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1. introduction

Phthalic-anhydride (PA) is produced by oxidation of o-xylehe or
naphthalene. Ninety percent of the 2 million meton annual production is
used in the manufacture of plasticizgrs, alkyd resins, and polyesters.
Almost all PA production is based on catalytic vapor phase air oxidation
processes. These processes use catalysts that are based on vanadium
pentoxide. Present process technologies produce PA at 75 and 85% of
theoretical yield. The 75 mole % yield is obtained from o-xylene, the
more abundant of the two feedstocks.

Purpose of this research was to investigate PA production and its
combustion, in crder to study sources of the reduced yields. Low yields
have been attributed to late combustion of the PA product and/or to
rupture of the aromatic ring during sidechain oxidations that produce PA.

If PA combustion occurs slowl?, relative to PA production, as revealed
by kinetic studies, the reduced industrial yields ﬁay be.attributed to
early rupture of the aromatic ring, rather than to over-oxidation of the
PA produced. |

Conversely, if PA combustion occurs rapidly on catalyst or container
surfaces, the yield problem is most likely due to PA over-oxidations.

Maleic anhydride (MA) is a by-product of PA production. The MA can
originate from either early of'late degradive routes. Location in the
reaction scheme where MA formation begins may be a clue to the step where
some of the degradation begins.

This investigation was directed to locate the earliest source of
AMA in the reaction scheme, and to make a kinetic study of the oxidation

of PA.



2. Summary and Conclusions

(1) Air oxidations of o-xylene to products were conducted in an
alumindm tubular reattor using a seriee of V205 catalysts. AThese
catalysts differed in their selectivity Product distribution
diagrams for each catalyst over the temperature range 350 600°C showed
that carbon oxides were produced at low temperature from the initial
oxidative attack on o;xylene. MA was not detected until o-tolualdehyde
was present as an intermediate. Six minor products of o-xylene et seq.
were evident. These minor products augment the usual products:
o-tolualdehyde, o-toluic acid, phthalide, PA, HA, carbon oxides, benzoic
acid, tars and water.

Oxidations of PA et seq. on VZOS yielded four of the above six
minor products, plus HA, carbon oxides, tars and water. Benzoic acid was
not a product of PA. Acetylene and acrolein were identified by IR, and
o-benzoguinone was another.probable minor product. |t was concluded that
MA is primariiy formed from PA oxidation.

MA oxidation yielded carbon oxides and water, plus three of the
four minor products found from PA et seq.

(2) Kinetics of PA oxidation were measured, at temperatures from

) 300 to 600°C, on several V -r catalysts and on catalytic surfaces. Contact

27

times were varied from 0.1 to 0.6 second. PA concentration was varied by
a factor of 20, ranging up to 0.87% volume in air.
The kinetics followed a Langmuir-Hinshelwood heterogeneous. rate

law that was pseudo zero order in oxygen:

k P
F=_1_PA

l+k2PPA

Rate constants and their temperature dependence varied among catalysts

and the various catalytic surfaces examined.



3. Literature Survey

A. Process Survey

Phthalic anhydridé (PA) is industrially produced by the air
oxidation of naphthalene or o-xylené.] Max imum Qields have, over the
years, increased to 77 mole % from o-xylenez’3 and 85.mole %2 from
napht:halene.l*-6 Vapor phase oxidations for PA production are conducted
on fixed or fluidized beds of catalysts containing vanadia (VZOS). One
liquid phase oxidation process is in operation. Industrial PA plants
are built using licensed procasses§ these guarantee pgrformance based
upon the design, technology and catalyét provided by the licensors./

Fixed bed processes used for PA production are summarized in table 1,
according to licensor, feedstock, number of plants, and total plant
capacity in the western world. Greatest capacity is based upon the
von Heyden (Lurgi, Chemiebau) processes, using naphthalene or o-xylene
feedstock. The Badische Anilin- und Soda Fabrik (BASF) process is based
solely on o-xylene feed. Most fecent versions of von Heyden and BASF
processes dominate present fixed bed PA construction. ‘The_Rhone-Progil
process gives lower PA yield and has been licensed to a more limited -
extent. The von Heyden, BASF and Rhone-Progil processes now available
are low temperature, high space velocity processes. Much of the early
von Heyden technology was based upon low temperatﬁre, lower space

velocity catalysts.



Table 1

Free World Fixed Bed PA Processes (1573)

No. of Total Capacity
Licensor Feedstock Plants Metons/year References
von Heyden o-xylene I 505,000 3, 8-13
(Lurgi)
(Chemibau)
' naphthalene 24 295,000
 BASF o-xylene 17 685,000 14-20
Rhone-Progil o-xylene 3 86,000 7,21
. (Pechiney-St. o ' ‘
"Globain) naphthalene ] 40,000
Ruhrol o-xylene b ca.45,000 7,22
Allied naphthalene 2 52,000 7
Chemical
.Scientiffc o-xylene 1 9,000 7, 23-26
Design
naphthalene 1 14,000
Monsanto naphthalene ] 18,000 7,27
Chemical
Chevron o-xylene 1 14,000 7,28,29
Chemical
Alusuisse o-xylene 1 est. 10,000 7
Ftalital o-xylene 1 est. 10,000 7




Other processes shown in Table 1| operate at highér teﬁperature, were
developed earlier, and do not produce comparabie yields to those
obtained with the current von Heyden and BASF processes. |

Fluid bed processes for PA production are summarized in table 2.
Fluid bed processes had an inherant advant%ge that larger plants could
be built, with some reduction in capital investment over earlier fixed
bed processes. The fluid bed processes operate exclusively with
naphthalene feedstock. One plant was built for o-xylene feedstock,

but was decommissioned shortly thereafter.

Table 2

Free World Fluid Bed PA Processes (1973)

Ho. of Total Capacity

Licensor Feedstock |Plants Metons/year References
Sherwin-Williams |naphthalene 14 286,000 L-7, 30
(Badger) ' '

o-xylene (n ( 34,000)
decommissioned 7, 27
United Coke & naphthalene 3 39,000 31-34
Chemicals, Ltd.
. |American Cyanamid|naphthalene ] 32,000 7, 46-48
(Koppers)

Liquid phase oxidation of o-xylene can produée phthalic acid,
analogous.fo production of terephthalic acid from p-xylene. Plants have
been built using two comparable processes for o-xylené oxidation. Progil
now operates the only planf for PA using a liquid phase oxidation process

as shown in table 3.



Table 3

Free World Liquid Phase PA Processes (1373)

Ho. of Total Capacity
Licensor Feedstock Plants Metons/year References
Amoco (o-xylene) (1) ( 7,000) 7, 35,36
diverted to '
p-xylene
Progil - o-xylene ] 15,000 7, 27,37,38

fn overall summary of PA production by feedstock and type of process

is shown in table 4. Almost twice as much PA is produced from o-xylene
as is produced from naphthalene. Fixed bed processes predominate and no

PA is produced from o-xylene by fluid bed processes.

This table indicates that the 1973 western world capacity for

production of PA was 2.1 million metons/year,

‘Table &

Free World PA Capacity (1373)

Process Fixed bed Fluid bed Liquid Phase Total
lo. of|Thcusandllio. of |Thousand]iio. of |Thousand|to. of |Thousand

Feedstock Plants|iHetons Plants {Metons Plants |[Metons Plants {iHetons

per yr. per yr. . |per yr. per yr.
naphthalene| 29 bhg 18 357 0 0 47 77¢
o~-xylene 67 1344 0 0 ] 15 €8 1358

Total 96 1763 15 357 ] 15 115 2135




3. Literature Search

B. Process Technology

Process technology of PA production from o-xylene of 96%% purity
is primarily based upon air oxidation on vanadia catalysts. Fixed
bed plants operate with a feed stream containing 1 mole % o-xylene in
air; in order to remain below the lower explosive limit. High
exothermic heat of reaction is removed from reactor tubes by heat
transfer to molten salts at about 360°C. Product collection is by
desublimation in switch condensers. Product is purified by distill-
étion, to separate PA from maleic anhydride (MA), tars, and small
amounts of benzoic acid. Haximum product yields claimed are 105 1b.
PA pef 100 1b. of $6% o-xylene, or 77 mole ¥. These product yields
are fow, due to byproduct formation and some combustion to carbon
oxides and water. PA, byproducts, and combustion products are ‘ormed
via oxidative reactions involving phe two methyl sidechains of
o-xylene, and via aromatic ring rupture.

A typical flow diagram of the BASF fixed bed process8 for PA
production is shown in Figure 1. The heart of the process is a reactor
tubevbundle consisting of-up to 10,000 parallel feactor tubes. Each
3 meter stainless steel reactor tube is filled with catalyst. Tube
diameter is standardized at 2.5 cm for packing efficiency in the
tube bundles, and to facilitate heat transfer to the salt bath, Dué
to the highly exothermic nature of the oxidation reaction, and to
excessive formation of byproducts at elevated temperature, catalyst

hot spot temperature is not allowed to rise above kio°c. Air
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flowrates of 4-5 M3 (STP) per hr. per tube yield space veiocities of
13,600 - 17,000 hr.,-‘ based on salt bath temperature and void
volume of the reactor tube. These space velocities are équivalent to
contact times of 0.21-0.26 second.
Catalysts

Catalysts of the earlier high temperature f}xed bed processes were
V2°5' either fused or surface coated,on_porous silica, alumina or SiC
carriers for surface-area improvement. These catalysts were operated
at 425-500°C with contact times of about 0.1 second. Activity and
'lseiectivity of Vzds was modified 59 addition of K250h and K25207. These
additions permit PA formation at tube temperatures as low as 360°C. Low

temperature operation reduces formation of carbon oxides due to ring

rupture. Since‘K25207 slowly_loses Sd; during operation, and sulfur
compounds are oxidized to 303 on V205’ small amounts of sulfur are
introduced into the feedstock to maintain uniform activity of h25207-
containing catalysts. Small amounts of PZOS’ Tioé and heavy metal
oxides have, on occasion, been added ;o VZOS as catalyst promoters and
deactivators. Carrier substrate composition and porosity have been
varied. Proprietary industrial catalysts have.been optimized for
catalyst life, low pressure drop, mechanical strength, yield and

sélectivity to PA at high space velocity. All of the multicomponent

catalystsAare VZOS based.
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Heat of reaction -

Overall exothermic reactions involved in the oxidation of

o-xylene to PA aré:

/

CH, ~c
+ 30 —> O ©+ 3 H,0 AH=-308.Kcal/mole
CH3 2 2

c

7 Y0

7
o N

CHs
@C% +10.50, —> §C0, + 5 Hy0 A&H=-1092.Kcal/mole

These two reactions oversimplify the process, as is shown by more

156

detailed reaction schemes. However, these large reaction exotherms

lead to a heat release, at 75 mole % conversion of o-xylene to PA and
25 mole % to complete combustion products, of 504. Kcal/mole. This
is the approximate amount of heat produced in operating processes.

Much of this heat is transferred via a circulated molten salt bath for

high pressure, superheated process steam generation.

Process Details

.A trade literature summary relative to processes for PA production
follows. This is presented chronologically, and divided according to

type of licensed process.

10



Fixed Bed Processes

for either naphthalene or o-xylene

Following disclosuresl

of the process for catalytic vapor phase
oxidation of naphthalene or o-xylene to PA in 1917, plants were built’
based upon readily available coal tar.naphthalene feedstock. The
process rendered prior chemical oxidations of naphthalene uneconomic,
and production of PA approached 3000 metons by 1928. Plants were
operated using vanadia containing catalysts at 450-500°C and at low
space velocity to yield 50-60 mole Z PA. Bundles of mény parallel
~tubular reactors were immersed in a molten salt bath for temperature
control and removal of the exothermic heat of reaction]25 Catalyst
activity and selectivity has been improved over the years to increase
yield and product purity. Tubular reactor configurations have remained
substantially unchanged. |

Fixed bed processes may now be used with either naphthalene or
o-xylene feedstocks. 1though the reactors and catalysts aré similar,
ent}re plants are not directly convertable due to different feed and
recovery section details, and to dffferent amounts of heat release

obtained from oxidation of the two feedstocks.

1. von Heyden Process

Forbath (1962) provided a process diagram of the von Heyden fixed
bed process for PA production from either o-xylene or l;xaphthalene.12
This process is licensed by Chemibau Dr. A. Zieren GmbH and by Lurgi
Gesellschaft. Differences between plants offered Sy the two licensors
lie in deéign and engineering detail, particularly in the recovery

7

section. Guaranteed yields for the process are 92.5 1b. PA/100 1b,

95% o-xylene, (70 mole %), and 31 1b. PA/100 1b. 95% naphthalene,

11
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(83 molé %). Byproducts from o-xylene feed are benzoic acid, MA and
residual tarry bottoms. The von Heyden catalyst contains VZO5 plus
inhibitors on silica. Shape of the catalys; is extruded short cylinders,
for low bed pressure drop. This catalyst is believed to be Kontakt-W0,

which operates at 360°C bath temperature and space velocity of 6000 hr.-]

40
(0.6 sec. contact time).

Eyccione (1965) disclosed details of a commercial plant, with four

O oYy

reactors, using the von Heyden process for PA production from 95%
o-xylene. Yield is approximately 100 1b. PA/100 1b. o-xylene, or 75
mole %. The plant was designed to operate at a salt bath temperature

0% 355-370°C. Byproducts are 2-3% of MA and benzcic acid. Reaction

enthalpy is primarily recovered as 300 psig superheated steam. Product
recovery is by switch condensers, followed by cfistil!af:icm.!3

Chenibau (1966) announced introduction of the new von Heyden

_ L
Kontakt-S catalyst for production of PA from o-xylene. ‘ This V205
contéining catalyst operates at low temperature and nigh space velocity
to give consistent high yields,

Vedrilla (1967)presented further information on the low temperaturs

high space velocity von Heyden Kontakt-S catalyst for-cxidation of

Q
o-xylene to PA.3‘

This catalyst is originally activated by 502, and
high activity is maintained by using small amounts of sulfur dissolved
fn the o-xylene. Operation is at 360°C with a space velocity of about
14000 hr;" This space velocity is equivalent to a contact time of

0.25 sec.

Chemische Fabrik von Heyden (1963) announced that consistent PA

yields of 97-98% wt. (guaranteed $5-96% wt.) were produced from o-xylene
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with their Kontakt-S catalyst. Key elements of this catalyst were
reduced bed pressure drop and extended service life. Reactor design
uses 12,000 tubes per bundle. Further catalyst development was

27 '

reported to be in progress.

Chemische Fabrik von Heyden (1971) disclosed operating parameters

and actfvation instructions for Kontakt-W0 and Kontakt-S for the oxidation
of o-xylene to PA.QO Both catalysts operate at a salt bath temperature
of 360°C, using | mole % o-xylene in éir. Kontakt WO used air flow at
1.8 cubic meters (STP)/hr per 2.5 meter tube of 2.5 cm. inner diameter.
Kontakt-S used an air flow of 4 cubic meters/hr./tube. Both catalysts

réquired SO_ activation, and continuous use of 0.1-0.4 wt % sulfur in the

2
.o-xylene feedstock to maintain catalyst at:tivit:y.l*0

Hydrocarbon processing (1965-1973) presented flowsheets and process

summaries of the von Heyden (Lurgi, Chemibau) process for fixed bed

511 yields were reported as 102-105 1b. PA/1u0 1b.

production of PA.
962 o-xylene, and 94-98 15, PA/100 Ib. naphthalene. Catalyst life
was claimed to be 3 years, minimum,

Lurgi Gesellschaft (1S74) announced two years plant operation using

an improved high space velocity o-xylene to PA catalyst.3 Yield was

105 wt % PA based on $6.5% o-xylene.

2. BASF Process

BASF (1567) announced a large, improved, high space velocity fixad
bed process for PA production. Catalyst used does not require sulfur
activation, and yields of PA from o-xylene were reportedly higher than

with other processes. Reactor yields of 106 1b,PA/100 1b o-xylene are
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claimed, with overall system recovery of 103 1b. of PA. A standard reactor
contains 8900 tubes that are 3 meters long and have a 2.5 cm inner
14,15

diameter.

Elwood (1969) presented a flow diagram and process summary of BASF

process plants for o-xylene oxidation to PA. The catalyst is surface
coated, has high surface area, contains VZOS’ and operates at 375°C.
No 502 activation is required.]6

Hydrocarbon Processing (1969-1573) presented flowsheet and

abbreviated process summary of the BASF fixed bed process. Distilled PA,

MA and benzoic acid products are formed.”"l9

Key to the BASF process lies in patents by Reuter et al (1973).

They taught, in a series of four patents, the technique for producing

high surface area, selective catalysts for the air oxidation of o-xylene
to PA. Steatite substrate was surface coated with anatase (TIOZ) 72% wt,

ZrO2 22%, and VZOS 6%. Formamide was a key solvent ingredient tor

producing the high surface area of the coating. It is claimed that 110

wt %, (79 mole %) PA is produced at 380°C, using high space velocity
42 .43

o

and | mole % o-xylene feed in air.

Friedrichsen and Goehre (1973) gave details of a second new catalyst

type in another BASF patent. Steatite was surface coated with anatase

(Tioz), , and a small amount of PZO This yielded a high surface

VZOS

area catalyst containing 6% wt V,0

5

and 0.3% P,0 Using this catalyst

5 5°
at high space velocity, 77 mole % PA and a trivial amount of phthalide
were produced at 360° bath temp (480°C hotspot temperature) from 1 mole %

o-xylene feed in air. Claimed catalyst life was about 3 years.hh

BASF (1973) announced consistent, long term plant production yields



of 103 1b. PA/100 1b., of 95% o-xylene, and stable catalyst activity for

their improved process and high space velocity catalyst.

3. Rhone-Progil Process

Zimmer (1974) presented details of an improved Pechiney-Saint Globain

process for production of PA from o-xylene. A V20S containing catalyst
is operated at 360-380°C without requiring sulfur in the feedstock, or
502 activation of the catalyst. PFProduct yield claimed is 95 wt %

(68 mole %). Tail gases containing MA are burned in a catalytic
21
incinerator for pollution control. Byproducts are benzoic acid and tars.
The above three low temperature, high space velocity processes

produce greater product yield than the higher temperature processes that

follow. The earlier of these high temperature processes used unpromoted

VZOB on various carrier substrates,

Catalysts & Chemicals International (1573) stated that they had

L
discontinued work with unpromoted vzoq catalysts in 1970. ’ Typical

of these superceded high temperature processes are Ruhrol, Scientific

Design, and Oronite (Chevron) Chemical.

L. Ruhrol Process

'Ibing (1967) offered details of the Ruhrol fixed bed process for

producing PA from o-xylene using a V20 high temperature, high space

5

velocity catalyst. It was claimed that yield was comparable with that
of the von Heyden process. Significant amounts of MA were produced;
technology was offered for its recovery and isomerization to fumaric

acid.22
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5. Scientific Design Process

Landau and Simon (1962) reporfed that the Scientific Design process

yielded 85-95 1b. PA/100 1b. o-xylene. This was accompanied by appreciable
amounts of MA, which can be recovered and isomerized to fumaric acid.

They predicted a continuing trend t§ o-xylene feedstock, due to limited
supplies of coal tar naphthalene, and the inherently higher cost of

35

petrochemical naphthalene.

Scientific Desicn (1960, 1961) disclosed that they had developed a
23

new catalyst ~ that performed equally well with naphthalene or o-xylene
feedstocks for the production of PA. Yields claimed were 85-95 b,
PA/ib. of 0*xylene.2h Normal feedstocks are coal tar naphthalehe (95%

pure) , petrochemical naphthalene (99% pure), or o-xylene (95% pure).

6. Oronite Chemical Process

Callaham (1946) and Levine (1947) presented flow diagram and

preliminary process summary for the first plant to comhercially_
produce PA by the VZdS catalyied oxidation of o-xylene.zs’29
Temperatures were 400-475°C with 0.4-0.6 sec. contact times. Yield
claimed was 90-95 1b, of PA/100 1b. 95% o-xylene. According to trade
sourceszu consistent yield was nearer to 75 1b. PA/100 1b. o-xylene.
More fecent plant installafions by the parent company, Standard 0il

Co. of California, have used the von Heyden (Lurgi) process.



