

Jiru ot al (52) measured the rate of oxidation
of methanol over iron oxide-molybdenum trioxide at 270%0
for a space velooity of 1.1 X 102 and 1.8 x 10° hz’l.
using & miocrocatalytic pulse technique. ZThey girst de-
terained the rate of interaction between oxygen and par-
tially reduoed catalyst without the participation of
oxygen in the gaseous phase, They then determined the
rate of interaction between oxygen and partially reduced
catalyst without the partieipation of methanol in the
geseous phase, ZThe mechaniea postulated by Jiru envis-
ages the same type of oxidation~-reduotion mechanism as
given in equations 5«17 and $-18., ZThey specified, however,
that lattice oxygen of the oxide catalyst participated
in the oxidation procest.

Jiru also observed a ohange in the color of the
ferric catalyst from yeollowigh-green %o greyish~blue
during the course of the reaction, and suggested that the
change in color might be due to & change in the valence
caused by a loss of lattice oxygen. However, no mention
was made as to whether this change in color was reversible

or irreversible.
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Mars and Krevelen (74) studied the mechanimm
of oxidation of several sromatic hydrocarbdoens (beasene,
nsphthalens, and anthracene) over a vansdiun pentoxide
catalyst. They obtained the same resetiss nechanisn as
the one postulated in this research for methanol oxidation
over manganese dioxide-molybderun trioxide. ZThey suggent,
however, that since 2 maximum rate does net oceur with
changes in the partial pressures of oxygen and aromatio,
a reaction must take place between the aromatic eompound
and oxygen present on the underlying catalyst surfaee.

Mars et al (74) also noted a color change in
the vanadium catalyst from ysllowish-brown in the oxidiged
atate to greenishedlue in the reduced. This color change
was compleiely reversible and on analysis of the reduced
catalyst, a high consentration of tetravalent vanadium
wae found., Vanadium pentoxide contains two kinds of oxygen
jons in its lattioe--three £ifths existing in about the
same plane as the vanadium jons and two fifths arranged in
planes parallel to and alternating with the firast. Mars
and Xrevelen believe the slternating lattice oxygen lonse
$0 be those which interast with aromstic moleocules at

the surface of the cetelysti. ‘

Bhattocharyye ot al (9) studied the oxidation
of methanol over vanadium pentoxide, and obteined & mech~
anism of reaotion similar to the one suggested by Mars

and Krevelen (74).
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Shelstad ot al (29, 93) studied the kinetics
of the oxidation of maphthalene and toluene. They support
a two-stage redex mechanism whereby adsorved oxygen reaots
with the other reactant remaining in the gaseous phase,
and the rate of removal of adsorbed oxygen by reaetion
equals the rate of adsorption of oxygen. Ioffe ot al (49)
also report in favor of this theory.

Both the mechanisms discussed above, the first
in which lattioe oxygen atoms resct with reductant, and
the second in which adsorbed oxygen molecules or atoms
(not lattice oxygen) are removed, lead ultimately to the !
same rate expression.

It is difficult to prove the partioipation of é
lattios oxygen in the ocatalytio oxidation prooess in the h
nanner desoribed by Jira using the pulse techniques IV 1s :
possible, of course, that lattice oxygen does participate 5
in the reaotionm, but in Jiru'e experiments, oxygen could ;
have been adsorbed by the oxide oatalyet, and when methanol &
was injected into the reactor by the pulse technique, it
reacted with the sdsorbed Oxygel. Huibers (52) points out
that the values of Kk, and k, derived by Jiru, are rather
emall in comparison with others given for m =1 and n = l.
This could indiocate that adsorbed oxygen took part in the
reaction, and that the mechaniem is similar to the one
obtained by Ioffe and Lyuvarsikii (52) for bensene oxidation,
lattice oxygen being responsible for the oxidation only

when adsorbed oxygen was laoking.
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The color of a catalyst is one of the char-
acteristic properties of the oatalyst, and a change in
oolor may siganify a change in the structure, Several
reports have appeared on the ochange in color of the vana~
dium pentoxide catalyst during oxidation=reduction re-
actions, Thus, if the proposed kinetio mechanism is true,
and oxygen in the air can react with reduced sites in a
oatalyst to produce lattice oxygen, there should be a
reversible color change in the ferrie oxide-nolybdenun
trioxide from yellowish-gresn to greyish-blue on reduction,
and vice versa on regeneration.

In the case of methanol oxidation over manganese
dioxide-molybdenun trioxide, the color of the ocatalyst
was yellowishewhite in the indtiel stages of ocaloination.
On successive oxidations the color changed from brown to
black, depending on the degres of oxidation. Onoe the
color of the catalyst had changed, however, it did not
return to the original color upon regeneration.

Prom thermodynamic calculations, ab developed
vy Jones smd Fowlie (53), the optimum temperature range
for the oxidation of methanol to formaldehyde is 300° -
400°C, corresponding to & working feed mixture conteining
5.5 to 85 methanol in eir. In the present experiments,
it was found that the best temperature for naximum con-
version, yield, and gelectivity was around 365°C. Below
this temperature the conversion of methanol and the yield
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of formaldehyde inoreased, whereas at temperatures above
365°C, the yield decreased with temperature despite an
inorease in conversion.

The resulte obtained in this investigation have
been found to agree in general with those of earlier im=
vestigators (9, 12, 51, 52, T4, 93), and with those re-
ported in patents (22, 30). '
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VII. OONOLUSIONS AND RECOMMENDATIONS

the partial air oxidation of mothanol was ine
vestigated over a manganese dioxide-molybdenum trioxide
catalyst between 250° = 460°C, for W/P ratios of 2.5 to
22,0 ga-hr/moles, and oxygen to methanol ratios (R) of
2,42 %0 5,04, in order to establish the conditions for

naximum conversion and yield, to derive a suitable rate
equation, and propose a possible reaction aechanism,

An experimental system and reactor, faoilitating
precise rate measurements, were designed in such a way
that reaction conditions remained essentially uniform
throughout the whole length of the oatalyst bed. The
drop in methanol pressure and temperature between the
bulk gas and the catalyst surface was osloulated to be
1ess than 0.1% and 1°0 respectively.

An analytical technique using gas ohromutography
was developed whiech ocould aceurately measure high con-
centrations of formaldehyde without polymer formation, and
could detect very small quantities of formaldehyde (MDQ =

0,0009 .8)0

The rate of formaldehyde formation was shown to
depend on the partial pressures of methanol and oxygen,
and to imcrease with pethanol partial pressures of up to

8% methanol imn air.

P e R T P A A D N N o I | )
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the Nougen~Vatson nethod based on the Languuir-
Hinaholweod isethern was used for the kinetie anslysis of
data. The reaction mschanisn derived from the experimental
data under stoady state eonditions was found to be bassd
or 8 two-stage irreversidle oxidatien-~reduction process:

OnyH(s) + 8y, 23, HORO(g) + Hy0(8) + 8,y
04le) + 8p0q L, 8o

where s, was an astive site of lattice or adsorbed oxy~
gen, and s, ,, the reduced site of lattice oxygen or the ]

enpty oite,

The rate equation correlating the data most
satisfactorily ie:

T "11’u/2“.°.'o”2

whers kl and ka are teaperature-dependent constanis, The
values of constants k, and kz {noreased and decreased res-
pectively as the temperature ross from 250* to 365°C,

It 18 recommended that further work on the oxi=- u
dation of methanol should be at the molecular level, and é
include studies on (a) the adsorption of the reactanis on
the catalyst surface, befors, during and after the reaction;




(v) eonduetivity changes im the catalysty (o) low pressure
studies with s mass spectremeter to odtain more information
regapding reastion interaediates, and (4) a comparison of
the reaction produsts over various metal oxides,




Erzors in measurement can be introduced dy
lack of thermesouple calidration (10).