Naphthalene Fluid Bed Processes

Fluid bed processes were developed for oxidation of raphthalene
to PA by Sherwin Williams, American Cyanamid, United Coke and Carbtide,

and BASF.

I. Sherwin Williams Process

Lee (1945) presented process summary of the Sherwin Williams

- fluidized bed process for naphthalene oxidation to PA.BG Feed
_concentrations in the explosive range were possible becsuse the
fluidized catalyst would eliminate hotspots and cuench any possible
egplosion wave. The fluid bed desian inherently made larger plants
possible than with bundles of thousands of fixed bed tubuiar reactors,
Yields of about 65 mole'% were significantly lower than 70-80 mole %
28

then achieved in fixed bed reactors.

Hydrocarbon Processing (1971, 1969, 1967) presented flow diagram

and process survey of the Sherwin Williams process. 1t was claimed this

process was applicable to o-xylene feed in 1967, but the claim was
| L-6

subsequently withdrawn. Fluid bed temperature was 345-385°C.

Union Carbide (1975) reported shutdown of their 41,000 meton/year
plant for the production of PA from petroleum naphthaienegﬁz Reason
given for the closure was that this plant, built more than a decade ago,

had become non-competitive with plaﬁts using o-xylene feedstock.

2, American Cyanamid Process

Fugate and Tribit (1954) taught that the fluid bed yield of PA
from naphthalene could exceed 100 1b. PA/1b. naphthalene, (87 mole %),

45
at 330-370°C and mean residence times of 5 to 8.5 seconds. Catalyst
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used was a VZOS - KZSZO7 on silica:catalyst activated with Ag and/of
CeOZ. This fluid bed yield exceeded usual fixed bed vields of &5 wt %
(75 mole %) PA from naphthalene.

An American Cyanamid patent (1556) taught that use of a fluidized

bed of high surface area, silver activated VZOSIKzsoh on silica gel
catalyst oxidized naphthalene to PA at 320-410°C. A quench zone was
necessary to rapidly cool the reaction products to 200-300°C and

47

prevent PA combustion. PA yield averaged 85 role %.

Chomitz and Rathjens (1961) taught that naphthalene could be

oxidized in a fluid bed at 320-380G°C on a high surface area catalyst

containing V,05 - K,50, on silica gel. Yield was 106 1b. PA/1GO 1b.
naphthalene (92 mole %). The PA product contained no naphthoquincne

, . A . L8
byproduct, in contrast to a usual content of 0.6% naphthoquinone.

3. United Coke and Chemicals Process

UCC similarly developed fluid bed technology and catalyst for
naphthalene oxidation.

Pinchbeck and Popper (1358) taught manufacture of attrition

resistant V,0_ - Kzsoh on silica gel catalysts for use in fluid bed

275
. . Ly
oxidation of naphthalene.

A United Coke and Chemical (1962) patent taught the method of

on silica gel catalyst for the air oxidation

dq.°°

preparing a V - KZSZO

0
25 7
of naphthalene in fluidized be

Riley (1965) taught the method of absorbing a glassy melt of

VZOS - K25207 on silica gel. Resulting fluidized bed catalyst was
51

used for naphthalene oxidation.
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Pinchbeck and Markham (1968) reviewed_statusAof the fiQidized
bed process for PA production from naphthalene. Catalyst . attrition,
fines filtration problems, and combustion of PA product were overcome
by using the United Coke and Chemical V2u5 - K25207 on 3302 catalyst.
Naphthalene shortage has limited recent instailation of the fluid bed
process. Attmepts to utilize o;xylene as feedstock has resulted in
sevefe]y reduced PA yields. These reouceu yields are not
competitive with those from fixed bed processes.r

Hydrocarbon Processing (1369, 1967, 1965) presented process

31-33

surveys of the UCC -process for oxidation of naphthalene to PA.

4, BASF Process

Honnenmacher et al (1963) taught that the high surface area BASF

cata[yst, for the air oxidation of naphthalene to PA in fluidized bed,
contained V 0, /k S 07, '32 2 7/snluca gel, and was operative at 320-350°C.
This catalyst had improved selectivity to PA when the naphthalene feed
stream contained about 0.08% sulfur. It yielded 83-56 mole % PA, with
the highest yield occurring at the lower bed temperatures.

Successful development of larce fluid bed processes for naphthalene
" oxidation to PA is attested by the amount of industrial capacity shown in
table 2 for the Sherwin Williams and United Coke and Carbide processes.
Developmen;al problems that were ultimately overcome involved: catalyst
development to reduce attrition, catalyst optimization to reduce
activity and prevent post comSustion of PA duriﬁg the iong contact times,
and filter systems for recovery and recirculation of catalyst fines.
Sulfur-free petroleum-derived naphthalene allowed product yield from

fluid bed processes to approach, but not meet, those attainable in fixed



20

bed processes. OCverall economics favored the larger fluid bed processes.
Greater catalyst inventory and attrition plus reduced yield were offset
by lower plant and operating costs. Smaller operatiné cogts were. due to
lower pumping cost due to reduction of the air/xylene ratio by a factor
df 3, and somewhat better recovery of p}oduct from the more concentrated

product stream.

Duckworth (l969},in a review of PA production, predicted the next

major breakthrough would ccme from the developmernt of catalysts giving

better yields and lower attrition for the fluid bed oxidation of o-xylene

tq PA.3h

K



0-Xylene Fluid Bed Processes

In contrast to economic operation of fluid bed reactors with
naphthalene feedstock, numerous attempts were made to obtain yields with
o-xylene that approached those attainable in fixed bed reactors.

Nonnenmacher 1963 taught that use of VQOS/K25207 on silica, with
. - A i

various modifications and metal oxide promoters yielded a fluidized
catalyst. This catalyst converted o-xylene in yields of 50-57 mole %
PA at 300-340°C and 30 sec. mean contact time. Catalyst deactivation
over. a period of 50-100 hours was prevented by the continucus srall
addition of SO2 with the feedstream. The BASF reactor was made of
quartz. Austenitic Ni-Cr stainiess steel was preferred for plant
operation because iron resulted in increased combusﬁicn of PA to
carbon oxides.52 The 50-57 mole % yields compare with around 70%
in fixed bed o-xylene processes. |

Considerable effort was expended to use -bromine compounds to

improve selectivity to PA.

Burney and Hoff (1360) taught that continuous introduction of

traces of volatile bromine compounds improved the selectivity of

supported V205 when used for the air oxidation of naphthalene to PA

at 450-500°C in a fixed bed. They presented data supporting the use

of 0.2 wt. % ethylene dibromide, relative to o-xylene feedstock, during

fluidized bed oxidation to PA. In their reactor system catalyst was

reoxidized from V203 to VZOS with air at 530°C in a separate catalyst
55

regenerator.

Honnenmacher et al (1962, 1965) taught that bromine compounds,

introduced at 0.5 wt % Br based on o-xylene, raised fluid bed yields
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of PA to about €0 mole Z.S Chiorine compounds, intrcduced at 2.5 wt

% C1 based on o-xylene, also gave 60 mole % PA.>7

Chemical Process Corp (1367) taught use of aluminum for corrosion

resistance, in the recovery system of o-xylene oxidation to PA, in
the presence of bromine compounds. HBr formed in the process was

particularly corrosive to other structural materials and resulted in

0
Q

A% ]

structural problems plus an off-colored and contaminated PA product.

Egbert et al (1967, 1858) taught that VZOS/KZS7O on silica

7
fluidized catalyst could be used at 327-366°C for oxidation of o-xylene

te PA at a space velocity of 350 hr.-] in the presence of HEBr at 1% wt
based on o-xylene. The reactor was cperated at 2.5 atm exit pressure
to facilitate product recovery. Mean contact times of S to 20 seconds
‘were advocated. It was claimed that & times more eiemental bromine
was required when the bromine was injected as ethylene dibromide rather

Cr

than as Er2 or HBr. VYields up to 70 mole 5 varied withn bromin¢ amount
and bed temperature.59
Badger (19568) commercialized use of volatile bromine compounds to
modify fluid catalyst behavior during oxidation of o-xylene to PA.
Combustion products were reduced.60 It was reported that the plant was

decommissioned in 1569, presumably due to poor yield and HBr corrosion

2
problems.

22
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0-Xylene Liquid:Phase Process

Liquid phase oxidation processes were developed because meta and
paraxylene could not be oxidized in the vapor phase to commercially
feasible yields of isophthalic and terephthalic acids. Successful pro-
cesses were developed and are widely used for terephthalic acid. These
same processes are directly applicable to liquid phase cxidation of

o-xylene to phthalic acid, which can be dehydrated to PA.

1. Amoco Process

Barker and Saffer (1950) taught that mixed xylenes could be air

oxidized in the liquid phase.to the corresponding acids. Catalysts
were salts of manganese, cobalt and molybdenum, plus bromine compounds
4

' . . . 2
that were soluble in an acetic acid solvent.””

Burney and Coeworkers (1953) presented flow diagram and operating

parameters of the Amoco plant using the liquid phase oxidation process.
‘Air requirement is 1103 of theoretical. Reaction temperature is
125-275°C, and pressures to 40 atm are used to maintain the liquid

phase and to increase the oxygen partial pressure in the system. When

26

o-xylene is oxidized, the products are phthalic and benzoic acids.

Landau and Simon (19€2) reviewed liquid phase oxidation processes.35

Kafidelis et al (19€4) described in detail the production of PA by

‘ . 6 '
the Amoco liquid phase oxidation of o-xylene.3 The process operated
on o-xyléne originally, but was shifted to p-xylene as demand for

terephthalic acid increased.

2. Progil Process

Societe Progil (1966) announced commercial application of their
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liquid phase process for thé oxidation of c-xylene to PA.38 The process
uses a three stage reaction system with controiled oxygen to each
reactor. Phthalic acid is crystallized frem resction sol?ent,
dehydrated to PA and distilled. VYields up to 83 moie % PA were obtaiged

from c-xylene.)9

3. Coviet Process

Trusov and Meilands (1972L described their catalytic air oxidation

of o-xylene over cobalt acetate bromide in acetic acid. Procducts.were
o-toluaidehyde, o-cresol, o-methflbenzyl:bromide, o-toluic acid,
phthalic acid, PA, phthalide and o-formylbenzoic acid. Phthalide was

-

an intermediate from o-xylene to phthalic acid.D



effective catalyst for the air oxidation of hydrocarbons at 350°C.
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3. Lliterature Search

C. Kinetics and Mechanism

Knowledge ébout ghe reaction scheme and kinetics of o-xylene
oxidation to PA, intermediafes, byproducts and combustion- products,
has progressed in an evoluticnary manner. Reactjon schemes, developed
by investigators working with fixed and fluid beds are mutually
supportive, but kinetics proposed vary widely. Kinetic variations
may be related to different catalysts, experimental conditions, and
different types of reactors usecd by fhe investigators., Therefore,
this literature survey is separated into separate sections devoted to
xyléne et seq. oxidation by fixed bed, and by fluid ked, to PA
oiidation, and to MA oxidafion studies. Haphthalene oxidation to PA
is included, since information on the degradation of PA tc NA and
combustion products is an integral part of naphthalene oxidation schemes

and kinetics.

Fixed Bed <>Xy]éne Oxidation

Gibbs (1917) taught that xylenzs and air, passed over V205 at

350-550°C, gave methylbenzaldehydes, phthalaldehydes, ben?enedicarboxylic

acids plus some toluic acid,‘benzoic acid and benzaldehyde. MNaphthalene,

"under similar conditions gave PA, phthalic acid, 1,4-naphthoquinone and

benzoic acid. He found oxides of Sb, Bi, Cr, W and U effective, but

preferred oxides of V or Ho.6l

Mittasch and Luther (1924) taught that active silica gel was an

6k

Craver (1927) taught that o-xylene could be air oxidized to

o-tolualdehyde at 550°C on oxides of W, Mo, U or Ta using contact times

of 0.3-0.4 second. Approximately 50% o-tolualdehyde was produced on
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UO3 or Mo0, at 600°C, without appreciable formation of PA, MA or

3

complete combustion products. Oxides of vanadium catalyzed formation

of o-tolualdehyde, PA, MA and carboﬁ dioxide.62

Maxted (1938) in his study of aromatic oxidations, used tin vanadate

catalyst in a quartz flowtube at 2%0°C and low space velocity of

63

800 hr! to air oxidize o-xylene to PA. Yields to 59 mole & PA were

obtained. Bismuth vanadate cave similar results at 350°C. Similar
catalysts had been used for the cxidation of naphthalene to PA.IS&

Buylla and Pertierrs {1933) noted:that air oxidation of o-xyiene

on V205 catalyst at 450°C produced PA, as did the oxidation of

naphthalene.65

Parks and Allard (lQSQl_investigéted the air oxidation of o-xylene
at contact times below 0.01 second and at low conversions per pass.,
They used a vafiety of vanadium containing catalysts at 320-530°C. They
fQund that the air/xylene ratio controlled the extent of oxidation. At
Tow air/xylene ratios, o-tolualdehyde was produced exclusively. At
ratios near 10 times theoretical air, PA was the main product. Although
tin vanédate was effective for producing PA at temperatures as Jow as

320°C, they obtained best PA yields of above 50% with V_0. at 530°C.

25

Benzoic acid was not detected in their products, but they did show that
it was readily formed from the ethylbenzene in impure feedstocks. They

found T:Oz, Zr02, doO3, wo3, activated A1203 and FeCrOh produ;ed carbon

~ oxides rather than PA or tolualdehyde. They concluded that a high

surface area of VZO5 on “'Alfrax' (A|203) was their-optimnum catalyét for
66

PA prodection.

Morrell and Beach (1948) taught that o-toluic acid can be oxidized

on VZOS’ under conditions similar to those used for o-xylene oxidation,

to form PA with 95 mole % yield.67
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Levine {1948) taught that V_0_ d=posited on a granular Al metal

2°5
support catalyzed the air oxidation of 1 mole % o-xylene to PA in 68

0

mole % yield, at 500-600°C with a contact time of 0.12 second,

Toland (1951) taught that mincr amounts of suifur dioxide in the

feedstock served to reduce activity of the V205 catalyst. and to spread

out the hotspot in tubular reactor§.69

Gulati and Bhattacharyya (1953, 1954) oxidized o-xylene with air

at 360°C, using VZOS on kieselguhr, to produce PA and MA plus traces
of o-tolualdehyde and quiﬁone. Ho o-toluic acid was derected. At a

~r,

space velocity of 6200 hr,-! o-xylene was converted to 43% PA and T1Z

70

1
MA.”  In a second paper,7 they reported o-xylene oxidation using fused

and unsupported V20S at L60°C. Using a molar air/xyiene ratio of 3562,

l they obtained o-xylene conversions of

at space velocity 5700 hr,~
58% to PA, 9% to MA and 19% to carhon dioxide. Equal volumes of
suppofted \.’20S were reported to yield less PA, more MA, and more carbon

dioxide.

Levine (1955) summarized state of the art for o-xylene oxidation

to PA.72 Using a supported V 05 catalyst, | mole % o-xylene i3 air’

oxidized in parallel tubular reactors with a 500-60C°C hotspot. PA yields

_ were>68 mole%. At hotspot temperatures below 525°C excessive.amounts
of tolhaldehyde are formed; above 600°C, exéessive over-oxidation of
PA occurs. Catalyst deactiyation occurs over a period of months aﬁd
contact time may be increased several fold by reducing throughpﬁt,

but o-xylene conversion to PA remains constant. Mechanism postuléted
for oxidation on the catalyst surface involves redox, with VZOS being

reduced by the hydrocarbon and reoxidized by air. Without excess air

to reoxidize the catalyst to V_0 , the catalyst is rapidly

25
deactivated.



Percentage carbon distribution in products from commercial fixed bad
o-xylenes oxidation was reported as PA 0.2, carbon dioxide 19.0, KA 7.5,
carbon monoxide 7.5, aromatic aldehydes 3.4, hydrocarbons 2.0, benzoic
and toluic acids 0.2, phthalide 0.2, pius acrolein and meihylacrolein
0.04. Aromatic aldehydes are interpreted to mean o-tolualdehyde, plus
traces of o-formylbenzoic acid and phthalaidehyde (o-formylbenzalde-~
hyde). The proportion of phthaiide and aidehydes increased at low
temperatures and low air/xylene ratios} while the MA and carbon oxides
proportion increased at nigh temperatures and high air/xylenz ratios.
Metal and metal oxide catalyzed decarboxylation of a carboxylic acid
grcup'was reportedly easy at elevated temperatures. Benzoic acid may be
formed by decarboxylation of one acid group.

PA was declared to-be more stable to ring rupture than o-xylene, due
to the stabilfzing presence of the additional anhydride ring. Oxidations
of.metg and para-xylenes yield MA due to ring rupture, and yield minor
amounts of tolualdehydes, but yield no significant amounts of iscphthalic
and terephthalic acids. These acids are not recovered becaude the stable
anhydride structure cannot form. Major elements of Levine's o-xylene to

PA reaction scheme are shown in the diagram below:

-

O0-hydroxymethylbenzoic acid

o-xylene ——o-toluic acid ///;4 \\\54 phthalide

\\\\\\\\S\ phthalic acid > PA

' _ !{ benzene \L
\/ ///;7 \\\\\‘ﬁan ___;,carbon

benzoic acid ?\ oxides

28
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Simard et al (1955) used VéO5 on SiC catalyst in a tﬁbular non=
isothermal reactor tq_air'oxld!zg 1.1 mole ;_o-xylene.z3v Maximum PA was
produced at 0.26 sec. contact time with 460°C tube bath temperature and
a 430°C hotspot. Purity of the o-xylene was 93%. The ratio of €0, to
CO formed was 5.3, and conversion to combined PA and MA was 58 mole z,
When o-xylene concentration in the feed was raised to 3.3 mole &, the
~catalyst was deactivated within 3 to L minutes. Starting with another
statﬂe'operationai catalyst bed, the rgductlon of o-xylene concentration
from 1.1 to 0.5 mole % roughly doubled catalyst activity. Post mortems of
operational catalyst beds showed some reduction of the V,0g to bath
V294 and Vz°h.3h° Catalyst reduction was related to reaction zone_and
temperature profile. They postulated a redox mechanism that involves:
(1) chemisorption of hydrocarbon, (2) reaction with catalyst oxygen ions,
(3) desorption of productg, and finally (4) replenishment of catalyst
oxygen. Oxygen uptake by VZ°%.3& at 400-500°C was found to be independent
of oxygen pressure above 10-20 mm. This fast oxygen adsorption '=d to the
conclusion that step (4), the chemisorption and dissociation of oxygen, was
not a rate determining step in the oxidation of o-xylene cn VZOS catalysts.
In a subsequent papef,7“ Simard and co-workers {1356) feversed their 1955
_conclusion regarding oxygen adsorption and the rate determining step of fhe
redox feaction. Further experiments were conducted at hoo-soo°c on the
same V205 on SiC catalyst using 0.01-0.06 second contact times. Conversiohs
of 0.4-1.4 mole & o-xylene were below 25% at several oxygen concentrations.
These investigators reported that‘a 0.5 power oxygen dependence exfsted
for all reactions at the new short contact times. Since chemisorption of
oxygen would be expected to show a square root dependence on oxygen pressure,v

they concluded that the rate determining step must be oxidation of the
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catalyst by gaseous oxygen. They proposed a simplified reaction scheme,

that contained their obserwved major products:

o~-tolualdehyde -

o-xylene >~

carbon oxides
and water

Reactions ki and k; were first order in reactant. R=sactions kys k3 and
Ky were zero ordar.

Leibnitz et al (1957) investigated the effect of ¥,0g content snd

catalyst porosity in V,05 promoted with 0.2% Ag on a sintered silicic
75

_.acid carrier. o-Xylene was oxidized to PA at 550°C on catalys.s with
pore radii of 20 and 40 microns. Under uniform experimental conditiens,
the maximum PA yield was obtained using the catalyst with the highest Vy0g
content and largest pore radius. Conversion was directly proportional

. to temperature and oxygen excess, and inversely proportional to space

velocity.

.Bhattacharyxa and Gulati (1958) studied oxidation of o—xylene to PA
using a variety of catalysts.76 These catalysts included fused and

unfused V05, both promoted and unpromoted, on various carriers. Fused

V205 on pumice gave optimum performance at 490°C, using 0.3-0.4 mole %
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o-xylene in air, at space velocity 5650 hr.-' This space velocity is
-equivalent to a contéct time of 0.64 sec. Conversion of o-xylene to PA
averaged 51 mole %, to MA was 10%, and to carbon dioxide was 18%.
Quinone, in trace amounts, was the only minor product reporfed. Use

of pure oxygen, instead of air, permitted raising xylene concentraticn
and the sﬁace time yield of PA. Pure oxygen did not change the
fraction of xylene completely oxidized, nor did it significantly alter
the percentage conversions to PA and MA. Continued attempts to oxidize
meta and para-xylene to corresponding isophthalic and terephthalic
acids were Uﬁsuccessful.

Sherwood (1958) reviewed industrial experience with the oxidation of

o-xylene to PA. Contemﬁorary catalysts were 10% VZOS on alundum or
pumice support, and IOZ of vzos, contaanlng 20-30% KZSOA' on silica

gel. 77

Dixon & Longfield (1960) reported that a small fraction of MA, formed from

)78_

o-xylene oxidations, is citraconic acid (methyl maleic acid).

Bernardini et al (1965) reported their analysis of the products of

o-xylene oxidation on V,0g. The following products represent 97-98% of
the reaction products: PA, MA, citraconic anhydride, o-toluic 2cld,
rbenzyl_alcohol, o-tolualdehyde, phthalide, carbon oxides, acid phthalate

of o-methylbenzyl alcohol, water, and unreacted o-xylene.79

~ Vrbaski and Mathews (1965) studied the oxidation of o-methylbenzyl

" alcohol (OMBA) over fused V205 at 280- 460° C in a glass flow system‘80

Contact times were varied from 0.075 to 0.6 sec.under near |sothernal
conditions. Homogeneous oxidation, judged by lack of reaction in the
empty flow system, was negligible. Feed stream contained up to 1.1 mole

% o-methylbenzyl alcohol in air. Isolatable products were o-tolualdehyde)
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per-o-toluic acid, o-toluic acid, phthalide, PA, MA and carbon oxides.
Traces of o-xylene resulted from disproportionation of 2 moles of
o-methylbenzyl alcohol, and occasional traces of o-formylbenzyl

alcohol were found. No toluene, bitolyl or benzoic acid were detected.

Birth\and decay of product concentrations, as a function of réaction
;emperature, were used to determine the reaction sequences involved.
Consistent minima in MA and carbon oxide concentrations were
- observed as phthalide concéntrations fell and PA concentrations rose.
These minima were interpreted as evidence that phthalide was being
combusted, and that phthalide was a precursor of PA.
At temperatures above 425°C, the decay of PA was accompanied by

increasing amounts of MA and carbon oxides, indicating PA combustion.

The derived overall reaction scheme is given as:

]"“‘“’ - - - _" - _—-— - - -1

| A

I o-tolualdehyde o-toluic y. phthalide

1 > - acid \

! ,///;7 = \-3~ \\? ;l
o-methylbenzyl i M s P

alcohol S |
t '.?
¥ |

: MA —. carbon

' : oxides
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The activation energy for o-methylbenzyl alcohol oxidétion was 20 Kcal/mole
| over the limited range 300-350°C. The reaction order was 0.48 in OMBA,

and showed a 0.5 dependence on oxygen concentration below 0.2 atm.' The

rate constant for OMBA disappearaﬁce is given by 2n k = 3,28-20000/RT.

Postulated reaction mechanism is that adsorbed o-metﬁylbenzyl alcohol -

is oxidized by oxygen ions in the few surface layers of the VZOS catalyst,
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or by loosely chemisorbed oxygen atéms on the surfacé. They cited their
_unpublished investigations of the oxidation of o-tolualdehyde, o-toluic
acid, and phthalide. Under comparable conditions, product distributions
and yields were comparable to those obtained from o-methylSenzyl alcohol..
Under severe conditions, 82 mole % of PA was formed from o-toluic acid,
and 55 mole % of phthalide was formed under milder conditions. No
phthalaldehydic acid (o-formylbenzoic acid) was detected under either mild
" or seQere conditions.

80

ahalyzed

Vrbaski (1965), using data of the previous experimental paper,
o-methylbénzyl alcohol disappearance rates over the limited temperature
nangévof 300-350°C.8] Hinshelwood treatment82 was used to attempt to fit
the data. The Hinshelwood rate law is based upon the assumptions that

only oxygen is adsorbed on the catalyst surface, and that there is first
order rate dependence on both oxygen and érganic reactant concentrations.
Below 0.2 atm., the oxygen dependence was about 0.5 and o-methylbenzyl
alcohol dépendence was 0.48. Vrbaski questioned the adequacy of that
Hinshelwood treatment, and suggested that 6-methylbenzyl alcohol adsorption
on the catalyst surface was rate controlling and that oxidation eccurred in
the adsorbed state, probably with loosely chemisorbed oxygen on the
_catalyst surface. Hughes and Adams treatment of data assumed organic
reactaﬁt adsorption and complex formation on the catalyst surface, a

redox reaction with catalyst lattice oxygen, oxidized product desorption
and very rapid reoxidation of. the catalyst.83 Application of this

method left unanswered questions because it was based upon pseudo zero
order oxygen dependency.

Pichler and Obenaus - (1965) made a detailed chromatographic study of the
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oxidation products of‘0.6 mole % o-x&lene in aif.sh They used tin
vanadate catalyst at 336°C with a contact time of 0.5 sec, in a 60 cm
long flow reactor. The o-xylene contained 0.5% of other aromatics,
primarily m-xylene and toluene, and contained 2.3% of non-arematic hydro-
carbons. Products formed were, in order of diminishing quantity:

PA, COZ’ €O, MA, phthalide, o-tolualdehyde, unknown, benzaldehyde,
citraconic anhydride, acetic acid, o-toluic acid, and benzoic acid. The
" unknown was not phthalan {o-xylene oxide) but could have been dimethyl~
maleic acid anhydride. The benzaldehyde could have criginatedlfrom
decarboxylatlon of phthaialdehydic acid {o-formyibenzoic acid) Benzoic
aC|d would be the logical oxidation product of benzaldchyde. A parallel.
reaction scheme is based on the fact that more PA is formed than can
result solely from a tolualdehydz et seq. oxidation chain.

The route from o-xylene via tolualdebhyde et seq. to PA is:

0 0 | K20 0
o-xylene —— o-toluaidehyde ——r (hydroperoxide --%»phthande . —=PA.

Citraconic anhydride and MA presumably originated from ring rupture of

o-xylene or intermediate products.

85

Bernardini and Ramacci {(1966) reported, in two papers, - that the

reaction scheme for o-xylene oxidation to PA on VZO5 proceeds via the
intermediate compounds o-methylbenzyl alcohol, o-tolualdehyde, o-toluic
- acid and phthalide. Optimum yield fn individual steps varied from 83 to
95 mole %. Overall maximum yield of PA was 65 mole %.

Products of the reaction were PA, MA, citraconic anhydrude,

phthalide, benzoic acid, o-tolualdehyde, o-toluic acid, unreacted

o-xylene, water, carbon oxides, and other unknown products.

86

Matsumoto et al (1966) studied o-xylene oxidation®> on V505-K350y
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catalyst at 2:1 molar ratio of VZOS to KZSQQ. They concluded that

the oxidation ﬁrocecds by three parailel paths: (1) PA formation, (2)

MA formation, and (3) complete combustion to carbon dloxide. Their studies
indicated that the heat of adsorption of PA on the catalyst was so large
that inhibition by adsorption of PA on the catalyst surface could not be

a significant factor in the mechanism.

Vrbaski and Matthews (1966) paralleled their earlier work on oxidation of

o-methyloenzyl a!cohol80 with this study of the oxidation of o-tolual-
dehyde.87 Oxidations were conducted oﬁ fused V,0q¢, in a flow system, at
contact times of 0.15-0.6 sec. at 360-460°C. The reaction scheme showed
four parallel routes.of o-tolualdehyde disapﬁearance: - {1) stepwise
oxidation via o-toluic acid and phthalide to PA, (2) direct oxidatfon to
PA, (3) formatioa of carbon oxides via MA, and (#) direct oxidation to
carbon oxides. Data were analyzed over the more limited temperature

raﬁge of 370 to hlSoC to yield kineti:é that were 0.97 order in o-tolualde-
hyde, and 0.5 order in oxygen when the oxygen concentration was beslow 0.2
atm. When 0.4 mole % o-tolualdehyde in nitrogen was fed to a fuily
oxidized vzos catalyst bed at hZOoc'and 0.6 sec.contact time, o-tojualdehyde
wés normally oxidized to PA for the initial period, then PA formaticn
(declined and ;eased, as carbon oxides formation increased to a maximum.
Thereafter, carbon oxfdes formation exponentially declined with time. At
the qonclusion of the experiment the catalyst was almost completely reduced
to VZOA' The experiment led to the interpretation that surface oxygen
participated during the initial PA production period, and that this was
followed by more severe combustion using lattice oxygen as the catalyst
was reduced.

Products during air oxidation of o-tolualdehyde during the most
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severe oxidations (450°C, 0.6 sec) wére, in decreasing améunt: PA, carbon
oxides, unreacted o-tolualdehyde, MA, phthalide, o-toluic acid, per-o-
toluic acid plus o-tolualdehyde ’peroxide and hydroperoxide, o-xylene, and

a trace of o-formylbe;i-zyl alcchol. No toluenz or benzcic acid, formed

by degradation reactions, were found. Rise and fall of product concentrat-

lons with reactor temperature led to the foilowing reaction scheme:

N |
! \‘Vl
o-tolualdehyde —— s c-toluic ————-——s= phthalide
acld < *\
AN
T~ \ ‘?
\,-\/ ~--—->~PA.' ’:
oy \L . |
\2."1!\ ————3 carbon
//?7 oxides

A rate equation for o-tolualdehyde disappearance between 370"&1‘5"(: was
determined to be 0.97 order in o-tolualdehyde. The .rate' constant was given
by: £n k = 9.46-24750/RT. -

Froment (1967), in a design paper‘88 based upon a two dimensional model, used

as an example the following simplified triangular reaction scheme for the

oxidation of o-xylene to PA:

o-xylene 3= PA

kg

carbon oxides

Kinetics were assumed to be first order in reactant and pseudo zero order
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in o-xygen. The rate constants used werz:

£a 'k‘ = 19.837 - 27C00/RT

4, k, = 20.86 - 31400/RT

fn ky = 18.97 - 28690/KT

89

Pollack (1967) reported V catalyst optimization studies. o-Xylene

205
at | mole % in air was oxidized to PA in a 1.1 meter tubular reactor. A
457-532°C hotspot temperature deveioped. The optimum catalyst for PA
yield consisted of 1000 parts porous carrier and 100 parts V205, promoted
with 20 parts of transition metal oxide, and inhibited with & parts of
algalf metal existent in an undisclosed compound.

This catalyst had a surface area of 1.25 mz/gm and negligible pore
volume of 0.07 cm3/gm. At a contact time of 0.2 sec., PA production was
70 mole ¥ of o-xylene charged. Products, in decreasing amounts, were
PA, COZ’ MA, CO, benzoic acid, phthalide, and o-toluic acid.

Kawasaki and Kogure (1967) analyzed minor condernsation products cxistent

90

in distillation residues from industrial production of PA from o-xylene.
They identified xanthone, fluorenone, anthraquinone, p-terphenyl, biphenyl,

biphthalyl and 2-hydroxyphenyl-2-carboxylic acid lactone.

_Mann and Downie (1968) studied the kinetics of o-xylene oxidation on an

_ " . 91
industrial V205/K250b on silica catalyst.

area of 52 m2/gm. Contact time of 0.1 sec. was used in a differential,

This catalyst had a surface
fixed bed, aluminum tubular reactor. Data were taken, at low conversion,
using o-xylene concentrations from 0.9 to 3 mole % and oxygen
concentrations from 6 to 47 mole %¥. Kinetic data were taken with a stable
catalyst after 100 hours of operation. These data were correlated with a

steady state adsorption model. The model assumes an equilibrium adsorption
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of oXygen on the catalyst surface, and subsequent reaction with gas

phase hydrocarbon:. This model yields a rate equation for reactant R

and oxygen 0O:

(koCo) (kpCy)

Ty = where n is the
R~ TkoCo) + nlkgCp) '

stoichicmetric number of oxygen moles per mole of reactant.

Derived constants were:

. O '
TC ko kR .n

300 2.1 x 1075 ca k.2 x 1078 2.87

325 4.8 x 1075 ca 5.8 x 107% 2.87

' These constants led to Arrhenius activation energies of E = 23 Kcal/mole
and Ep = 8.7 Kcal/mole. It is noted that, when n(kRCR)>.(k°C°), the rate
is relatively insensitive to the value of kp.

These investigators used subtraction of blank, to remove catalyfic
effécts éf the reactor walls, in correlating the kinetic data. Reaction
fproduc;s were produced in higher than usual concentrations for analysis
using 3 mole % o-xylene in 15% oxygen. Products, identified by infrared
~ spectroscopy and gas chromatography, were o-tolualdehyde, o-phthalaldehyde,
PA, phthalide, and p-benzoquinone. The last product was obscured by
o-xylene in their chromatograph. ‘

Herten and Froment (1968) studied the air oxidation of o-xylene to PA,92

using'a doped V205 on silica catalyst at 325-&02°C. Activity of this

catalyst was maintained by small amounts of S0, in the feedstream. The
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quasi-isothermal fixed bed reactor consisted of a 2.5 em i.d. stainless
steel tube .containing catalyst and diluent glass beads. The fead contained
0.5-2 mole ¥ o-xylene, and 10.6% to nearly pure oxygen. Product

distributions at various reactor temperatures were used to determine the

reaction scheme:

o-tolualdehyde 3 phthalide

AN

o-xylene

. carbon
7" oxides

The conversion of o-tolualdehyde to phthaiide was considered less
important than other routes to PA. A simple singie parameter rate
equation that was first order in xylene and pseudo.zero order in oxygen
could not be fitted by the data. The three parameter power law equation
used for rate bf o-xylene disappearance had the form: rp = k Pg PR . Order
n with respect to oxygen was constant at 0.3, while order m with respect
to o-xylene increased from 0.2 to 0.6 with increasing temperature.

Increase of o-xylene order with inérease in temperature led to

.consideration of an adsorption iype rate equation. With

assumed pseudo zero order in oxygen, the following two parameter rate

KePa

FpS———ee——
. AT+ kP,
kcal/mole for kp, and 23.6 Kcal/mole for k.

- equation results: . Activation energies were 16.2

Duckworth (1969), in an industrial review of PA production,3h cited

secondary products from o-xylene oxidation as MA, carbon oxides, benzoic
acid plus aldehydes, toluic acid, trimellitic acid and pyromellitic acid.

The latter two products have not been reported by experimental investigations.
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Juusola et al (1970) reported kinetics of air oxidation of o-xylene?3

in a differential, fixed bed, tubular reactor using the same batch of
VZOS/KZSOA on silica catalyst as was used by Mann and Downie.?! A
type 304 stainless steel reactor tube was inert when_operatéd uncatalyzed
at 290-3]0°¢. The kinetic data were‘téken with 0.25-1.59 mole % o-xylene,
and 2.5-50 mole % oxygen; During blank determinations, type 304 stainless
steel was found less reactive than ei;her glass or the type aluminum used in
the prévious investigation.s' Kinetic data were corrected for catalyst
ageing and activity reduction. Products of the reaction were o-tolualdehyde,
p-benzoquinone, carbon dioxide and traces of CO. The product distribution
remained essentially constant over the range of conditfons studied. .
Con#ersions ranged from 0.5 to 6.3 mole % in the differeﬁtial reactor.
Changing order of the reaction rate data with concentration, indicated
that one of five aasorption models might be applicable. Of these, the
steady state adsorption model was preferred:

koco k,C

= R'R », where n is the stoichiometric number

koco +n kRCR for average products, and was 2.13

TR

&n ko = 11.8 - 26000/RT
n kg = 16.8 - 28000/RT

- Vanhove and Blanchard (1971) discussed optimization of a V205 - V,0y -

T702 catalyst for the oxidation of o?xylene.9& Highest selectivity to Cg
products was 74 mole %. This selectivity was achieved with 85% wt. V205,
2.3% wt. VZOQ' and 12.5% wt. Ti0,. Products observed at 66% conversion
and 450°C were, in decreasing amount: PA, carbon oxides, o-tolualdehyde,
phthélide; MA, diphthalaldehyde, benzoic_acid, and o-toluic acid. No

citraconic or dimethylmaleic anhydrides were observed., They proposed

the simplified reaction scheme:



o-tolualdehyde S phthalide ______

/

o-xylene - ' PA
~N
D\ y

» carbon

4_//;7' oxides

Blanchard and Vanhove (1971) reported, in a second paper,95 that they

had synthesized o-xylene with one cl4-1abeled methyl group, and oxidized
it at 1 mole % in air on V,0g catalyst>at 420°C and 30% conversion.
O-tqluafdehyde, PA and dimethylmaleic anhydride preducts had mclar
activity equal to o-xylene charged., Citraconic anhydride had half the
o-xylene activity. Carbon oxides had one eighth of o-xylene activity,
while MA was inactive. The inactivity of MA showed that all MA resulted
from benzene ring rupture. Methyl- and dimethyl-1,4-benzoquinone were
postulated as precursors of citraconip anhydride and dimethyimaleic
anhydride.

Caldwell (1971) investigated the air o*idation of | moie % o-xylene using

-

a commercial V,05 on SiC catalyst.96 Contact times of ca. 0.3 sec. were

used in a type 321 stainless steel flow reactor of 2.5 cm. inner diameter
" and 2 meter length. Tube temperatures of 380-410°C resulted in catalyst
‘hotspot temperatures of 420-498°C, located near the inlet. PA yields of
60.mole % were virtually independent of tube temperature, catalyst
‘dilution, flow rate, or o-xylene feed concentration. Temperature profile

along the reactor tube was not reproducable, being affected by changes in

4)
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catalyst activity and oxidation state at different locations in the
reactor.

Watt (1971) studied air oxidation of o-xylene97 in a steel spinning

basket recycle reactor using a commercial VZOS on SiC catalyst at 391-4k32°C.
0-xylene concentrations of 0.1-1.3 mole ¥ and oxygen concentrations of
10-30 mole % were used at a mean residence time of approximately 5 seconds.
Selectivity to PA averaged 25-30% at 432°¢, and was seldom greater than
50%. Homogeneous PA combustion was postulated to account for the Jow
selectivity. Carbon dioxide additions to the feed reduced PA yield.
Attempts to fit ;he data for o-xylene disappearance with an adsorption

aPbP

type rate equation of the form: ry = 3+be
X

b= 20'atm“ over the temperature range. This is equivalent to an o-xylene

yielded a constant parameter

reaction order of nearly 1. Data for o-xylene diséppearance were fitted
to a simple rate equation that was first order in o-xylene and zero order
in oxygen:
r, = kP,  where tn k'= 17.95 - 26300/RT
Above 1.6 molé % o-xylene in the feed stream catalyst deactivation occurred.
Catalyst activity could be restored by reoxidation in an air stream.