-1 1
!t—:‘: cosh,/ hL°/xB

!1 = temperature imdicated by thersocouple
!' = pipe wall temperature

wheres

T, = §os strean temperature

h = heat transfer coefficient

k = thermal conductivity {
= thickness of well well in om

= length of well ‘

]

5

I =l0om

B -2 . 00795 @
k = 0,045 n-cal/no—az-’c/ol
B = 0,000017 gu-oal/seo-ca’=*0
2, = 360°0

!1 = 361°C




olw.

“lqll- I

RV
oond /' 0,045)(0.0795

= J—-
1.245

e, - Q25220 .

= 365°C

The thermosouples in this research were oal-
{brated against a thermometer immersed in the sane
1iquid bath.

2. Betemeter Ga)ibration

Rotameter calidration (ball height in am ver
sus air flow rate in ml/min) 1s shown in Pigure B-i-l.
%he height of the lighter ball or float is represented
ip the figure dy circles and the height of the heavier

ball by squares.

Be

Calibration of the Pisher Gas Partitioner for
oxygen, nitrogen, carbon monoxide, and carbon dioxide
is given in Migure 8-A-2, and of the departmental gas
chromatograph for methanol end formaldehyde in Pigure

8=A=30

Fam e rare R E R
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AR

20 o= -Pyrex ball"

®'= Stainless steel ball 1

(ml/min)

AIR FLOW RATE

0 5 10 | 15

BALL HEIGHT (cm)

Fig. 8-i-1 Rotameter Calibration
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the oolumns and deteotors used in the gas ohrom-
atography analysis of formaldehyde are listed in Table
8-A=1, and a comperison of these columns in the separa~
tion of formaldehyde, methanol, water, and butanel is
given in Yadle 8-A-2,
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B, Catalvete Tested

Stability of the manganese dioxide-molybdenum
trioxide catalyst is shown in Table 8-B-1, and ex-
perimental data for the tasts employing vanadium pent-
oxide, molybdenum trioxide, and manganese dioxide
are given in Table 8-B-2, :

Stability of the manganese dioxide-molybdemum
trioxide catalyst was determined at 3269C, testing
of the other catalysts was carried out at five tem-
peratures between 294° and 3889C as indicated in
fablo 8~B-~2, The conditions for conduoting both series
of tests are listed below:

B = 2,42
w = 8 moles 4 W/F = 13,35 guehr/moles
W = 0,399 gn orll = 0,03 moles/hr
ofatp = 0375 moles/hr °P°2 = 0,07688 moles/hr
ornz e 0,296 moles/hr  p, = 60.8 mmig
°p°2 = 146,8 mn Hg opnzn 552.4 nmn Hg

The catelyst bed heighte were in the range 2 to 5 inches
depending on the weight of catalyst tested.

= =78

s Stibodiny
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fable 8-B1
Bxperinental Jats
Jor Nanganese-dioxide-Nolyblenum triexide
o days 1.-;’.5? A mtbehe
200 3 0.0159 0,041  0,06655
201 7 0.0158 040142 0.06660
202 12 040159 0.0141 006653
203 20 00060 0,040  0,06650
204 30 0.0159 00141 0406655
;:u cogv (:55:;) W, 0/%, N/,
200 0,530  0.346 0,307  0.1835  0.8164
201 0,528  0.345 0,310  0.,1836  0.8163
202 04529  0.346 0,307 0.1835  0.8164
203 00532 0J348 0,304  0,1834  0.8166
204 04529 0,345 0,510  0.1835  0.8166
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The experimental data for molecular dif- |

fusion are given in Table 801, ZThe conditions which
spply to this table aret:

Temp = 3269 R = 242
W/PF = 153 ga-hr/moles W = 8 moles %

b, Epudeen Diffusion

The experimental data for Knudsen dif-
fusion 18 given in Tadble 8-C~2, The conditions which
apply to Table 8-C-2 are:

LEINAD DLTNRII NI YL SN YIS

Temp = 36500 B = 2.79 f
% = 7  moles % W/F = 8.8 gu-hr/moles ,
W = 0,264 &n oru a °|03 m1°./hr ;
ofair ™ 0,429 moles/hr 0302 = 0,090 moles/hr
ornz = 0,339 moles/hr oy ° 5%.2 mm HE

= = 80
o’Oa 148.,4 mn Hg opnz 558.,4 mm Hg

g
|
]
i
|
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Sakle Segel

Bepevinwatel Bata for Knubsen Miffusion

s g%gft f u)}M: ..I:'.'}u melea/hr

B8 150 0.0 0.5 .01
fn9 0.5 0.00228 0.0155 0,015 2

220 0+200 9408230 0.0154 0,046

;:n Gony Y We, o/t B/t

[ (4

("'/’:l)
218 0.,5150 0.340 0.320 0.195 0,805
a9 0.5156 0.541 0319 0.19% 0.805

220 045135 0.339 0.322 0.196 0,804
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The data for external diffusion to determine
the maximum AP 7 values are odtained from Run 331,
If the A"/" values are small, the external diffusion
ocan be neglected,

She caloulation is based on the method of
Yoshida, Remaswani, and Hougen (111), PMgure 2 of
their paper is used to deternine the R/y, versus A)’/D‘
correlation. The results are recorded in Zabdle 8-0-3.
The conditions which appiy to this tadle ares

Temp, = 365°0 . !
vy = 22,0 gaehr/moles
nt = 8 moles %

[} = shape faotor, or spherioity |
= 0.9 for irregular granules |
0‘ = molal mass velooity of feed based on

the total cross section of the catalyst
bed in p-nolu/hr-onz

- _9.;25.:_9.-925 = 16 ga-moles/hr-om’

n(1/4 x 2054)
weight of catalyst = 0.66 ga

A‘ = surface area of the catalyst partiocle

per unit mass
= 7.8 8%/gm or 7.8 X 10% ca?/en

=
]




e12] =

(74)ga = mele frastion of component § in the Loed

(1,)“‘ = mole fraction of componeat j in the pro-
duot

L f = mele fraction of component j st the ine
terface

. [(’1)13 + (Y‘)“t]lz
z“ = molal resction rate of component J per
unit mass of eatalyst

l’ = mm’:onhua term of eomponent J

(78,000 0.9)(26)  1.121 x 10
for example:

) = molal reaction rate of formaldehyde per
unit mass of catalyst
= 0.0251/0,66 = 0.,0381 gm-molen/gu-hr

‘t = X term of formaldehyde

- ..M}AL_S = 3.4 x10°

1,121 x 10

fhe values shown in Table 8-0-3 can be obtained by
following steps similar %o those shown in the preced-
ing ealoulations .
where (r‘)u = flow rate of component § in the feed

(r‘)m = flow rate of component j in the product.

8inoce
(-!1) { 0.00
Py / max
the externmal diffusion effects can be neglected.
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Proa Appendix G
T e = 0,038 ga-moles/gm-hr = 0s9

2
g, =16 p-loln/uzohr A" 1.6 x 10* @¥/m

and

AR AR AR R A

P av

. Cw o O X,
e e

0, 0,178 7.80 1,368 0
X, 02 7426 5,169 0
GHy0H 0,006 16.85 0,775 ~48.08
HCHO  0.032 11.60 0371 ~28.29
B0 04032 8.78 0.281  =57.80

-(2H), = molal neat of reaotion of formaldehyde

5
¢
Op = ;_ _:.(GPO"),‘ = 7.984 oal/gu-mole-*0




.”15b -

o,
‘ - PR | »
(7.8 x 107)(0.9)(7.984)(26)

Since from Figures 3 and 4 of Yoshida ot al (111):
AT < 0,19
the catalyst surface temperature effect can be neglected.

The conditions used in studying the effect of
temperature on conversion, yield, and selestivity are:

77 = 8 moles % W/F = 16,3 go-hr/moles
] = 0,489 gn o’l s 0,03 m108/hr
) 4 a 0,375 moles/hr P, = 0,0788 moles/hr

0 air ) 02
ornz = 0,296 moles/hr Py = 60,8 mm Hg
°po2 = 146,8 mn Hg opna s 552.4 mm Hg

The effect of temperatures between 250° and
4609C on conversion, yield, and gelectivity ie ae

followst




‘- 1% -

Temp. Yield Conversion BSelectivity Run

¢ b § z [ %o,
250 0,06 0,06 1,00 396
9 0454 0.54 1,00 390
326 0.61 0.61 1400 %60
365 0.84 0.84 1,00 330
422 0.38 0,86 0443 500
460 0405 1,00 0.05 501

g

$he experimental date for run no.'s 396, 390,
360, and 330 are recorded in Appendix E, The data for
300 and 301 are shown in Table B=D-l.
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The sxial Sampezeture grediont salenlation ws
nessured by adjusiing the thermsesuple pesition in the.
yeasher: It wms fownd the diffavense eould %o negisete
ol Tor cemperisen, snd as & supplement %o Cotbexts
work on this yprodlen (21), the following appreximated
enloniation was nade using the nethod of J& N Snith

(Tenisal KosinasxAng Kiuakiog: yage 300, Wiley, New
!ut. ’-’,"l

ety -t

-ty - u,./(-hnf!ma
(At)

- 3% -ﬁbl(m)(o.ms)( 3) ¢ 0.7°0¢

vere 2=}
Lw)
$,1 = 25%
$,2 = 3¥C
A8 =1 = 0,085 1%
AT = 0,25 = 0,0208 £t
¢ = 0,252
G = 16700 Lo/hrers?
ky * 105 B/(hr) (£8)(°C).
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B Mfsct ot W2

The effect of W/F on converaion (x) was studied in
the experimental range 365° - 250°C, In this rangs,
the seleotivity was one, conversion equalled yield, amd
the flow rate of water was approximately equal to the
flow rate of formaldehyde, Zhe rumning conditions used
for the five values of the oxygen to mothanol ratio (R)
werei

(1)‘, R = 5;0‘

= ¢ moles ¥ oy = 003 moles/hy
O’m' a 0,750 MJ..’/!“' 0202 = 0,158 ”1.'/1\!
o’lz = 0,593 moles/hr  py = .4 mmHg
°p°2 = 153.,2 mm Hg ,v,z = 576.4 ma Hg

(2). R = 3,61
W = 5.5 moles # ofu ™ 0403 moles/h

orm, = 0,546 moles/hr oroz = 0,115 moles/hr

o!lz s 0,431 Ml‘ﬂ/hr Opu = 4\1.8 mﬂg

o’Oz = 150,8 mm Hg opplz = 567.4 om Hg
(3). ‘R = 3,02

¢ = 6,5 moles # o " 0,03 moles/hr

0.462 moles/br oF \ w 0,097 moles/hr




)l -

°”a = 0,365 moles/hr p, = 494 mig
°’°z = 49,2 m Hg °"z' 561.4 mm Hg

(4)s R = 219 |
w = 7 moles $ P = 0,05 moles/nr
oTatp ® 04429 moles/nr °r°2 = 0,000 moles/hr

‘ ‘"2 = 0,%39 moles/hr o’u %2 =m Hg

°’°2 = 148.4 = Hg ‘952- 558.4 mn Hg

(5)0 l = 2.42
i = 8 moles $ oy = 0403 moles/hr
oFatr ® 0375 moles/hr 0702 = 0,0788 moles/hr
01% e 0,296 moles/hr oy = 608 malg
‘ °p02 = 146,8 mn Hg °Pnz = 552:,4 ma Hg

The experimental data recorded at 3659, 3269, 3199,
and 25090, for the various valuee of R employed, are
sumparized in Tables S«Eel, BeBw2, 8wBe3, and BB

respectively.
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5,
» 04325 (”‘)h