A short nonisothermal fixed bed reactor of 5 cm. inﬁer diameter
~aluminum was also used to oxidize o-xylene. The previous catalyst was
dilutéd with three times its volume of alundum spheres, and used at a bed
~ depth of 10 cm. This reactor was operated at wall temperéture 370-490°C,
with O.S-I;O mole % oxylene in air. Contact time in the bed was 0.5-2 |
sec., but'product residence time in a large heated void a;ea downstream

from the catalyst bed was 1-4 sec. Catalyst bed temperature profile

showed an axial hotspot 100°C above wall temperature. Maximum selectivity
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to PA was 65% at a tube temperature of 400-420°C; selectivity to PA was
reduced to L40% at 480°C tube temperature.

The fixed bed reactor was converted to fluidized bed. The same
catalyst, ground to small particle size, was used in its air-oxidized state.
The short fluidized bed reactor was operated essentially isotherially at
L00-520°C using o-xylene at 0.4-2,1 mole % in air. Conversions increased
linearly with temperature, from 40-90%. Selectivity to PA was constant at
50% to 500°C, but decreased at higher temperature. These conversions and

selectivities were less than anticipatéd from the recycle reactor data.

Ellis (1372), in a study primarily devoted to reactor modelling, further

investigated the air oxidation of 1 mole ¥ o-xylene in air.98 Work was
cohducted in.the same non~isothermal 2.5 cm. inner diameter tubulaf reactor,
and with the same VZO5 on SiC catalyst, as used by Ca!dwell.96 Product
distritutions were measured at tube temperatures of 400-450°C for diluted
and_undi)ﬁted bed depths to 86 cm. HMaximum selectivity to PA was 70 mole

% in the deeper beds. This selectivity was essentially independent of tube
temperature. Catalyst deactivation occurred in the reglon of the catalyst
hotspot when using 1.5 mele 2 o-xylene.

Kinetic data for rate of o-xylene disappearance were taken in diluted
catalyst beds at 375-465°C and at 0.14-1.2 mole % o-xylene. These data were
correlated using a rate law that was zero order.in oxygen and 0.4 order
in o-xylene:
=k Pxo.h
the rate constant, k, varied with tempefature according to:

| £nk = 22.70 - 36000/RT at 375-430°C, and
An k= 7.31 - 15000/RT  at 435-465°C.
A Langmuir-Hinshelwood rate equation of the form:

an

re = Ti*“ﬁ?‘ was used with fixed parameter b = 300 atm."
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over the temperature range. Parameter a varied with temperature according

to

in a = 23,98 - 33000/RT at 375-430°C, and
gn a = 12,33 - 16000/RT at 435-465°C.

Two experiments were conducted to determine combustion 6f the PA procduct.
In one, products from o-xylene conversion to PA, containing some unreacted
xylene, were passed over soft glass spheres in stainless steel at 500°C,
with a 2 sec. contact time. The PA was 50% combusted. A similar experiment,
using alundum spheres in alumindm with lower conversion products from a
recycle reactor, showed very little combustion of PA.

Data of Calderbank were reported for the oxidation of o-xylené and
subsequent products in an aluminum alloy recycle reactor on the same -
VZOS catalyst. First order rate equations for reactant disappearance were

used. Rate constants were given by:

o-xylene 2n k = 3,31 -~  5600/RT (440-570°C)
o-tolualdehyde 2n k = 2,68 -  4030/RT (288-500°C)
phthal ide gn k = 0.19 - 1380/RT  (256-455°C)
PA : 2n k =18.57 ~ 29700/RT (440-570°C)

Sasaki (1972 studied the mechanism of o-xylene oxidation on V205 catalyst
using differential thermal analysis and x-ray diffraction.?9 He concluded
-that the reaction was initiated by chemisorption of o-xylene on the cataly#t,
oxidation occurred by reduction of the catalyst surface, and that the catalyst
surface was reoxidized. The use of Mo, W, and Sn oxides as promoters of

V2°5 showed-little effect on the oxidation reaction, a reaction wh{ch

yielded ca. 50% of PA. |

Slavinskaya et al (1972) oxidized o-xylene and other aromatics!00

using

a V-Mo phosphate catalyst at 400-430°C in a recycle reactor at a space

velocity of 23,000 hr. ! Overall conversion rates for the several hydro-
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carbons were approximately equal. They concluded that the rate determining
step was chemisorption of oxygen for reoxidation of the reduced catalyst.

Alanova et al (1372) reported that complete oxidation of o-xylene in

excess air proceeded on a Pt/Ni-Cr catalyst at temperatures above 300°C.‘°l
The rate of carbon dioxide formation was 0.8 order in o-xylene at 300-320°C :
but was first order at 330°C. The rate was zero order in oxygen.

Juusola et al (1972) used a tubular flow reactor for kinetic parameter

determination of the rate of oxidation of o-xyleﬂe.‘02 Commercial VZOS/
K2504 on silica catalyst, with a surface area of 70 mZ/gm, was used.
A type 304 stainless steel reactor tube interferingly catalyzed the
reactfon at temperatures above 3|S°C, so experimental'work was conducted
over the range 270-300°C. Conversions were limited to 7%, in order to
operate as a differential reactor. Data were statistically fitted with
a steady state adsorption model based on oxygen adsorption on the catalyst
surfacg,and reaction by o-xylene impingement from the vapor phase.

(k € )(k C)
R = TRty +Rn%k tr)

{ehe} R*R

, where n was 2.23-2.41, the stoichiometric number
of oxygen moles for average products.
An kg = 21.76 - 36300/RT
An kg ; 6.34 - 15200/RT
‘These specific rate constants and activation energies at 270-300°C are in
substantial disagreement with their 1970 data at 290-310°C with the same
- catalyst, cpndifions and hardware.33

Calderbank and Caldwell (1972) reported data on 1 mole % o-xylene

oxldatlon‘o3 in a single tube pilot reactor. The reactor had an inner
diameter of 2.5 cm, and packed length of 2 meters .96 Catalyst was
commercial V205 on SiC. Temperature profiles showed that the reaction was

nearly complete a short distance from the inlet. Selectivity to PA was
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58-60% being independent of temperatgre (370-418°C) and the flowrate
(0;84-].26 ft3/min of air). Activation energies for the production of
PA and combustion of o-xylene were the same. Combustion of PA was
negligible. |

" Sharipov et al (1972) reported that they had oxidized o-xylene to 87-30%

pure PA with an overall y?eld of 93-95%.‘0h This wouid be equivalent to

a 70-74 mole % yield of PA. V205 containing 0.8% Nb,O¢ was used at
425-430°C at space velocity 2500 hr.”! and air/xylene ratio of 30-35.

Haber et al (1973) measured the reduction rate of a series of industrial
105

VZOS catafysts for the oxidation of o-xylene to PA. Catalyst
reduction by hydrbgen was diffusion limited. Catalytic activity of these
catalysts for PA formation was measurad by a pulse technique. No apparent

correlation existed between a catalyst's reduction parameters and its

selectivity for forming PA.

Lyubarskii et al (1973) reported their investigations of o-xylene at seq.

oxidations on a high. temperature, unpromoted V205 cataiyst.lo6 Liing a

glass, external recycle tubular reactor at a flow rate of 800 liters/hr.,
they measured kinetics of air oxidation of 0.1-0.8 mole % o-tolualdehyde
at 400-460°C. Their o-xylene oxidation scheme contains major eiements

-in agreémen; with those of most other investigators:

o-tolualdehyde

/ \\210

o-xylene 3 \\\féPA

S ' P oxides
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They noted that PA oxidation was inhibited by o-xylene at one tenth the PA
concentration, and that PA strongly inhibited MA oxidation. Therefore,
those further degradation paths were effectively closed. Most significant
elements of o-tolualdehyde oxidation are to PA, to carbon oxides, and to
MA. Rate of o-tdlualdehyde disappearance was found to be independent of
oxygen concentration in the range of 11-20 mole %, and independent of
water and carbon dioxide concentrations.

Aésumlng that o-tolualdehyde disappearance was similarly affected by
the interaction of PA and MA products, a rate equation along any one
reaction path (based on Elovich adsorption at catalyst sites specific to

that path) would vary according to: )
: k; (by: C '
U S , where i is
P+ (bp;Cp) + (bppiCpp) +(byn;Crp)

r
i

the reaction path considered, subscripted b is the adsorption coefficient
of a component on sites specific to path i. This rate equation displays
varying order in o-tolualdghyde concentration and retardaﬁion by PA and
MA in the system. Oxidations to the various products are considered to
take place at different types of catalyst sites. Adsorption coefficients
may vary among the several specie; adsorbed at the different kinds of
sites.  The above equation may be simplified since concentration of o-tolu-
"aldehyde, Cy, was greater than Cpp and Cyp. Lyubarskii also assumed that
bTCT)o-bPACPA'and buaCra s therefore the last two denominator terms could
 be delefed,'giving this simplified form:

kibriCr

ry ® ——
boT+5,G

Experimental data were sati;factorily fitted along paths 2, 9, and

10 of the o-xylene reaction scheme. Rate constants are given by:
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An k, = 4.68 - 16200/RT

An k9 = 3,85 - 18700/RT

An kloalk.35 - 32000/RT
Kinetics of the oxidation of c-xyiene were similarly deterﬁined. Arguments
were advanced justifying the deletion of degradative paths 6,7,8,5 and 10
that involve o-tolualdehyde, PA and MA combustion. The remaining

simplified scheme consisted of:

o-tolualdehyde

o-ﬁylene 3 3™ PA

%

i@ 4 > MA

carbon

5 //7r oxides

Since carbon dioxide did not inhibit the reactions, a general rat: equation

along any of the paths in the simplified reaction scheme is:

1 +A.C +B.C
I X ]

+ CiC D.C

T pa t Uity

where i = path of the reaction scheme,
and j = component

Experimental data were best fitted by the following rate constants:
£n ky = 15.9 - 19600/RT
£n ko = 9,85~ 10300/RT

An k3 = 21.9 - 26000/RT
£ ky = 24,2 - 31500/RT
“An k5 = 22.9 - 27200/RT

An immediate question arises: why must /n kz derived from direct
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o-tolualdehyde oxidation differ sc widely in magnitude and activation
energy from &n k, shown above for the same reaction -in the o-xylene scheme?

Tishchenko and coworkers (1973) made systemmatic identification of
107

byproducts existent in PA produced by air oxidation of o-xf!ene.
Industrial catalysts K-235, K-63B and KFK gave different product
distributions due to their differing selectivities. Products identified,
after hydration of anhydrides, were benzoic acid, o-toluic acid,
maleic and succinic acids, monomethylmaleic ;cid, dimethylmaleic acid,
phthalide, o-methoxy benzoic acid, phthalic acid, benzene tricarboxylic
acids, and benzene tetracarboxylic acids.

?roducts using K-235 under mild oxidation conditions were dimethyl-
MA, o-tolualdehyde, phthalide, dimethyl-PA and PA. Lactonz of 2”-methylol-
diphenyl-2-carboxylic acid, lactone of 2-methylol-3“-methyidiphenyl-2-
carboxylic acid, lactone of 2‘~methyfol-3,3’-dipheny!-Z-carboxylic acid,
9,]0-anthraquinone, monomethyl anthraquinone, dimethyl anthraquinone,
and three unidentified products were formed.

Ichinokawa et al (1973) taught methods of preparing porous V205 catalysts

using Ti0, mixed with sulfur to yield a porous support.‘08 After forming
and sintering this support, it was impregnated with VOSOA-KZSOM soiution,
adried gnd fired to yield a porous catalyst containing 13.5% wt. VZOS‘ ThiS
catalyst, after SO2 activation, and with continuing small amounts of SO2
_ in the o-xylene air feedstream, yielded 72 mole % PA at 390°C and a space
velocity of 4000 hr..I

Suvarov et al (1973) taught that improved V,0.-Ti0, catalysts could be
2v5 2

produced by tableting and sintering.”2 These catalysts were abrasion
resistant and effective for the oxidation of o-xylene to PA. Air

containing 0.5 mole ¥ o-xylene, passed over catalyst in a molybdenum
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glass reactor tube at 390°C, yielded 64.5 mole ¥ PA at high space velocity.

Racz_and coworkers (1973) reported that the air oxidation of o-xylene occurred

in a silimanite (A1203-Si02) lined flow reactor.”3 No reaction occurred at
400°C, but combustion did occur at 500°C.

Ono et al {1973) taught the use of seven component V,0g catalysts for

oxidation of o-xylene to PA.‘09 Different catalysts, placed at inlet and
outlet ends of the tubular reactor, gave improved selectivity to PA,

Andreikov and Rusyanova (1973) reported that their recycle reactor invest-

igations of o-xylene and o-tolualdehyde oxidations on industrial catalysts

AR These paths were: (1) via

showed three main parallel reaction paths.
sequential side chain oxidations through o-tolualdehydz, o-toluic acid,
an& phthalide to PA; (2) via direct oxidation of both hethy! groups to
PA; (3) comp!éte combustion via formation of unstablie quinones.

Thé oxidations of intermediate products were inhibited by o-xylene,
while o-xylene oxidation was inhibited only by o~tolualdehyde.

In a second paper Andreikov et al.(1973) reported further studies! 10
on the oxidation of o-xylene to PA af 340-420°C. They used a variety of
vanadium oxides with differing initial oxidation states, and analyzed
the surface oxide structure of the used catalysts. Each oxide showed
different selectivities to PA and to o-tolualdehyde. This was intgrpreted'

~

as meaning different products were formed at different active centers.
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Fluid Bed o-Xylene Oxidation

Rollman (1952) reported a 60% molar yield of PA when 2-2.5 mole 3 o-xylene
114

was oxidized on V505 in a fluid bed at 480-550°C.

Bhattacharyya and Krishnamuthy (1959, 1963) investigated thé air oxidation

of o-xylene on a fluidized bed of fused V,0; at 430°C. At | mole %

o-xylene feed and at space velocity 10,000 hr.,"

maximum conversion to
PA was'67.82, and to o-tolualdehyde was 3.562. Carbon dioxide, traces of
quinone, and some MA were formed. Product distributions varied from
catalyst to catalyst and differed from those obtained in static beds of
the same type catalyst. Similar oxidation of m-xylene and of p=xylene
fa;lea to yield significant quantities of isophthalic‘and of terephthalic
acids.”s'”6

Costa-Novella and Escardino-Benlloch (1962, 1963) presented, in a series

of three papers,”7 their data on the air oxidation of 1-2 mole % o-xylene.
A fluidized bed of VZOS/KZSOQ/SiOZ catalyst was used at 310-370°C. They
found that they needed to reactivate their catalyst every 12-14 lours by
heating.it to LOO°C in a stream of air.

Maximum combined yield of PA and MA was 67 mol % at 310°C. Additional

products were o-tolualdehyde, carbon oxides and water. They adopted a

-reaction scheme,

o-tolualdehyde

o-xylene

> MA > cal:bon
oxides
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First order kinetics were assumed, independent of oxygen concentration,
throughout the data analyées; Rate laws fer disappearance of reactants
were of the form rg = k Pp. Derived rate constants,98 for the several

steps of their reaction scheme, in moles/Kgm. hr. atm. were:

o-xylene to o-tolualdehyde: ¢n k = 10,94 - 9200/RT
o-xylene to carbon oxides: 2n k = 20,49 - 22900/RT
o-xylene to MA: _ n k= 6,78 - 5L0O0/RT
o-tolualdehyde to PA: ¢n k= 13.50 - 11350/RT
o-tolualdehyde to carbon oxides: an k = 17.74 - 18600/RT
PA to carbon oxides: &n k = 20.93 - 25000/RT
MA to carbon oxides: ' ¢n k = 17.56 - §8000/RT

Carra and Beltrame (1964)(1965) air oxidized 0.25-1. mole % o-xylene using

V205 on silica in a fluidized bed at 410 and 460°C They considered that
the reactlon consisted of o-xylene oxidation to products, followed by prod-

ucts combustion to carbon dioxide. Derived kinetics were 0.5 order for

005

o-xylene disappearance:”8 ry = k Py where rate constant k with units

0.5

of moles/gm. hr. atm. was expressed by: 2n k = 30.00 - 14800/RT.

Analogous oxidation of p-xylene at 420-510°C yielded MA, p-tolualdehyde,
p-toluic acid, and p--benzoq'uincne!]9

No terephthalic acid was formed. They concluded that o-xylene was 5-6
times more reactive than p-xylene to air oxidation.

Satterfield and Loftus (1965) reported their investigations of vapor-liquid

oxidation of o-xylene in foaming melts of VZOS - KZSOQ and VZOS K25207
hixtures.lzo A VZO5 - K25207 eutectic mixture containing 14 wt, % V205,
60% K,S0, and 26% SO3 was molten above 270°C. O-xylene at 1.1 mole & in
‘air was bubbled through VZOS - KZSOQ mglt at 500°C., Residence time was
estimated at 2 sec. in the bubbles, and 15 sec. in the foam. About‘boz’
conQersion of o-xylene oécurred, and yielded o-tolualdehyde as the principél
product. When o-xylene at 0.4-1.2 mole % in air was bubbled through the

V205 - K,S 207 melt at 425- h55° » up to 50% conversion occurred. Principal

products were o-tolualdehyde and carbon dioxide. Significant decomposition
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of K25207 occurred, giving troublesome quantities of SO3 in the vapor phase,
and it would be probable that some simultaneous sulfonation of aromatics
occurred,

Aliev et al (1965) determined kinetics of oxidation of o-xylene to PA

in a ‘‘boiling layer" or short fluid bed of K0-33 Russian cdmmercial

catalyst at 380-420°C.'2'

They determined that o-xylene disappearance
was independent of oxygen and occurred by three parallel routes: (1)
first order in o-xylene to PA, independent of reaction products; (2) first

order in o-xylene to carbon dioxide; (3).0.5 order in o-xylene to MA.

Rate constants for these reactions, in moles/gm. hr. atm.?, were:

o-xylene to PA: 2n k = 7.66 - 15300/RT
o-xylene to carbon dioxide: 2n k = 8,10 - 17200/RT
‘o-xylene to MA: v . &n k = 1.10 - 14000/RT

Abo et al (1967) oxidized o-xylene in a fluid bed reactor at 370-410°C

using 0.3-0.8 mm particles of V205/K2504/Ti02 c;atalyst.‘22 Overall rate
for o-xylene disappearance was first order in o-xylene, but reaction rate
increased with particle size. Activation energy similarly increased from

k., to 10. Kcal/mole with increased particle size.

Imamverdiev et al (1973) developed a model for the oxidation of o-xylene

to PA in a fluidized catalytic bed.'2"

121

This was based on the kinetics
of Aliev.

Cheavens and Montgomery (1973) taught that they had succeeded in deactiva~

tlng thelr fluid bed catalyst to prevent afterburning of PA using a
;ltania ‘supported catalyst.123 Composition of their multicomponent
vcatalyst in wt %, was 2.7 VZOS’ 4.0 Sb203, 7.5 Cs,S 207, 15.6 K2 207 and
70.2 TIQZ A small 502 content is requlred in the feedstream to retain
activity. The fluid bed was operated at 1.4 atm., 380°C and with a mean
residence time of 8 seconds. A feedstream containing 2.6 mole % o-xylene
in air was converted to 72 mole % PA, 6 moie Z MA and small amounts of

o-tolualdehyde at 97% conversion.
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Fixed Bed Naphthalene Oxidation

Shortly after the air oxidation of o-xylene to PA on V205 was
reported, the air oxidation of naphthalene to PA was developed.
Gibbs and Conover (1918) taught that‘PA, phthalic acid, benzoic acid and

naphthoquinones were formed by the air oxidation of naphthalené‘26 over

V205 at 350-550°C, and preferably at 500°C. Similar results were
reported over MoO3. - |
Woh! simultaneously developed naphthalene oxidation to PA on vanadia

t:.atalysts.'27

Craver (1924) reported. that naphthalene was readily air oxidized to PA

163 He found that the addition

on.catalysts contaihing VZOS and/or M003.
of oxides of Na, Cu, Pb, Co, Al and Cd decreased the yieid cf PA and
increased that of MA.

Maxted (1928) introduced tin vanadate as a low temperature catalyst for the

63

oxidation of naphthalene and o-xylene to PA at 280-290°C,

Marek and Hahn (1932) reviewed PA production by vapor phase air oxidation

of coal tar naphthalene over catalysts containing vanadia.lzs Products were
PA, naphthoquinones, MA, benzoic acid, carbon dioxide and water, with
possible traces of ethylene and acrylic acid. During the period to 1930,
"operation at 330-400°C yielded maximum PA over fused or supported VZOS
catalysts. The accumulated reaction scheme involved ' Lb-naphthoquinone
_‘as an intermediate, to the practical exclusion of 1,2-and 2,6~

naphthoquinones, due to its much greater reactivity.



Marek and Hahn's reaction scheme was:

-C0y
1,b-naphthoquinone .____ 5 Benzoic acid
/ | N %:02
" ‘naphthalene > PA ‘
-COZ
= MA

- 7
CO2

Industrial processes obtained 80 mole % yield of PA from 78° (95% pure)
cqal tar napthalene using VZOS catalysts. VZOS was found to be more
aéfive, less volatile and more selective to PA than MoDB.

From 1935, Germaﬁ industrial processes began to be based qun a
VZOS/KZSOA silica gel cétalyst which was active at low temperatures, and
was selective for the oxidation of naphthalene to PA. This industrial
work became public in a series of post World War 11 fndustrial reviews

.that have been summarized by Sittig.l28

129

Marisic (1940) studied mixed catalysts, and concluded that

phospho-vanado-tungstate was better than a variety of phosphorus and_

molybdenum containing catalysts. This phospho-vanado-tungstate catalyst
was. comparable in activity with V,0g for conversion of naphthalene to PA

and MA, accompanied by traces of 1,4-naphthoquinone and benzoic acid.

55
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Porter (1942) taught that the inclusion of small amounts of P2°5 moderate

activity of VZOS catalysts for naphthalene to pa. 130

Brown and Fraser (1942) studied a series of molybdo-tungstd—sllicic acid
132

mixed catalysts for the oxidation of naphthalene, 1,4-naphthoquinone and
PA. They concluded that 1,4-naphthoquinone was not an important inter-
mediate between naphthalene and PA, but speculated'that oﬁe of the other
naphthbquinones 1,2-0or 2,6-might be involved. They observed that 1,4-

naphthoquinone was combusted at three times the rate of naphthalene, and

produced a much smaller yield of PA.

Sasayéma (1943) used tin vanadate for the production of benzoic acid from

naphthalene at 312 selectivity.l3]

Staatsmijnen in Limburg (1949) taught that V,0: containing 5-15% wt. Sn0
3 2Ys 2

improved the selectivity of VZO5 for naphthalene oxidation to PA.‘33 Max-
imum selectivity to PA was 79 mole Z.

Schoen and Zoon (1949) reported that titanium vanadate catalysts ,ielded

up to 903 selectivity for naphtalene to PA conversion,'3h Optimum titania
content was about 67 mole %, while larger amounts of titania promoted
complete combustion.

Calderbank (1952) concluded that 1,4-naphthoquinone was not an inter-

medlaté in the formation of PA from r\aphthalene.'3.5 Naphthoquinone and
PA must be formed by simultaneous reactiohs. Using high naphthalene
.concentratidns at 310-360°C on V205 catalyst, he obtained low conversions
and concluded that PA formation was éero‘order in naphthalene, but |
controlled by oxygen adsorption. ﬁate of 1,4k-naphthoquinone formation
was more rapid than PA formation.

loffe and Sherman (1954) reported extensive kinetic studies'36 of
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naphthalene oxidation on V,0g - K3S04 catalyst at 260-400°C. Products,
at contact times 0.05-0.5 sec., were PA, MA, 1,4-naphthoquinone, carbon
dioxide and water. Rate of naphthalene disappearance was expressed by

k, C
r = __l,_ﬁl_ﬁf_ over a range of naphthalene concentrations, where C°

N 1 + kch

is oxygen concentration and C_ is products concentration. This rate

)
equation indicated that the rate determining factors were desorption of
products and oxidation of the catalyst surface. This was the first
indication that product inhibition plays an essential role in the kinetics
of naphthalene oxidation. Temperature dependence of the rate constants
was fftted by: ‘

Zn k, = 22.36 - 27400/RT

An (k, - 9x10%)=28.32 - 47500/RT
Non-Arrhenius behavior of kz suggests a progressive decrease in apparent

activation energy with temperature.

loffe and Sherman (1955) reported their kinetic studies of the o.idation
164

of 1,4-naphthoquinone, PA and MA on é VZOS-KZSO“ catafyst. They

showed that naphthoquinone could not be the principal intermediate between
naphthalene and PA, because PA yield frém naphthoguinone was only 20-25%.
.Activation energies for reactant disappearance were 11500 cal/mole

naphthoquinone, 26000 cal/mole PA, and 10500 cai/mole MA. They préposed

_ a reaction scheme containing an unknown, short lived oxygenated intermediate:

1,4-naphthoquinone

/7 T~

(unknown) : s PA

Y
MA — > carbon
oxides

naphthalene
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D'Alessandro and Frakas(1956) presenfed fixed bed data for naphthalene

oxidation'37 on fused VZOS, supported VZOS and supported V205 - 250“;

A stainless steel reactor was used ai 340-475°C. Product compositions

at various contact times and temperatures were measured. fhey»concluded
that no significant differences existed among catalygts. Reaction order
was one for naphthalene disappearance at very low concentrations. They be-
lieved that their data were kinetically controlled; and free of mass
transfer limitations. Proposed reaction scheme for naphthalene dis~

appearance involved three parallel routes:

1,4-naphthoquinone

.

naphthalene > PA

Loy

> (MA + carbon oxides)

Ushakova, Korneichuk and Roiter (1957) oxidized naphthalene in a recycle
138

reactor over crystalline V,05 to avoid internal diffusion effects.

They developed a reaction scheme which showed that naphthalene directly

“furmed four products:

1 ,4-naphthoquinone

7 W

naphthalene > i{
‘ > MA

carbon
_>{ oxides




Order of naphalene dependence and activation energies for the four

parallel paths are:

(1) naph. to 1,4-NQ: 2nd order 32700 cal/mole

(2) naph. to C0,: Ist order 37200 cal/mole
(3) naph. to MA : 0.5 order 31600 cal/mole
(4) naph. to PA: Ist order 34700 cal/mole

They noted that increased naphthoquinone concentration c¢id not affect the
rate of PA formation, but decreased the rate of carbon oxides formation,
and increased the rate of MA formation{ They postulated existence of an‘
unknown intermediate product tha; interfered with combustion to carbon

dioxide,

Kornelchuk et al {1958) reported that naphthalene inhibits PA combustion
on 'lower vanadium oxides existent at the inlet of an industrial 380-400°C
reactor.l39

Vol ‘fson and coworkers (1960) compared V,05 and V,05-K,50, - Si0,

catalysts.MO They found substantial difference existed in reactant
reaction orders for the various steps of the successive, parallel

reaction scheme:

reaction step ' V205 VZOS-KZSOQ
naph. to PA ' [
. naph. to MA 0.5

“naph., to 1,4-NQ
naph. to carbon oxides
1,4-NQ disappearance
MA disappearance

st o] ] DO
—] ] 1 |l =] O

Shelstad et al (1960) used V,05 - K,50), catalyst for naphthalene
oxidation at 300-335°C.|h] Among the usual products, they found a small
concentration of 1,2-naphoquinone. The 1,2-NQ concentration decreased
as PA concentration increased. This led them to conclude that

both 1,2- and 1,4-NQ were intermediates in the reaction scheme:
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1 h-naphthoqhinone
naphthalene

(1,2-naphthoquinone)

Thelr kinetic data for naphthalene disappearance were best fitted by first
order in oxygen and variable zero to first order in naphthalene. Therefore,
the Hinshelwood52 equation was used. This equation has the form:

k€ )(kC

( o)( R R)

« o ; -
ro = where n is the stoichiometric number of oxygen
R (k Co) + nlkCp) ' Y9

moles per mole of reactant,
This type of rate equation is based upon steady state adsorption of oxygen
molecules, without dissociation on the catalyst surface, and upon reaction
occurring as reactant impinges upon the catalyst surface from the vapor
phase. |
Korneichuk et al (1960) reported PA yields of 76-78% mole % from naphth-

alene using V205 - KoSOy-stlica gel catalyst at 370-390 °c. 1h2 This compares

with less than 70 mole & from a partially reduced commercial V205 catalyst.

Stukanovshayaband Roiter (196C) used VZOS containing lattice 0l8 for
143

naphthalene oxidation. Isotopic concentration of the catalyst remained

- constant; this conclusively showed that alternate redox of the catalyst was
o

not involved in naphthalene oxidation at 398 C.

Roiter and coworkers (1961) used a flow circulation (external recycle)
144

reactor to study naphthalene oxidation on V05 - KZSOQ catalyst at

330-360°C. They determined that the rate of PA formation was zero order
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in naphthalene and first order in oXygen. The rate of naphthalene
oxidation was also zero order in naphthalene and first order in oxygen,
but was inhibited by the naphthoquinone intermediate in a comp lex manner.

The rate law for naphalene oxidation was:

acC
r = o

(CNQ_S)'G(HbCNQ)

Grossianu and Kohn (1961) studied the effects of various additive and

support materials”’S for naphthalene oxidation to PA on VZOS' An
aluminum metal support gave higher selectivity to PA than any of the

' other support materials investigated. This was interpreted as thevresulf
of‘a lower catalyst surface temperature due to the high thermal
conductivity of aluminum. |

146

Peterscn (1962) smoothed and reanalyzed the kinetic data of loffe

and Sherman‘36 for naphthalene oxidation. He determined best fit
parameters using nonlinear estimation. The original investigator: had
concluded that the overall reaction order In naphthalene Jecreased with
temperature. Peterson found that the data could be statistically better
fittéd by a first order in naphthalene dependence if a concurrent
~downward'estimate of activation energY was made. Such a downward estimate
could be plausibly explained by internal pore diffusion.

odrin et al (1968) showed that the rate of air oxidation of naphthalene

“on V205 catalyst greatly exéeeds both the rate of V20S reduction by
naphthalene, and the rate of V.0, reoxidation by air.“‘7 They furtﬁer
concluded, from IR studies, that the stationary composition of the
catalyst is a function of temperature and concentration of substance
being oxidized, resulting in catalyst reduction and the formation of

surface compounds.
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Aleksandrov and coworkers (1972) reported a dual effect of S0, on the

activity of V205/K2$0“ on silica gel for the air oxidation of naphth-
aleme.“‘a'“‘9 At concentrations below 0.08% in the naphthalene-air
mixture, SO2 promotes catalyst actiQity; above 0.14%, the ﬁatalyst is
reversibly poisoned, resulting in reduced activity and selectivity to
PA.

Kratochvil (1973) reported 9,10-dihydroxynaphacenequinone as a minor

product among the tarry condensation materials resulting from naphthalene

oxidation.‘Bo

Rus 'yanova and Zhilina (1973) reported that thionaphthalene, at 0.4% of

naphthalene being oxidized to PA; stabilized a vanadium complex catalyst
(presumably VZOS - Kzsoh).'s' At 1.25% wt. of thionaphthalene, the PA

yield was maximized as the 1,4-naphthoquinone yield was minimized.

Ishida et al (1973) taught that a V,05/Ti0,/K,S0,/Li,50, catalyst produced
95-102 wt % PA and less than 0.2% 1,4-naphthoquinone from the air oxidation
of naphthalene.lsz The oxidation was conducted at 470°C at a spuce

velocity of 6000 he.”!

Fukui and coworkers (1973) taught that the air oxidation of naphthalene

could yield 30-40% of 1,4-naphthoquinone over a supported V,05/K,50,/

] 153

- Kp8207 catalyst at 380°C and 1500 hr ' space veloéity.
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Fluid Bed Néphtha\ene Oxidation

Following construction and operation of the Sherwin-Williams fluid
bed process for the oxidation of naphthalene to PA in 1945, several groups of
research workers focused their attention on the process.

Beach and Connolly (1949) taught that 1 mole % naphthalene could be air

oxidized in the presence of 40O mole ¥ steam at 460°C. A fluidized bed

of V205 on sintered silica gel catalyst yielded 77 mole % PA at 0.1 sec.
157 '

mean coritact time.

Mars and van Krevelen (1954) presented data on the air oxidation of

naphthalene, and several other aromatics, in a fluidized bed.‘58 Kinetics
of;nabhthalene disappearance were measured at one gas velocity and mass
of V205/K250h/silica gel catalyst at 300-337°C. The fluidized bed was
chosen for its isothermal characteristics; it was treated as a plug flow,
integral reactor. Assuming kinetics that were first order in naphthalene
and first order in oxygen, they adopted a cyclic redox mechanism of the
Eley-Rideal type, wherein‘naphthalene was oxidized by catalyst re fuction
and the catalyst was reoxidized by air. This mechénism yielded the steady
state redox modeT, which gives a rate equation fornaphthalene disappearance:
(koco)(chR)

g = , where n is the stoichiometric number of oxygen
) (koco) +n (chR) ;

molecules involved. On manipulation this yields:
KeCr nkR f
4 T Ko i . i i 1 i H h
"RT T KiCr ° where K; is g— . This equation is identical in form wit

that of Hinshelwood.82

Franklin, Pinchbeck and Popper (1956) reported results of an investigation

by United Coke and Chemicals Co. on development of an optimized V205/

KZSOQ/SIO2 catalyst for fluid bed air oxidation of naphthalene to PA.‘SS

Their results indicated that rate was proportional to oxygen concentration,
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and that the rate of oxygen adsorptfon upon the catalyst surface was
controlling. Products were the same as obtained in the fixed bed

processes: PA, MA, 1, 4-naphthoquinone and carbon oxides.

159

Pinchbeck (1957) interpreted data of the previous paper, and found

that kinetics of naphthalene disappearance were 0.8-0.9 order in

160

naphthalene. Surface kinetics were controlling below 400°C.

Mars (1958) presented further data on the rate of air oxidation of

naphthalene on VZOSIKZSOQ/silica gel catalyst in a fluid bed over the
température range of 250-500°C. He concluded that the rate of
naphthalene disappearance was mainly dependent on catalyst reoxidation
atAloQ temperatures, and dependent on naphthalene reddction of the.
16}

catalyst at the higher temperatures.

Dixon and Longfield (1960) reviewed literature data through 1956 and

presented the data of Booth and Fuga:e (proprietary, American Cyanamid
Co.) for the air oxidation of naphthalene to PA in a fluidized bed of
VZOS/K25207/Si02 catalyst.v At 1% naphthalene in air, the kinetics were
0.5-1.0 order in naphthalene, and 0.7-1.0 in oxygen. The oxidation
scheme was consistent with findings of gther investigators in fixed

78

bed studies.

-Tsipenyuk and coworkers (1973) reported advantages for a pressure increase

in fluid bed reactors for oxidation of naphthalene to PA on V205-K250Q~
~silica get catalyst. Pressure increase to 2 atm. reduced optimum

operating temperature by 30°C, and raised catalyst bed efficiency.
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Phthalic Anhydride Oxidation

Craver (1924) oxidized PA, at 12 mole % in air, over V205 at h25°C,
163

with a contact time of 0.4 second. His experiments showed that 53%
of PA underwent complete combustion and conversion to MA. Benzoic acid

was also formed.

"Marisic (1940) observed that Ni, Cr, and Fe oxides promoted the

oxidation of PA.129 For naphthalene oxidation to PA, mixed oxide
catalysts containing P, Mo, W and Si were more selective to PA than
either V205 or wo3.

Brown and Fraser (1942) air oxidized PA over 3-molybdo-9-tungsto-silicic
132

acid at 490°C. Measured pfoducts were ﬁA.and carbon oxides. anversion
ofAPA was increased with time, as space velocity wés reduced. They
tentatively concluded that MA produced during naphthalene oxidations had
originafed from PA. They observed that PA and MA were burned at
approximately the same rate, and that high carbon dioxide concentrations

suppressed the air oxidation of PA to MA.

loffe_and Sherman (1355) oxidized PA and MA over V,05/K,S0, on silica gel

catalyst.l6h They used a tubular reactor in a lead bath over the

temperature range 350-480°C. First order rate constants for MA oxidation

‘were 15-20 times greater than for PA oxidation, in the temperature range

350-400°C. Arrhenius activation energies for PA and MA were, respectively:
26000 and 10500 cal/mole. They proposed a sequential reaction scheme
from PA to MA and from MA to carbon oxides.

D'Alessandro and Farkas (1956) during naphthalene oxidation studies

on fused V205 catalyst, derived first order rate constants for the several

¢ f thei . 104 .

steps of their reaction sequence. They reported a relative rate constant
for PA formation direct from naphthalene that was 10 to 20 times greater

than the rate constant for oxidation of PA to MA and carbon oxides..
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Ushakova et al (1957) reported that lower vanadium oxides readily oxidize

PA.‘65 Naphthalene concentrations inhibit PA oxidation, and simultansously
reduce V205 to lower oxides. Thus,van industrial reactor operates with
some lower vanadium oxides, but does not burn more of the PA produced,
because of naphthalene inhibition. They further found that PA was easily
oxidized on Cu, brass, Al and glass; oxidation rate increased as the
metals were oxidized.

138

In a second paper Ushakova and coworkers used a coursely crystalline

V205 catalyst to avoid the effects of internal pore diffusion during
naphthalene et seq. oxidations. They found that MA directly originates
from the oxidation of naphthalene and from PA.

165

Korneichuk et al (1958) substantiated Ushakova's report that naphthalene

suppresses oxidation of PA, They recommended use of the shortest reactor

contact time consistent with acceptable conversion at 380-‘400°C.'39

Burney and Hoff (1960) reported that PA stability was shown by the fact

that four times the contact time was needed for PA oxidation to MA, than
was needed for oxidation of naphthalene to MA.2°

Booth and Fugate (1960) studied the okidatfqn of PA to MA and carbon

oxides using a fluidized bed of VZOS - K25207 on silica catalyst at

325-375°c. 166

Disappearance rate of PA was somewhat less than first
order with respect to PA, and was 0.5-0.8 order in oxygen. Activation
energy for PA oxidation was 29 Kcal/mole.

" Vol 'fson and coworkers (1960) studied kinetics of PA oxidation on

Vzos_in a glass recycle reactor at h22-h62°c.l67 They concluded that PA
disappearance was first order for PA, but was hindered by reaction products,
and that complete PA combustion to carbon oxides was independent of PA

concentration. They proposed the following rate laws to account for their
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findings:
A : k, C :
PA disappearance: . ra= [_PA y and
' ¢ Products

PA combustion to carbon oxides: r = k2 .
Numerical values of the rate constants were given by:
n kl = 25.49 - 58120/RT
&n ky = 12,41 - 40920/RT
These investigators postulated tha; the 6ata\yst has centers of varying
activity. Complete combustion takes place on the most active centers,

leaving oxidation to take place homogeneously or at the less active centers.

Hughes and Adams (1960) found that PA was 15% oxidized at 575°C in an

embty steel reactor, while an empty borosilicate glass reactor was inert.83
PA was oxidized on a fused V205 on SiC catalyst at 497-575°C, with a
contact time of 0.1 sec. The rate of PA oxidation was independent of
oxygen concentration above 10 mole %. Below 10 mole % oxygen, anomalous
effects due to catalyst reduction were observed. Measured product was MA.
Carbon oxides were also formed. Postulated mechanism involved a model

based on unimqlecular surface reaction. This model involved steady state
PA adsorption, redox on the surface producing products and reduced catalyst,
product desorption, and very rapid catalyst reoxidation. Form of the

82 Hinshelwood

resultant rate equation reduced to that of Hinshelwood.
treatment was based on steady state oxygen adsorption on the catalyst
‘surface, and reaction occurred by reactant impingement from the vapor phase.