(), = oon () &), o)
(K), = owns (B) (), (o

412 the above twe relatiens are added together

(B () - =ombk) - ool
1), - (), oo G)‘ + 0425 (5)‘

and




o 152 »

- —-u——-—vl———-—-—'-—.
(/2 )y 1 + 0.525(2/w), + 0.425(W/w),

- .-—-—-—-L——-—-—-—--
1 + 0,525(5.08) * 0.425(0.516)

= 0.4505 § 0.5 (8-3)

Substitute equation 8-3 into equations 81 and 8.2 %o
£ind the mole perventages of forasldehyde and methansl.

(#/2,)y = 0.525(3.00)(0.451)

« 0.4514 & 0.45) (8-4)
(W2y)y = 0,425(0,516)(04451)
= 0.0989 & 0,099 (8-5)
2. 20 Detazmine ¥he Materiel Balance fros Nels
2ersentagen
Sinse | o 'o - l‘f
V‘J:.\:f )A\

therefore 2, Pprw i

?
’t/!). - r;‘«‘i' - $ - o
, (0.03)(0.452)

0
(M, )(%,)
4 = "x‘-#‘ " TT1 - 0,451

= 0,0246 molea/hr
X = M, - l‘, « 0,03 = 0.0246




wl$ e

= 0,005¢4 ul.l/h!
x - "/ﬂ° = 0.0246/0,05 = 0,82

*0 " '0*”1 - '02”02 ¢ "2) Fo[’ 7”01 (F 0,:' Frh)

) } = (¥ ~Pg "™ Ve
) ( [ 2) “o 2)A ’02) 0.,0663 ”1]:::6.?2 . ]-’ Zo,f»/‘

faaleair

Oonponent ::1::}:,

08, 0R 0,03 040054
HORO 0 040246
Ho0 0 0,0246
0, 041448 0.1330
Total 0.1748 0.1876

% Deviation = 9"‘%&;%;{“"-: 100

= 0,0128/0.1876 x 100 ¥ 6.8%

She following is a sample tabulation of the
devistion between ihe ssloulated and experimental v/?
versus x relations, It is bdased on data obtained at
365°0, with an oxygen to methanol ratio (R) of 2.42
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(Table 8«B=1, Bun 20.'s 326 = 351). %he values for
k, and k, vere obtained frem equations 5-40 and 541,
AS %65°0, X, was equal to 2,66 x 107 and k) was equal
%o 5.08 x 10~ neles/gu-am Ng-hr. Bubstituting taese
values for the constants in Bquation 1 of fadle 5«1,
the following eomparison was obiained:

Oompazison of Daviation

x (V/1) o (V/2)gq § Devistion
0.126 2.5 2.474 «1,05
0.250 5.0 5.049 0.97
0.420 8.8 8.688 1.00
0,590 13.3 13.290 «0,07
0,680 - 16.3 16,009 -l.78
0.837 22.0 22,180 0.82

e

fhe percentage deviation may be defined as

% Deviation = T p—

In genersl, all the deviations determined were below
eight peroent except for the last oondition in which

(vh)m equalled 22.0.
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¢o e Least-square-exrer Approsch

Thie appreach assumes that y = y(x) and that
¥ disorete values of y are known aleag with a
corresponding number of x. These may be designated
a8 10 Jgo eeee Iy and X3y Xp9 eeeeXye No partioular
spacing of the x values is assumed, and some may evea
be repeated. Instead of requiring that an approximate
ing polynomial £y ,(x) pass through the points 7., 7y
veee Jyo & weaker approximation may be used in which
a suitadle approximating function is made %o pass a»
olose as possidle, in some senmse, to the points, ZThe
suitable approximation ie herein taken as a linear
combination of m + 1 linearly independent functions
Uo(x). Ui(X). Uz(x). sseve Ui(x). Thue

g.(x) = 8,0 (x) + 8,0y (x) + eees a,v,(x) (8~6)

where the 8,0 8y) eeve 8 8T0 consients to be determined

from the f£it of equation 8-6 to the specified values
’1. ’20 XXX ’mo

There are a number of possidle linearly indepen-
dent snelytical funotions which oan be used in (B-6).
0f particular utility are the power functions of x, or