Both models reduce to the same mathematical form:

aPR '
rR_'TTFFE » where a and b are temperature-dependent parameters.

n
When an exponential form of rate equation, rp =k PR , was applied to the_



68

Hughes and Adams data, the order n ;ith respect to PA was found to increase
from 0.36 to 0.53 with temperature.

Yield of MA increased linearly with PA partial pressure, and decreased
with temperature.

DeMaria and coworkers (1961) presented more Booth and Fugate (American

Cyanamid, proprietary) data for the oxidation of PA on a fluid bed of V205 -
168

KZSOQ on silica catalyst. Mean contact times of L-15 sec. were used at
375-406“C. Oxygen dependence of the rate constant was 0.8 power, over the
range of 10 to 20 mole % oxygen, and PA dependence was. 1.0 or less. Mixing
in the fluidized bed wés characterized as perhaps closer to a plug flow

reactor than to a completely mixed reactor.

Costa-Novella and Escardino-Benlloch (1963), in their work with o-xylene

oxidation in a fluid bed of VZOS/KZSOQ/SiOZ at 310-370°C, derived first
order rate equations for their reaction scheme.”7 All MA was assumed
to originate directly from o-Xylene, and products of PA oxidation were’
assumed to be carbon oxides. Rate constants, first order in reactant,
were expressed by: |

PA to carbon oxides: &n k = 20.93 - 25000/RT

MA to carbon oxides: 2nvk = 17.56 - 18000/RT

.Carra and Beltrame (1964) reported that PA and MA products of o-xylene

oxidation were burned to carbon oxides”8 on a fluidized bed of V205 on

$i0, at 410 and 460°C. Mean contact time was 5 sec. Combustion of PA and
MA combined was represented by a rate equation that was first order in the
suﬁ of PA'plus MA. The combined combustion reaction had an appareﬁt
activation energy of 31.6 Kcal/mole.

Bernardini and Ramacci (1966) found that PA was 8-13% oxidized in an

empty stainless steel tubular reactor at 500°C and 0.14 sec. contact time.85
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Under the same conditions, 1% of th; PA was oxidized in an empty glass
reactor.

On V205 catalyst,-in the glass>reactor, 70 to 80% of PA fed was
oxidized at 500°C and 0.07 sec. contact time. These invesiigators proposed
that the oxidation of PA is inhibited by the presence of o-xylene or

intermediate products.

Vrbaski and Matthews (1966) reported o-tolualdehyde et seq. oxidations on
fused'VZOS in a flow reactor.87 They adopted, as part of their reaction
scheme, the steps PA to MA, and MA to carbon oxides. They proposed that
part of the MA and carbon oxides observed was formed from all of the
precu}sors of PA. |

Froment (1967) presented a triangular o-xylene, PA, and carbon oxides

reaction scheme as basis for a two dimensional model for tubular reactor

88

design. The PA to carbon oxides rate equation was assumed pseudo first

order in PA, and had a rate constant expressed by: £n k = 20.86 - 31400/RT.
This was considered representative of industrial experience in 360°C

tdbular reactors; using VZOS/K252°7 catalyst and | mole % o-xylene in air,

at near atmospheric pressure.

Pollak (1967) developed a three component catalyst containing Vzos-alkalai

.metal salt inhibitor - transition metal oxide promoter, for o-xylene
oxidatfon to PA.89 This catalyst was used to oxidize PA to MA, carbon Qxides
and traces of benzoic acid. PA was twice as stable as MA towards oxidatldn
.at 375-500°C.

Blanchard ‘and Vanhove (1971) prepared PA with a carbon-14 label in the

. .95 . .
anhydride ring. This PA was oxidized at 450°C on V205 to give 103

conversion to inactive MA, and to give carbon oxides with some activity.
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This showed that part of the carbon oxides originated from the anhydride

ring, and all of the MA came from tﬁe benzene ring.

Calderbank and Caldwell (1972) reported negligible combustion of PA
formed by air oxidation of o-xylene with V,05 on SiC at 370-418°C, in a
single tube pilot plaent reactor.103

Ellis (1972) searched for a tail gas component, from a long tubular reactor

oxidizing o-xylene on V,05, that was believed to inhibit PA oxidation.9®
None was found. The PA-containing stream from this reactor, at high
xylene conversion, was 50% oxidized on glass beads in a stainless steel
tube at 500°C and 2 sec. contact time.

Lyubarskii et al (1973) conducted experiments at 480°C on V205 in an

external recycle reactor to study the influence of o-xylene on the

oxidation rate of PA.106

Without o-xylene, PA was 40% oxidized. With a

PA to o-xyléne molar ratio of 8, cbmplete stability of PA was observed.

A similar strong ihhibition of MA oxidation by PA presence was demonstrated.
It was postulated that o-xflene similarly inhibits MA oxidation.

In a second paper Lyubarskii et allo6

cited previous PA oxidation

data of Roiter et al (1963).‘69 These data showed apparent activation
energies of 41 Kcal/mole for PA to carbon oxides, and 58 Kcal/mole for
“PAvfo MA. Lyubarskii and coworkers studied the air oxiéation of PA on

v at 440-500°C. They used concentrations of 0.06-0.24 mole % PA in air.

2%
Oxidation of PA at 500°C was not detected, but 43 was oxidized at 580°C
in an empty.quartz reactor. Catalyzed oxidation of PA on V20S fn the
recycle réactbr was reported as proceeding by two parallel paths to MA,
and to extensive oxidation products.

A zero order reaction relative to oxygen was found over the range of

10-21 mole % oxygen. The reaction kinetics were unaffected by water
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vapor -or carbon dioxide concentrations. Kinetics of the PA to MA path
were represented. by:

k, b,,C

;= T%)..."%EA , where 2n k; = 17.2 - 41700/RT and
PA PA
b is an adsorption coefficient.

Kinetics of the PA to extensive oxidation products path were zero order

in PA, and are represented by:

W, = k2’ where 2&n k, = 15.95 - 37200/RT. |

Sharipov et al (1973) studied the relative oxidation stability of PA and

its methyl derivatives on VZOS at 350-550°C and reported that

decreased stability of the methyl derivatives was apparently due to an

alteration of symmetry.l70
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Maleic Anhydride Oxidation

Hammar (1952) used VZOS-HOO3 on aluminum in a tubular reactor to air

oxidize MA to carbon oiides.l7' At 375-#00°C, MA oxidation was first
order in MA, and had an activation energy of 28 + 4 Kcal/mole.

Holsen (1954) oxidized low concentrations of MA at 325-400°C using

vzos on A1203. Products were carbon oxides. An activation energy of 8-14

Kcal/mole was indicated.]72

Steger (1960) conducted air oxidation of MA to.carbon oxides on a fixed

bed of VZOS-rb03-A920-A1203 on SiC catalyst at 400-500°C. Kinetics were
Zero order in oxygen concentration, and about 0.5 order in MA. The |
173

activation energy was 16 Kcal/mole.

Vol'fson et al (1960) reported differences in reaction orders involved in

naphthalene et seq.oxidations between V205 and a V205 - Kzsoh on SiO2

catalyst. Oxidation of MA was found to be first order in MA on both

catalysts.]ho

loffe and Lyubarskii (1962) studied the kinetics of benzene oxidavion to

MA in a glass recycle reactor at 380-4#0°C, using a V205 - MoO3 on

A1203 catalyst;l7“

They concluded that MA inhibits benzene oxidation.
Oxidation of MA was first order in MA, and independeﬁt of oxygen
concentrations above 10 mole %. Rate constant for combustion of MA was
glvén aﬁ Ln k2 = 7.38 - 12650/RT. Rate of combustion of MA was an order

of magnitude smaller than rate of benzene oxidation to MA.

‘Costa-NoveIIa and Escardino-Benlloch (1963), in their study of o-xylene

oxidation to PA on V205, derived a rate law that was first order in MA, for

117

the MA to carbon oxides reaction. The rate constant was expressed by:

£n k = 17.56 - 18000/RT.
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loffe and Lyubarskii (1963) measured the kinetics of air oxidation of MA

using VZOS_'McSO3 - PZOS on Al203 catalyst at 360-460°C. They fouﬁd that
the kinetics, over a wide range of MA concentrations, were first order in
MA and zero order in oxygen.'75 Rates were unaffected by éarbon oxides

and water vapor concentrations. The rate constant was expressed by

£n k = 7.27 - 12500/RT. No appreciable homogeneous reactian was observed
at 460°c. They suggested that this oxidation is one of the rare cases where
catalfst redox and lattice oxygen participate in the reaction. They noted
that benzene oxidation to MA was strongly inhibited by MA.
Pollak (1967) investigated MA oxidation on a three component V_0

25
at kob-soo’c. He concluded that relative stabilities'to air oxidation of

catalyst

PA, MA, and benzoic acid were in the ratio of 3:2:1 in his non<d sothermal,

89

pilot plant, single tube flow reactor.

Schaefer (1967) reported that he had oxidized MA on a series of reduced
176

vanadia catalysts. No differences in activity were found over the

composition range V,0, - vios.

Kirk-Othmer (1968) stated that the products of benzene oxidation to MA

were MA, maleic acid, carbon oxides, water and unreacted benzene.'77

Ahmad et al (1970) studied the oxidation of 1 mole & MA in air over
178

o [
~V2°5 -AMoo3 and VZOS - Cr203 on silica catalysts at 300-500 C,

Prachehsky (1972) studied the homogeneous oxidation of up to 0.5 mole %
179 ua

MA in dry air at 350-&50°C with contact times to 5 seconds.
. | )

disappearance followed a first order rate law at k25°C. Temperaturg

dependencé of the rate constant was given bya£n k = 12.91 ~ 21400/RT.

(-]
Brown and Trimm (1972) reported extensive over-oxidation of MA at 415°C,

in an empty 316 stainless steel tubular reactor, yielding carbon dioxide.

Benzene presence did not affect the over-oxidation. No oxidation occurred



in an empty giass reactor. Oxidation of MA was reported to be small on

a Yanadia-molybdena catalyst in thglglass reactor.]80 The same catalyst
contained in a stainless steel reactor yielded 95% conversion of MA to

carbon dioxide and water, at contact times of about 0.4 sec. These data
demonstrate the high catalytic activity of stainless steel.

Lyubarskii et al (1973) studied the kine;ics of air oxidation of MA on

VZOS catalyst in a glass recycle reactor at 380-500°C.‘06 The rate of
MA oxidation was found to be first order in MA, and independent of
concentration of oxygen, carbon dioxide and water vapor, in agreement
with.their earlier work.175 1t was found that PA presence inhibits the

rate of MA oxidation.

k C
The appropriate rate equation is: FMA = -——Eﬂ———-, where MA = rate in

1+bpp Cpa

moles/gm. hr., concentrations C are moles/liter and bpp is a temperature
dependent adsorption coefficient. Temperature dependence of the rate

constant was given by n k = 8.493 - 11400/RT. Homogeneous oxidation of
MA was not observed at 500°C. Products of the catalytic oxidation were

carbon oxides and water.
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Lk, Discussion of Literature Survey

After 50 years of industrial PA production, catalysts have been
optimized for increased yield'at the best compromise of high space velocity
;nd low reactor temperature. Applied research done in laboratories of the
proceﬁs licensors, yields little ba;ic information in the patent and trade
literature. Basic research, performed in other laboratories, has been |
directed towards determining the.reaction:scheme and the reaction kinetics
involved in PA production.

A. Reaction Schemes

Evolutionary versions of reaction schemes for PA production héve
confained the same intermediates and products. The assembly and reiative
importance of principal reaction steps in reaction schemes Has shown little
uniformity. Research workers have used catalysts with different
selectivities, have worked under diverse reaction conditions, have measured
various products and have differed in the interpretation of their data.

Figure 2 shows reaction schemes for the oxidation of naphthalene(N)
to 1,4-naphthoquinone (NQ), PA, MA and carbon oxides (COX). Investigators
have agreed that PA is formed directly.from naphthalene and via naphthd-
guinone, and.that MA originates from PA. There is disagreement on the
soufce of carbon oxides, for they were shown as originating from naphtha-
lene, from naphthoquinone, from both, or from .neither. Some investigators
‘have shown carbon oxides coming from MA, and others have considered that
route inconsequential. There is disagreement whether MA is formed directly
from naphthalene, but all agree that PA is a source of MA.

Al though the naphthéiene scheme remains Qnresolved, there has

been little activity in the past decade. Limited naphthalene availability, and
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Reaction Schemes:

Néphthalene Oxidation

Marek and Hahn'25 (1932)

benzoi% acid

Brown and Fraser'32'(l9h2)

—> C0X

NQ T
« > PA
\\\El (1,2 or //7{

2 :G'NQ)

loffe and Sherman'®" (1955)

a unknown

'* PA ’////71

> (MA + COX) N

_D'Alessandro and Farkas‘37 (lSSB)lUshakova et al'38 (1957)

% (1960)

Vol 'fson et all

iShelstad et al‘h‘ (1960)

/l
Y

7
Peterson'*® (1962) . NQ
',//;7-NQ X o ’//;7 L — 3= COX
" N l \\\\ %:
APA LS. MA *PA —> MA

76



77

increased PA demand have directed eéforts toward study of the oxidation
of o-xylene.

Reactjon schemes for o-xylene oxidation are compiled in figures
3 and 4. These figures show o-*ylene (x), o-tolualdehyde (T), o-toluic
acid (TA), o-methylbenzyl alcohol (OMBA), pﬁthalide (P), PA, MA and carbon
oxides (COX). The major route from o-xylene to PA has been subject to
different interpretations. Three pa;hs to PA have been used, either
alone ér in parallel: (l)‘directly from o-xylene to PA (in 10 schemes),
(2) via o-tolualdehyde bypassing phthalide (in 8 schemes), and (3) Qia
o-tolualdehyde through phthalide (in 7 schemes). Many investigators
have considered the route from phthalide to PA a minor one, due to

‘phthalide combustion. Eight schemes have eliminatéd the disappearance
of PA from their reaction schemes, in order to simplify them., Nine échemes
show PA to MA and/or carbon oxides.

The source of MA has been Subjecf to disagreement among investlgar
tors. MA has been shown as originating from one or more sources: o-xylene,
PA and intermediates. Some workers have considered MA to be a hinor by-
product.

Reports are divergent on the séveral sourceé of carbon oxides.

_All agree that o-xylene was one of thbse sources. Differences in research
emﬁhasfs have led to reports that carbon oxides originate: (1) solely
from o-xylene, (2) also from PA or MA, and (3) also from PA or MA and

l-lntermediatés.

There is no one accepted reaction scheme from o-xylene to'PA.

The latest schemes should be the best ones, because they are a summation
of prior work, and are based upon later analytical methods. There is wide

divergence between the recent schemes of Lyubarskii and of Andreikov,



Figure 3

Reaction Schemes:

o-Xylene Oxidation
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Figure &4
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shown at fhe bottom of figure 4. A ;ynthesis of the several reaction
schemes»would be expeﬁted to contain all of the importanf reaction steps,
and also to contain some relatively minor steps. Maximum yields from
o-xylene fo PA are 75-77 mole %. Thg reaction schemes suggest that
combustion reactions accompany the desired sidechain oxidations. These
combustion reactions are most likely to be: (1) aromatic ring rupture
of o-xylene and intermediates to carbon oxides and/or MA, and (2) de-
carboxyiation and ring rupture of PA to f&rm MA and carbon oxides.

Productive areas that require further investigation to clarify
- the overall reaction scheme are: (1) to determine whether any MA is
forined directly from o-xylene, aﬁd (2) io elucidate the reaction scheme
Involved in the combustion of PA. A defingd PA combustion sequence would
clarify the terminal portion of the overall reaction from o-xylene to PA
and byproduﬁts. Relative importance of this terminal portion of the
scheme would be evident from a study of the kinetics of PA disappearance.

B. Kinetics ‘
Kinetics of PA oxidation have been studied by four groups of

164 used a non-isothermal steel tubular reactor

nz

workers. loffe and Sherman
at 0.4-0.8 second contact time. Costa-Novella and Escardino-Benlloch
used a fluid bed at a mean contact time of several seconds. Hughes and
Adamsa3'used a non-isothermal rectangular glass box reactor at 0.1 second.
‘Lyuborskii and coworkers‘gged a gradientiess, glass, external recycle
tubular reactor.

Figure 5 is an Arrhenius plot showing the existent rate data on

PA oxidation to all products. Data points represent rate per gram of

80

catalyst at a 0.5 mole Z PA concentration. None of the data was taken over

a very broad temperature range.. Data of Hughes and Adams was obtained
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using a V205 on SiC catalyst, whilefthe other data were measured using

VZOS - K504 on silica catalysts, Since increased catalyst activity would
elevate the lines connecting data points, the Hughes and Adams VZOS
catalyst appears to have been a decade lqwer in activity tﬁan the others.
| It would be desireable to obtain one set of data over an
extended temperature range, using the same catalyst.‘

Figure 6 shows the recycle reactor data of Lyubarskii'os_and the
integral reactor data of Hughes and Adams.83 This figure shows that the

rate of PA oxidation to all products is concentration dependent, and follows

an adsorption type rate law:

k bP
1 +bP "’

where k is the rate constant, b is an adsorption coefficient for PA, and

r=

P is the PA partial pressure. By rearrangement this rate law yields a linear

equation in reciprocal rate vs reciprocal partial pressure of reactant:

L (.‘.\ 1}

L . . ' 1 '
| (13 L 1d ! t :( \ and slope
r kbi \P} <+ ( ) lntercept yie S reciproca rate constan E.,' an . op

K

1

gives the parameter (E;) ; adsorption coefficient b may be obtained from
those parameters.

aP

: J+b?P
in this equation equals kb of the previous equation. Integral rate data

83

, where a

Hughes and Adams ~ used a similar rate law, r =

may, as a first approximation, be applied to the differential rate equation.
.if partial pressure of PA is below 1% of total pressure, the log mean partial
pressure of PA may very nearly represent PA partial pressure existent in an
integral reactor. This permits the two sets of data to be compared'on an
equivalent basis.
Hughes and Adams covgred the higher PA concentration range from

1.2 - 0.2 % PA while Lyubarskii et al covered a lower range from 0.24 - 0.06%
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PA. Aside from the previously ;een catalyst activity difference,
‘slopes obtained from thé two data'séts are so different that the data
appear mutually inconsistent. These are the only PA data that have been
reduced on the basis of an adsorption tybe heterogenous rafe law. Other
data assumed,,for simplicity, that a first order rate law applied.

It would be desireable to obtain one set of kinetic data, over
the PA'concentration range from 6.05‘to 1.0% vol. ‘These data should be
obtained on one catalyst over at least a 100°C temperature range, in
order to generate a large consistent data matrix. A plot similar to
figufe 6 should then show straighi lines over the entire PA partial
‘ prgssﬁré range, if this form of rate equation is vélld.

Uncertainties were revealed during the literature search on PA
production. There appears to be insufficient iﬁformation on the source
of byproduct MA and on PA oxidafion. Hypotheses that are to be tested
are that: |

(1) MA, obtained durfng oxidation of o-xylene, is derived
from PA combustion, rather than from initial o-xylene
attack, |

(2) the PA oxidation scheme substantially follows two

parallel paths from PA to carbon oxides as shown below, and

MA
PA/ \;s\ CoX

. (3) kinetics of PA disappearance may be represented by a single

.adsorption type rate equation, over a range of temperature

and PA concentrations encountered in PA production.
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- C. Experimental Methods

Kinetic measurements, for s&stems involving PA, have been made
using plug flow reactors, fluid bed feactors and recycle reactors.