B (x) = ay + 0z + azxa + esee + a';F

*® ’ bl 8’

(8-1)
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shore f (x) is & polynemisl of degres n,
fhe residusl at any peint, l‘. ean he definet as

‘g il [ W ‘.“1)
e nte gy - fytn)"
She sum of the sguares of the residuals is givea iy

.
W pp
and, with (8-7),
2, ey 3 (8-0)

B =) (:,,;.;-,x,)
2,2 10 & mearure of how well the approxtmstion f(x)
£i4s the set of peints ’1. ,!. ese ,.0 Iz Ri s 0,

f,(x;) eoincides with 7,0 4 Ry" 48 large, the
approximation ie mot olese %o the values of y,.

L8l 2) e0ey ]

She residual form can be written out for each peint
i to yield
R R R WERRL Y
A N R ARIE

. (4 ® L] [ ] [ * ] L] L] [ L] L] [ L]

A O R RN &



- 157 -

This 40 & sot of ¥ simnltancous algedraio equations
ﬂ“.#lm'l_ep .l. soo 9 S0 I+,
there are more equatiens tham waknewns, ZThe unknowns
nay be momu wniguely by dmposing the sendition
tat 4.F or 82, vo ntnimtsed, Using the latter 44
osR be seen that it 1o neeessary that

d
a;hlo ‘IG'I.ZQOOQQ- ("9)

Sinee there are enly two waknowa constants, 8,
and & equation 8«5 ocan be reduced te

By ¢+ & 1{_:;&-7—;;, 2

P P o

where 8 is the numder of sets of experimental data.

Prom equation 8«10 , ihe two unknown eonstants
oan bde derived as

(8-11)




W‘MI!%




The values of the change in free energy, o@, and
the equilidrium oonstant, x’. of the gaseous oxidation
of methanol to formaldehyde and water ere given in Vhe
following tadles

fable 881
%he Values of 4@ and
for Gaseous Formaldehyde Formation
at 1 Atmosphere and Different fempsratures

L

Semperature -(0Q
p'o (k«l}u)-lolo) l’
25 26,266 1.785 x 10%°
127 25.713% 1,115 x 10t4
227 25,068 9,040 x 100
327 24,547 7.571 x 10°
527 22,749 1,637 x 10

fhe values were calculated as functions of temperature,
necessary data being either collected from the litera-
ture or caloulated by the group-contribution Method
(48). Bince the values of AG and I’., are very large,
the process can be considered highly irreversidle.
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1. Sagxelation of Xnitisl Rats Pata
Gorrelation of the initial rate data from Chapter
5uBe2 is given in Table 8-I-l.




F 4 4548 8°9rT 8°09 ¥9€0°0 080°0 -
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11680 2°691 13034 oy¥0°0 $90°0 -
Zllz*0 8°0ST - 388 4 08€0°0 $50°0 -
Ev6T-0 0°95T ¥-0< 8L£0°0 0¥0°0 6tc
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yodon mochenisn vhorve m:oquallsd 1 and n equalled 055
are listed in Table $oki: The following are the rejested
oonstants odbained from the Vws-stiage redex mechanimse,
Regative; The mechanish mushere yefer to those given
in Table Se1i No proper £itting was eMhainad for $he
three-stagh rodox meshenisms of Table Se8:

Table 8oJ¢1
- Rejested Canstants

Keshsnisn Zemperature N, Xy 0x
°g % nod  nod
M
2 8.0 04l 2
%3 Zao oﬁ.ﬂ; :23
o OWfl 2
0 .0017 e 'o’.”
8.0 -0 2.’6
326 0 0 3’?2 2 o‘g
d’f’ 0, 2{3
5 0.1 2.
0 «0;2 250
8:0 e I r ¥
A9 7.0 T 2.h8
.”5 ‘ 0, 1’ 2 d“
o8 «0:17 2.
o0 0,23 2.29
250 8.0 0,01 0+32




- E’O

fatle S341 (Camtlimed)

R :3:3’% ¥
8 0, kW0
. b e
] l*” .
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Tadle Bede) (Contimued)

Hoshenism Temperature ¥a n xg
° £ o’ 03
0y 850 -om 326
W0 -0i22 a9
-
21 3 N
250 8.0 «0:08 0%
5 %5 8.9 -0?)1 b0
19 «0; ‘
-:’ "05“ :&;
4t -om ,;,8
800 -0.‘!2 o’..
26 z.o «0:2 33#3
.lg :8:1 ¢
i oyl - 372
0 -o;'zz 3:1)
38 «0.2h 319
4 «0:28 34
0 «0h2 3.
250 8.0 «0,02 0.36
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IX. NUMENOLATURE

A Catalyst surface area per unit mass, 2/

LW Bxternal particle surface area per unit mass,
»’/g

b§ Peak width at half height, mm or nin

O,y Average specifie heat, cal/ga~nole~*0
0, Specific heat of gas, oal/gm-mole-*0
Du Average diffusivity of component A
D, Catalyst particle diameter, mm

? Plow rate of feed, moles/hr

Molal velooity of flow based on the total oross-
sectional area of the catalyst bed

AQ She change in fres snergy, koal/gu-mole
B, Heat of formation, koal/gm-mole

hc Heat transfer coeffiocient of the gas fila
i

Oomponent 1
J Dimensionless Ohilton-Colburn factor \

K Equilibriua oonstant = k]_/ln:‘_1

¢ Oxidised eite on oatalyst

‘rod Reduced site on catalyst

k fhernmal conduotivity of the gas

ke Mase transfer coefficient of the gas f£iln




N

o
0"

red

- 16% =

Porward reaction rate constant i, from left %o
right

Paokward resction rate constant i, from right
%0 left

Minisum detectadle quantity of sample
Nean molecular weight of the gas filn
Theoretical plate

Noles $ methanol in air

Partisl pressure of component i
Percentage of component 1

Heat transfer dus to heat of reaotion per wnit
nass of catalyst

Oxygen $o methanol pole ratio in the feed
Repction rate, moles/gm of eatalyst-hr
Initia)l rate, moles/gm of ocatalyst-hr
Selectivily

Active site on oatalyst

Oxidised site, active site of lattice or adeor-
bed oxygen on catalyet

Reduced site of lattice oxygen or the empty
gite on the catalyst

Pime
femperature

fotal gas flow rate
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femperature of the gas-selid intertfaoe

Potal liquid esmpenent flev rate, methanel,
fornaldehyie and water

Uncorrested zefention time, mm or min
Weight of eatalyst, g

Flow rate of water

Geaversioa

Yield

Sxask Bynbels
Pind4s increaent or change of property

Ohange in moles pur mole of reactant (or pro- |
duet)

Prection of the catalyst surfece that is cov-
ozed by adeorded oomponent 1

Viseosity

fotal presoure

Deasity

Sulk density of catalyst, ga/ml

Shape faster, ratio of actusl external surfaee
area available for mass and heat transfer to
3he total external surface ares, assuned to be

0.90 for irreguls> granules




Nﬂa: -

oi.g»vus

-
-

N U1 I

Resstion exier
Reastion order

Sudesrizta

Component A at the gas=s014d surfase inter-
phase

Oalonlated

Pommaldehyde

Properties at the average cendition of the
goe film

Experinental

Gaseous state

Hedght

Gomponent 1

et

¥ethanol

in moles

Flaeed before a symbol mesns in the feed

Output

eI I T e T
3 -2 2 i T g T TS S T
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