Tubular reactors have been operated as differential reactors at
low conversions and low heat release. This has the advantage that
concentration gradients are sufficiently small that data may be directly
used in differential rate equations. 4Input-outputvanalyses of reactant
and product concentrations must have good sensitivity and precision in
order to produce useful kinetics. Low heat release facilitates isothermal
operafion; this is necessary because rate constants are very temperature
dependent. Low conversions mean that major product concentrations are
low, and minor product concentrations are much lower. Tubular reactors
may be operated as integral reactors at high conversion, with corresponding-
ly high‘heat release. High conversions result in severe concentration
gradients. These gradients require use of integrated rate-equations. High
heat release leads to non-i#othermal operation, unless. there is a high rate
of heat transfer from the reaction zone: High heat transfer requires care-
ful design to provide-high heat flux from catalyst and products to
surroundings. |

Fluid bed reactors have an advantage that temperature is reasonably
uni form throughout the entire fluidized reactor vélume. Data has been
~treated as originating from a blug flo@ integral reactor.ll7"58 Back~
mixing and Bubble passage through the bed cast severe reservations on
validity 6f the plug flow approximation. Some very long and very short
times exist in the residence time distribution, due to backmixing and
bubble passage. Fluid bed reactors do have a very low ratio of structural

material surface to catalyst mass. If structural materials are catalytic
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to the reaction being investigated, the fluid bed may be advantageous.
Recycle reactors operate as backmix reactors, where an in-
coming reactant stream is mixed with a system stream passing over the

catalyst]sl

A product stréam is yithdrawn from the system stream. Re-
cycle provides circulation of the syétem stream over a catalyst surface,
or through a short fixed catalyst bed. Small conversions per pass over
the catalyst give gradientless performance. Since'system temperature and
concentration are uniform at the steady state, the rate data may be used
directly in differential rate equations. A very high ratio of structural
'surfa;e area to catalyst mass can be troublesome, unless the structural
surface is inert at the reaction conditions. |

One common factor in reactor choice lies in the required non-
catalytic nature of reactor structural materials. Table 5 shows the
reported activity of reactor materials for oxidation of o-xylene, PA and

MA.

Table 5

Catalytic activity of structural materials

non catalytic catalytic
borosilicate 9‘35585,180,52,83 Ni, Cr and Fe oxides‘zg_
'Mo glass”2 Cu, brass|65
stainless steel>2?93 stainless st'eell‘8’85"80’98"0’2
aluminums‘ steelsz’83
quartz52 glass‘65'93
quartz‘

silimanite (A82°3'Si°2)‘l3'
83,165

aluminum
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There is no common agreement among ihvestigation on catalytic activity

of structural materials. Activity of materials varies with temperature.

Borosilicate glass has been preferred for small research reactors.

There is contradiction on the catalytic activity of aluminum and stainless’

steels.

Based upon information obtained in the literature search, plan of

the research program was developed as follows:

Determine a structural material sufficiently inert to

permit an isothermal reactor to be operated at moderate

to high conversions. |If a sufficiently inert.material is found,
kinetic data could be obtained on catalyst uplto 600°C with-
out significant amounts of parallel reaction occurring on

the reactor materials present. The ratio of heated reactor

surface to catalyst mass would be a consideration in choice

of reactor type. |If the structural material had high thermal

conductivity, a sméll tubular integral reactor could be
designed to approach isothermal operation, with reasonably
high conversion. |

Measure product distributions over a temperature range to
give evidence of the reaction sequence involved in oxidation
of o-xylene to products. Catalysts of different seléctivity
would be expected to show different products growth and
deéay curves. Comparison of several curves would be expected
fo show whether MA was produced during initial attack on
o-xylene or later in the oxidation sequence. Occurrence of
previously unrecognized intermediate products should be

most evident if growth and decay curves involve reasonably
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high product concentrations, and were obtained at short contact

“times.

Measure the effect of concentration.on PA oxidatiqn

rate with one catalyst over concentration and temperature
ranges broader than the coﬁbined ranges covgred by the

data of Hughes and Adams and the data of Lyubarskii. Confirm
that the form of the Langmuir-Hinshelwood'rate equation used
by those investigators applies over the extended range of
variables.

lnvestigate‘the PA oxidation reaction scheme by measuring

product distributions obtained from PA and from MA.
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5. Agpératus

A. Chdice of Reactor

A tubular reactor configuration was selected because it could
be designed to approach isothermal operatién, could give a low structural
surface to catalyst ratio, and could produce fini;e conver;ions at éontact

times related to industrial practice. A low structural surface area was
desired to minimize catalysis by reactor surfaces during high temperature
operation. Relatively small reactor bore was necessary to insure thermal
contact between each catalyst particle and the reactor wall, for radial
heat transfer. Reactor wall materialnshould be catalytically inert for
the reaction, and should have high termal conductivity, for longitudinal

heat transfer.

B. Experimental Apparatus

The experimental apparatus.cbhsisted of feed, reactor and
analytical sections. The feed section saturated a small primary air-
stream with reactant to be oxidized, and diluted that primary stream
with a secondary air stream to produce‘the desired féactant partial
pfessure. Performance of the feed section, for deiivering a constant
compoéition, was monitored by a continuous quantitative combustor
system that meésuréd feedstream carbon content. The reactor section
contained the tubular reactor in a well circulated and controlled gir
oven. The reactor wall at the catalyst location could be maintained at
the desired reaction temperature. The analytical section routinely
analyzed the reactor exit stream by chromatography. Tail gas, after

condensation, was analyzed by non-dispersive IR for carbon oxides
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content. A systems schematic drawihg in figure 7 shows the feed,

reactor and analytical sections of the apparatus.

C. Feed Section

Methods for continuously delivering a feedstream of constant
- composition are: (1) vapor pressure controlled bubblers and solid
saturators, and (2) controlled delivery of liquid to a preheated gas
stream. The PA melting point is 131°C. Héats of sublimation and
vaéorizatioh, and vapor pressures of PA are given in the appendix. A

feedstream, containing 0-1 mole % PA at 1 atm. total pressure, can be

generated by hsing the required 0-7.6 mm PA vapor pressure of solid PA.

Higher partial pressures are available from molten PA.

| Simple thermodynamic calculations showbthat vépor pressure
variation with PA temperafure, in the region of iﬁterest around éhe
triple point, is 4,0%/°C from the liguid, and 6.4%/°C from the solid.
Transfer of heat of vaporization to liquid, and heat of sublimation to
solid phase, are required for an isothermal saturator. The required
heat transfer is feasible for properly designed.liquid bubblers, but
much more difficult for packed beds of solid particles, cooled on the
su}face by their own sublimatiqn. Packed beds tend to become sticky at
10-20°C below their melting point; they compact and generate problems
of increased pressure drop.

Despite obvious limitations,.liquid bubblers were used. " This

required adequate heat transfer, excellent temperature control, slow

9l

flows and sufficient sintered plate area in bubblers to achieve necessary

mass transfer for saturation. Two butbler type saturators were used

sequentially at low flowrate. One was a large, high heat capacity
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copper tank for primary stream paréiaf saturation; the other was a
glass bubbler to achieve final app;oach to ;aturation. These
séturated the air at primary flowrates below 200 cc/min., but it
was necessary to install prOpértiogalucontro! on.the saturato} oven,
and to analyze the reactor feedstream to maintain control, due to
changing levels in the bubblers duripg long term 6peration.

Primary and secondary air flows were control led by using
pressure drop across fixed capillary devices. ~These devices were
flagtened and constricted tubing, packed beds of filter material,
or lengths of small-bore tubing. Flows were moniforéd by calibréted

rotameters.

D. Reactor Section

. The reactor section consisted of a simple U tube or coil,
containiﬁg a short preheat zone and catalyst at the downstream end,
The reacfor was contained in a small, high temberature, controlled air
-oven, Reactor wall temperature was measured by attached thermocouple
at the catalyst section. On occasion, a very small thermocouple probe
(ca. 6;2mm wires) was inserted to determine catalyst surface temperature
at the downstream end of the bed.

Reactors, designated A-L, were constructed from appropriate
tubing, bent in.either U, or 1-1/2 or 2-1/2 turn coil configurations,
These shapes were uéed to conveniently fit.into the top-opening oVén.
Joints to external piping were made outside the high temperatdre Zone,
Materials, configurations and pertinent dimensions are shown in figures
8 and 9.

Heated lines, connections and joints were held at temperatures
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REACTOL A

f} A

\$" 8.7/

1

+

N

37

Small bore stainless steel tubing, type

1-588, ,0625" (1.6 m) i.d., ca. 2. mm 0.de -
21 turn coil + 8" at each end. Brazed con-
nections to larger tubing and fittings; Cu
wire clad for heat transfer at inlet and
exit sections. Heated volume Vr = 2.Lh cc,
heated length L = 123. cm, and heated sur-
face area S = 6l. cm?,

RCACTOR

-“{ s2s’ ‘:f"_
‘ B
£

Small bore stainless steel tubing type
EN-58B, AISI 321, 125" (3.2 mm) i.d., ca.
L rm o.d. 2% turn coil + 8" at each end.
Brazed connections. Cu clad as above,
Heated volume V_ = 9,76 cc, heated length
L =123, cm, an heated surface area

S = 123. cm?.

M
'.////////&

/.»\;3'*
\_/ T

n

—_— &5

A

Pyrex (borosilicate) glass laboratory

tubing, 3. mm i.d. CIBA Araldite joints
at ends to metal fittings. 2% twm coil +
7" at each end = 55." long. Heated volume
V. = 8.46 cc, heated length L = 120, cm, and
heated surface area S = 112, cm®. '

ReacmoRr D Aluminium tubing, type 25 99.'% purity,
. . 0.25" (6.1 1) 0ede, 219" (4.7 rm) i.d.

o777

Annealed at 500°C. Brazed joints to fittings.
21 turn coil, total length 43.5". Heated
volume V_ = 20.8 cc, heated length

L= 117.r é and heated surface area
S = 175, em©,




' vig. 9 Tubular Reactor Configurations 9l

REACTOR & Pyrex (borosilicate) glass laboratory tubing,
S. m i.d. CIBA Araldite joints to metal

—>t~ | fittings. 2% turn coil + 8" each end.
C/AV Z /:"// Heated volume V_ = 23.5 cc, heated length

” L = 120. ecm  and heated surface area

S = 1880 cm2.
s.25”

cunuPy

REACTORS F € G |pluminium tubing, type 25 99.% purity, 0.38"
I (9.5 mm) o.dey, 7.8 mm i.de Annealed =t 500°C.

" e . . . 1. .
o Brazed joints to fittings. 15 turn ccil +
44////7/}//1 7" at each end, total length 3L.5". - Heated
' » | volume V., = 36.3 cc, heated length L = 76. cnm,
4.0 |and heated surface area S = 187, cm?,

)T

' cmoigny S'.zg” ‘-Q—-

RERCTOR HH Same 25 Aluminium as above. Simple U-tube,
total length 19.6". Heated volume ‘Zfr = 17.7 cc

heated length L = 37. cm, and heated surface
area S = 91, cm“.

X

77 ////Z )

3 .Z”
-+ .
1

REACTORS I/J ¢ /K |Same dmens:.ons a.nd conflgu.ratlon as Reactor H,
but material is EC-grade 99.5%% purity
Aluminium tubing.

REACTOR L' Earliest configuration, stamless steel tubing,
type EN-SBB, 63" (16, mm) o.d., .50"
A (12.7 mm) i.d. Simple U-tube, bent at red

: ‘ - heat. Stainless steel compression fittings
_é; ///// z ; at ends. Heated volume V_ = 58. cc, heated
42¥ |length L = 6. cm, and heated surface

+ —T— S = 18h. cm?.

— ST ¢ !-—

Reactor M, . EN-58B Stainless Steel CSTR_.' as constructed and
described by Brisk et a1,181
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above 150°C, to exceed dew and meliing points of vapors in the system.
Joints were either.metal compression fittings or brazed metal-metal
connection.: Interconnecting lines in the several systems were made
of annealed 99.%% aluminum. Alumiﬁum was'needed for axial and
circumferential heat transfer to avoid hotspots in lines heated

with thermocord tracing and guarded with asbestoé‘tape. This
requirsment was necessitated by malperformance of stainless steel
lines due to poor thermal conductivity, catalytic nature of stainless

‘steel in this system, and development of hotspots.

E. Product Section

Much of the analytical effort was based upon gas phase
chromatography, with direct.gas sampling of the hot reactor streams.
The method was made reasonably reliable for aromatics, Cy-plus
components and some lower molecular'weight polar compounds. Success-
 ful usage was dependent upon proper jsothermal column performance,
control of the operational parameters, and.attention to sample valve
malfunction.

(1) Gas chromatography. Column packing materials were screened to find

oneAthat would give the desired isofhermal resolution of the products of
o-xylene et seq. oxidation. Hewlett-Packard supplied 10%¥ (Union Carbide
W-98 series, vinyl methyl silicone rubber) W-982 on AW-DMCS treated
Chromosorb W as a bulk column filling (catalog no. 80-170591). This
packing was used for construction of 3 meter analytical columns.

Annealed aluminum tubes of 4.7 mm i.d. were filled with packing and

retained by glass wool plugs to within 3. cm of the endé. Ends were



terminated with standard brass thréaded fittings, very carefully
brazed to the aluminum tube.

The analytical column ga#e excellent resolution-of aromatic
and polar compounds encountered. Gas samples up to 5 cc could be used.
System limitation was overloading the flame ionization detector (FID)

by narrow high peaks of individual components; this was readily handled
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by reduced sample volume. The column was operated isothermally at 150°C,

with oxygen-free nitrogen as carrier gas at 14.5 psig. Carrier flow was

held constant by a gas pressure and flow controller at ca. 50 cc
(amb;)/min. |
Hydfogen flowrate to FID burner was 50 cc (amb.)/min; it
was controlled by pressure drop across a capillary, and monitored by a‘
small rotameter. The general laboratory compressed air supply was
filtered, and subjected to two stagé pressure reduction, then it was
cleaned by passage through molecular sieve 5X and fed, via capiilary
flow constrictor and monitoring rotameter, to the FID at 500 cc
'(amb.)/ﬁin. Although operated in the so-called ''flat region,'" FID
sensitivity varied with hydrégen flowrate. FID ove;load, or high
conceptration deviation from linearity caused by narrow high peaks, was
a function of'burner air supply. To achieve stability of the system,
the elec;ronic components, FID and nitrogen carrier gas flow were left
on contindously. |
Using the above column and operating conditions, a series of
standard retention times was established for reactants and products.
These times are: MA (122 sec.), o-xylene (145 sec.), o-tolualdehyde
(256 sec.), benzoic acid (422 sec.), o-toluic acid (490 sec.),

PA (650 sec.) and phthalide (770 sec.).
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- (2) on-line, hot product IR adsorption spectra. A heated 150°C gas cell,

of 2.5 cm i.d. and 20. cm path lengfh, was constructed for use with
Hilger & Watts dual beam Infrascan equipment. This cell Qas connected to
the reactor exit, for full product‘f}ow through the cell, using traced
and lagged aluminum tubing at 150°C. The hgated cell had rapidly ex-
changeable HaCl 6ptical windows 4mm thick by 2.5cm diameter. This equip-
ment permitted unequivocal identification of some reaction products by
théir IR adsorption spectra. Several reference spectra are abpended.

(3) Continuous carbon analysis by quantitative combustor. A small

fraétion, 20. cc (amb.)/min, of reactor feed stream was continuously.
oxidized to CO2 and H,0. Carbon content was quantified by on-line iR
analysis for éarbon dioxide, with readout on a chart recorder. Purpose
was reactor feed analysis, and elimination of reactor feed syétem
variation.

The quantigativé combustor system consisted of two sequential
catalytic reactors, each made of thick wall copper'tubing (lf. mm i.d.,
'IS. mm é;df and 43. cm iong) traced with thermocord and heavily lagged
with thick asbestos to retain heaf and exclude air %rom the outside- sur-
faces. Combustion tubes were operated at 600°C, wi;h residence time of
24. sec. in each tube. The first tube was filled with a 3-6 hesh vanadia-
iron catalyst, and the second contained é mm particle size Hopcalite
(60% MnO, and 40% Cu0). All ﬁopper surfacés readily oxidized to Cu.
CQmpIétehess of combustion was verified by gas chromatography, by o, and
by zero C0 exit gas‘analyseé. Flow through the system was regulated by’

needle valve and rotameter on the cooled products side following water

removal by CaClz, and prior to gas entry into the IR CO2 analysis instrument.
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6. Experihental

A. Experimental data

Experimental data were téken to define feed, flograte, reactor
and catalyst conditions, and products composition. Data for reactor feed
and flowrate are ambient temperature'and system pressure, primary and
secondary air flowrates, saturation temperature, and measured feedstream
composition by chromatographic and combustion analysis. Data for reactor
and catalyst are mass and volume of cataiyst, reactor void volume in the
catalyst zone, total reactor surface areavin the heated zone, reactor wall
temperature, and, on some occasions, catalyst temperature at the bed outlet.
bata for products composition were obtained by chromatographic analysis
of the hot product stream, and by non-dispersive IR determination of %
volume carbon oxides in the tail gases. Under standardized chromatograph
conditions, retention times identified products, and peak areas were
converted to product partial pressures.using calibration charts for PA and
MA.

These experimental data were reduced to yield reaction data for
each series shown in the appendix. Data for one reactor temperature in

Series 38 is duplicated below:

Series 38 Reactor: F, Catalyst: CCI-C103, W = 14.10 gm (5.93 cc),

L=3%cm V_= 10.1 cc, AP < | psig, feed: PA, 13.3 cm?

r

- Al/gm cat.

The above statement indicates that reactor F was used. (Further detail on
reactof F configuration and material is given in previous figure 9 ).
Cataiyst bed consisted of 14.10 grams of CCI-C103, which had a liquid
displacement volume of 5.93 cc. The catalyst bedroccupied the outlet

34 cm of the reactor tube and left 10.1 cc of void space in the packed



bed. The inlet portion of the reactor tube length constituted a feed
preheat section. System pressure drop, meagured ahead of the saturator,
waS less than | psig. Feedstock was PA, and the ratio of héated aluminum
reactor surface to catalyst mass was small, 13.3 cmzlgm.

Reduced data for one temperature of the 300-600°C range studied

in that series is shown below:

T°C q pi | % |%co, | %0 | rc 108 r+108
liters/min,| atm moles/gm.hr, | moles/gm.hr,
4so | 478 .0055! ,130| 0.38 Q.llS 21.4 24,5

Reactor wall temperature, T°C, was measured. At-the highest heat
flux, generated by the greatest conversion of the most concentrated feed-
stock, catalyst temperature was only 5°C greater. Temperature T°C is used
as the mean catalyst temperature existent in the bed.

Volumetric flowrate, q, is liters/min., measured at ambient
tgmperature and reactor bressure. Summation of primary and secondary

flowrates yields q. Contact time may be calculated from reactor void
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volume in the catalyst bed, V_, and volumetric flowrate corrected to reactor

temperature: _
_ v T | '
contact time = _T _ambient =(1‘;.(7’.8_'_H.2_9.3_) (60) = 0.51 sec.
9 Treactor 723 ‘

Feedstream PA partial pressure, Pj, is given in atm. This is
calculated from saturator vapor pressure and the secondary/primary air

dilution ratio. Calculated Pj was confirmed by combustion analysis, and

crosschecked against chromatograph calibration curve.



100

Xt is the fraction of feed ;onverted to total products; it is‘
obtained directly from measurements of reactor input-oufPUI feed ratio.
Fraction of unconverted feed, I-Xt, eduals Po/Pi, the feed &utlet to inlet
partial pressure ratio.

| Percents -of carbon oxidesAare measured compositibn of the tail
gas. Amﬁient'COZ is subtracted from % CO, reported. The fraction of
feed converted to carbon oxides, Xg, may be calculated using feed
composition.

P..+P P
‘ co co (0.0038 + 0.00115)
’ For (:8 feed: Xc=( 2 )=

. 8 P; 8(0.0055)

= 0.113.

Rates'rt and r¢ are for conversion of feed to total products,

and to carbon oxides. Units are moles/gm.hr.

Reaction rate, ry = E.Xt, where £ is the feed rate in moles/gm.hr.,
. W W :
and Xt is fraction of feed converted to total products. Feed rate Fis
_ A W

derived from volume flow rate, (q), feedstream mole fraction

P _ , .
— , using the ideal gas law at the temperature and pressure of flowrate

total
F o580 qfPi n _ Protal
Ww W P v RT :
: -total

measurement:
- £ 60(6.478) (0.0055) - 465, x 1075 moles/gm.hr.
_Thus the feed rate, W= 1570 (0.0821) (293)

Reaction rate to total products, ry = (465 x lo‘sf(0{130) = 60.5 x l0-6

moles/gm.hr.
Reaction rate to carbon oxides r_ may be similarly calculated using X.:

C
re= (465 x 1076) (0.113) = 52.5 x 107 moles/gm.hr.
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It is evident, in this case, that carbon oxides constitute

52.5/60.5, or 87% of the products of PA.

Experimental Procedure

The steps used in obtaining data for one reaction series are

given below. Elapsed time per series was one day, except in those cases

where 16 hour operation at 500°C was added to evaluate catalyst stability.

(1)

(2)

(3)

(4)

The series was begun with catalyst in an air oxidized state,
after having been in the reactor overnight at 500°C in a small
secondary air flow of 100 cc/min. The reactor oven was set to
give a reactor wall temperatu;e of 300°C. Secondary air wés
increased to the operating flow of hzh‘cc/min., measured at
ambient temperature and pressure. All aluminum feed and product
lines, including sample valve and chromatograph lines, had been
held at 150°C. The chromatograph was stable, having been held
continuously at 150°C with carfier gas on, and flame detector
lit.

The saturatoerven, ﬁréheat lines aﬁd safurators_had been on
‘continuously and were stable at 170°C, as determined by thermo-
couples. PA vapor pressure at this temperature is 37 mm or
0.0487 atm.

‘Chromatograph and associated electronics were shown to be stable
by yielding standard peak area for é 1 molé Z propylene in nitrogen
reference gas injecfed with a separate gas sample valve in the

system.

Calibration of non-dispersive IR analysis equipment for CO and



(5)

(6)

%)

(8)

(9)

for CO2 was checked, using fanksvof 1% CO, in nitrogen and 0.25%
CO in nitrogen references gases.

The quantitative combustor was brought up to its oﬁerating
temperature of 600°C.

When all equipment was stable at their operating temperatures,
the primary air to the saturators was started at 54 cc/min.
(ambient). This yields a dilution ratio of 8.85, giving a PA
feedstream partial pressuré of 0.0055 atm.

System backpressure was measured upstream of the saturator.

Normally this pressure is below 0.5 psig at the flowrates used.

Since tailgases exhaust to the atmosphere, reactor pressure is

taken as 1.0 atm.

After 15 minutes, when steady state had been achieved, the feed
composition was determined by measuring % Co, {above 0.04% in
alr) generated by a small Sidestreém of reactor feed pasrad
through the quantitative combustor. Chromatograph measurements
were made of-the 300°C reactor outlet stream composition.
Elution time for PA was 650 seconds. Three analyses were made;
these ylelded consistent PA peak areas that were converted to
PA partial pressure using a calibration chart. With the reactor
at 300°C, there was no CO or COzlproduced, and there were no

chromatograph peaks other than PA. The reactor outlet stream

was the same as the inlet stream, because no reaction occurred

at 300°C.
The above steps were used to bring the system onstream. Further

work consisted of raising reactor temperature by 50°C increments,
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achieving steady state at éach temperéture, and making product
analyses at each reactor temperature. Feedstock composition
was held constant during thé run series.

(10) Product compositions became stable upon reaching steady state
at each reactor temperature. Three chromatographic analyses
were made of the reactor output, and three determinations of
carbon oxides were similarly.méde.

(11) After measurements had been madé at the highest temperature,
600°C, the reactor oven was set to give a 300°C reactor temp-
eréture again. Cooldown to steady state took one-half hour.

~ Carbon oxides in the tailgas Qropped to zero -again, and
reactor outlet equalled feedstream composition. This reduﬁdant
run at 300°C served to confirh that feedstream and analytical
equipment wére performfng as they had at the beginning of the
series.

(12) System shutdown consisted of turning off primary air flow ;o
the saturators, and power to the reactor oven. The chromato-
graph, heat to the sample lines and a small flow of secondary

air were left on to purge the system.

C. Operational Problems
Three major areas influenced accuracy, but not overall validity
of data from the chromatographic product analyses. These areas are:
'(l) chromatograph non-linearity due to FID response characteristics, (2)
sample valve problems, and (3) adsorption and desorption of PA from

polymeric deposits that result from minor products of PA oxidation.

Chromatograph non-linearity

in all systems worked with, the FID and associated electronic
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responses yielded comparably shaped curves of peak area vs. con-
centration.

£ sarvraTiod REGIN

PEAK
© AREA

LINCAR RCGIcN

~

4
4
v PA PARTIAL PAESIURE
,
y .

Recurring negative intercept of the linear region imposes
limitation on numerical accuracy of input-output ratio determinations.

Calibration curves were necessary to remedy this.

Sample valve problems

Perkin-Elmer sample valves available were troublesome. They
required constant attention, adjustment and acetone cleanout. Polymeric

products from PA oxidation contributed much of the problem.

Adsorption-desorption of PA from polymeric products

Very troublesome deposits of polymeric materials were laid down,
in all system piping downstream from the reacfor, during the long term
experimental periods. Piping had to be held above 150°C to prevent
depoSition of PA from the vapor phase; at those temperatures, reactive
minor products formed tar deposits in lines, sample valve, and sample
ldop. These deposits were partially soluble in acetone. Adsorption-
desorption of PA in such deposits in lines required extended periods to
achleve steady state. Acetone and mechanical cleanouts were frequéntly
made, and the single loop sample valve switching time was held constant
at 30 seconds throughout the experimental work in order to obtain

repeatable PA determinations.



7. Results

A. Catalysis by Reactor Materials

Preliminary experiments were conducted to determine appropriate
reactor materials for design of an isothermal reactor for PA oxidation.
Relatively non-cataiytic structural surfaces were needed in the high
temperature reaction zone.

| Series | oxidized a low concentration of PA on Alundum SA-201
spheres contained in a 12.7 mm inner diameter stainless steel tubular
reactor. These materials had been previously used, as catalyst diluent
and as reactor tube. From 30 to 100% PA oxidation occurred at k25°C and
above. Velocities through the catalyst bed we}e low, 1.5-1.7 ft/sec.,
and contact times were long, 0.7-0.8 sec.

Series 2 oxidized the PA product stream from a singie tube
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pilot reactor operated by Ellis. This feedstream contained about 0.5%
vol. PA derived from 1 Z vol. o-xylene feed in air. The secondary

oxidation experiments of this series were conducted, using glass beads

in a stainless steel reactor. Temperatures of 425 and 500°C, and contact

times of 0.05-0.5 second were used. Secondary combustion of PA to carbon
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dioxide was 31% at the most severe condition. Combustion to other products’

was not‘measured. Subsequent experiments by Ellis showed that stainless
steel on top of his catalyst bed reduced selectivity to PA. Conversion of
.o-xylene to PA dropped from ca. 65 mole % to ca. 40 mole %, due to post-
combustion. .
Series 3 confirmed that stainless steel filling in a stainless
steel reactor was very catalytic for PA oxidation to carbon dioxide at

contact times of O.14 sec. at temperatures above 425°C.



Series 4t and 5 oxidized PA:in an empty 1.6 mm inner diameter .
s;ainless steel reactor tube. This Qmall bore was selécted to suppress
homogeneous reaction. Surface quenches free radicals breseht in homo-
geneous oxidation reactions. High flowrates yielded linear velocities
of 50-120 ft/sec. and contact times of 0.035-0.080 second. At a 0.7.
mole % PA feed flowrate of 2370 x 1076 moles/10 cm? of SS per hour,

34% of the PA was combusted at 500°C; Wiﬁh about one fifth the PA
concentration, and correspondingly reduced feed flowrate of 517 x IO'6

moles/10 cm2

SS hr., all of the PA was combusted. These experiments
~ confirmed thevhiéhly éatalytic nature of stainless steel ét elevated
temberatures. They substantially elimated opportunity for PA homogeﬁeous
oxidation. Reduction of PA partial pressure by a factor of five did not
produce a corresponding reduction in oxidation rate. This showed that
PA oxidation kinetics on stainless steel were not simple first order,
Series 6 and 7 used the same stainless steel spinning basket
internél recycle reactor that had been used by Watt97 for the oxidation
of o-xylene.to PA. In series 6, the basket was filled with the small
stainless steel cylinders that had filled the tubular reactor in Series 3.
In series 7, the basket contained V205 on SiC catalyst (CCi-C103) from
the same batch used by Watt. Feed was 0.15 mole % PA in air during
both series. The flowrate yielded mean residence times of 0.8-0.9 sec.,
over the temperature range 330-4390°C. Carbon-dioxide measurements showéd
that about. 30% of the PA charged was combusted at 490°C in both series.
Results were inconclusive with respect to the V05 catalyst. The hiéh

catalytic activity and surface area of the stainless steel reactor,

32 cmZ/gm catalyst, masked the effect of catalyst contained in the basket.

106



107

Series 8 was the last set Qf experiments conducted in stainless
steel tubular reactors. This series was conducted in an empty reactor
at 390-500°C. The linear flowrate was 30 ft/sec., equivaleht to 0.13 sec.
contact time. Feedstock was 0.14 mole % PA in air; this Qielded a mass
flowrate of 494 x 10-6 moles/10 em? sS per hr. Results of this set of
kinetic data showed péeudo first order rate constants per 10 cm2 of
stalnléss steel that were much larger than similar rate constants later
measured per_gm of.V20S catalyst.

Series 9 evaluated surface of a small bore borosilicate glass
~ tubular reactor for its catalytic activity towards PA oxidation. The
relstive inertness of this glass was demonstrated at 500°C, and at 0.1
and 0.6 sec. contact times.

Series 10 showed the iﬁertness of an empty reactor, made from
4,75 mm inner diameter aluminum tubing. The type 2-S aluminum used was

2 were comrarable

99+% pure. Pseudo first order rate constants per 10 cm
with, but slightly higher than were obtained with borosilicate glass in
the prior series.
Series )l-lSiwere a group of non-isothermal~experiments
condqcted in a 5 mm bore borosi[icate glasé reactor to screen a variety
of materials for their actlvityﬂtowards PA oxidation at 380-500°C wall
temperature. The volume flowrate of 0.535 liter/min, yielded contact times
of 0.10-0.13 second. Linear velocities, through the void space of the
packed beds of materials, were 5-8 ft/sec. Two PA partial pressures'were
used to permit estimation of the order of reaction on the tested materials.
Series 11 and 12 were data sets to evaluate the activity of

oxidized mild steel. The two series differed by reversal of bed

configuration. In series 11, 24 cm. of steel filling was folldwed by 96 cm.
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of empty heated reactor tube. In series 12 the reactor was reversed, giving

a 96 cm. empty preheat section followéd by the same 24 cm. filled section.
Results of the two series were similar, all PA was combusted.at L60-480°C.
The mild steel was so active that the reversal aspect of the experiments
was inconclusive. The iron component of stainless steel was much more
catalytically active than austenitic st#i;]ess steel.

Series 13 was conducted to-tésf'activify ofAthe chromium and
nickel components of stainless steel. Nichrome alloy at 20% Cr and 80% Ni
~was used. It proved to be less catalytic than mild steel, but more
catalyfic than the stainless steel previously tested.

Séries 14 used small particle commercial V205 on SiC catalyst

(CC1-C103). This catalyst was the same as used by Wwattd7 in a fluidized

bed. It had been prepared from the commercial 6-8 mesh material by size

reduction in a ball mill, followed by screening to I-l;h-mm particle size. .

One gram showed comparable attivity with about 3 cm? of stainless steel
for PA oxidation. At the low PA flowrate of 605 x 10’6 moles/gmrhr., an
embedded thermoc§uple-showed at 38°C rise ébove 500°C wall temperature{
This temperature was measured at 68% conversion of thé 0.14% PA
'fee&strgam; This series demonstrated the known futility of attempting
to obtain isothefmal operation at reasonable conversions, in a reactor
with the poor thermal conductivity of glass,.and without alllcatalyst‘
particles cohtacting the reactor wall.

Series 15 measured the activity of small soft glass beads as
a possible catalyst diluent. Catalytic activity of the beads for PA
oxidation was more than a decade higher than borosilicate glass.

Series 16 screened Duraluminum as a reactor material. As
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anticipated from its copper content, it was much more active than 93+%
aluminum for oxidation of PA.

Series 17 examined SA-203 Alundum. This material was a porous

catalyst carrier. It consisted of alpha-alumina and mullite (A1,03 - saoz).

This Alundum had very limited activity towards PA oxidation. Being
porous,'and having an unknown surface area, rate data were reported on
a weight basis.

Series 18 was conducted to evaluate activity of austenitic
~stainless steel relative to the Cr, Ni and Fe components measured in
preyio@s series 11, 12 and 13. Results were lower, with this 18-8 austen-
itic stainless steel than were observed with the small bore tubing of
series 4 and 5. This particular stainless steel sample was cut from
reactor L used in series 1-3. |

Series 19 evaluated prototype tubular reactor.D for later
kinetic studies of PA oxidation on V205 catalyst. This reactor ccasisted
of a 2-5 (99+%) aluminum tube filled throughout its heated length with
1.8 mm irregular spheres of EC grade (99.5+%) aluminum. Since the reactor
tube had already been evaluafed empty in'series 10, this series measured
: cafalytic activity of the aluminum spheres. These spheres were later
used as a thermélly conductfve‘catalyst diluent, in order to achieve
_isothermal reactor Operation, Results, aﬁ one inlet PA partial pressure,
indicated that this high purity aluminum was the least active of the metals
tested, but it was not as inert as borosilicate glass. The very hléh
thermal conductiyity of aluminum was deemed to outweigh the lesser
catalytic activity of relatively non-conductive borosilicate glass.

Series 19 was run for sixteen hours at 500°C to condition the metal
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surfaces, in case there was an ageinggeffect. No significant change was
detected with time.

Later series 50-53 were data taken to determine ex?ent of ageing
in an empty tubular reactor made of 99+% aluminum. These experiments
were conducted in the new reactor, in the reactor after one and four weeks
of operation, and finally in the brushed out reactor. The temperature
range of operation was 300-600°C. Feed composition was held near 0.45
mole % PA in air. Flowrate was varied by a factor of five. Comparison,
by means of rate constants that were hseudo first order with respect to PA,
showed that catalytic activity of the aluminum surface doubled after three
weeks of operation. Phyﬁical cleanout with a brush was partially effective

_in reducing the activity increase.

In series 54-59, the activity of 99.5%% aluminum, fused silica,
stainless steel and Alundum spheres were compared over the temperature
range 300-600°C. Data for these materials were bracketed between
before and after blanks on the new and used 99%% aluminum reactor.
Rates of PA conversion to carbon oxides were measured. PA inlet
partial pressure was held constant, and volume flowrates were varied
by a‘factor of five in some cases. Results of these series, un-
corrected for reactor PA partial pressure, are shown in figure 10.
‘Rates for PA conversion to carbon oxides, r_, are shown on the basis of
10 cm? of smooth surfaces, and one gm; of porous Alundum. Apparent -
activation energies were about 35 Kcal/mole, excepf for stainless steel

which was higher.
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Other later series 63 and 6L evaluated the catalytic activity
of lndividual 99.5+% aluminum reacto;s as blanks for studies involving the
contained catalysts. Surface activity of this high purity gluminum tubing
was very low at all temperatures to 600°C. Data from these preliminary
studies has been reduced, to a serie§ of pseudo first order rate constants
for the various catalytic surfaces. Rate constants for metals of 450°C

and their associated Arrhenius activation energies are shown in table 6.

Pseudo first order rate constants, kt’ we;e determined using the measured
rates of converSion of PA to all products, and using the logarithmic mean
" PA partial pressure existent in the tubular reactors. Rate constants are
inversely related to PA partial pressure. These shoufd have been coﬁstant
at one temperature for a true first order reaction. Thus, the déta are
useful only for comparison purposes. The ferrous metals yielded activation
energies of 55 Kcal/mole and above. These high activation energies
indicate that catalytic activity rises extremely rapidly with temperature.
-Rate constants and activation energies for aluminum materials are much
lower. The highest purity aluminum had the lowest rate cohstant ofiany
of the metals screened.

Table 7 shows pseudo first order rate constants and activation
eneréies for non-metals. Borosilicate glass has a very low rate constant
per 10 cm?. Alundum is porous, and has an estimated surface area of the
order of th.cmZ/gm. The Alundum composition may be more inert than
borosilicate glass on a smooth surface area basis, but porous Alundum

is not inert towards PA oxidation.
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. TABLE 6

Catalytic Activity of Metals

Metal  |Series B k, at L50°C Ey
- No. atm. tnote 1) (note 2)
Oxidized | 11 . .001L (.2) , -
mild 12 .001k- A 85.
steel 12 . .0070 .02 85.
Stainless| L 001k .3 ' 53,
steel L .001L 2 60.
[ .0072 Ol 55.
[ .0016 .3 60.
8 - L) 001)4 . 3 SS' .
18 | .o0wL .01 55,
18 .0070 .00l 55.
57 L0047 .007 -
20 Cr-80 13 .0070 (.001) -
Ni 13 001k .07 55.
Dural 16 .001L .06 (35.)
Aluminium| 10 .001L (.002) -
9. +% | 10 .001L .002 (35.)
. 50 . Oohs . ms 35 .
50 - .ooLL .007 -
51 L0041 .01 _ 3s.
52 . .00L8 (.00L) -
53 © .00L6 .003 -
Aluminium| 19 .0013 .002 35
99.5 +%| 55 .00L8 .001 35
63 .00L5 (.0001) -
6L .0049 (.0001) -

" Notes: A Pi = inlet PA partial pressure
(1) gm moles/(10cm?)(hr)(atm)

(2) Kcal/gm mole
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TABLE 7

Catalytic Activity of Non-metals

' o
Material Series Pi kt at L50°C Et
No. atm. (note 1) (note 2)

Soft glass s | .00k | .01 ).

15 .0070 - .00 ) 33.
Borosilicete 9 | .001ly )
glass 9 | .006L ) (.0005) (30.)
Fused
silice 56. -00L7 01 - 30
Alundum ' ' .
SA-203 17 -001L - .001/gm 33.
Alundurn
SAEgoin 58 -00L9 (.01/gnm) (32.)

Notes: (1) gm moles/(10 cmz)(hr)(atm), except for Aluncum

(2) Kcal/gm mole
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B. Kinetics of PA Oxidation

Series 20-29 generated data for determining the form of rate
equation involved in the air oxidation of PA on aluminum-diluted, small
particle V205 on SiC catalyst. One Qolumetric flowrate, with varied
PA inlet partial pressures from 0.00043 to 0.0087 atm., yielded PA feed~
flowrates that varied by a factor of 20. The 117 ém aluminum tubular
integral reactor and 99.5+% aluminum dilﬁent were the same as had been
used, without the added V205 catalyst, in previous series 19. Reactor
temperatures were varied from 300-500°C for each PA feed flowrate. No
detectqble PA oxidation occurred at 300°C. Measurable rates were
obtained ai 380°C upward. Conversions of PA to all products and to
carbon dioxide were measured. MA was the major product observed
chromatographically. These measurement§ yielded a data set that c§nsisted_
of'ten'iﬁlet PA partial pressures, each at four temperatures. The last
two iﬁlet conditions.were very near the first two; this served as a data
check, and to show that catalytic activity of the system was stable over
the long operating period. The method to achieve isothermal operation
was-to use a long, aluminum-diluted catalyst bed to distribute the heat
release longitudinally and to conduct heat radially to the conductive
reactor wall. Measured temperature in the catalyst bed was 2°C above
. reactor wall temperature at the highest reactor heat release. Highest
heat release occurred at 47% conversion of the highest PA feed rate
using 0.87 mole ¥ PA at 500°C. Contact times, decreasing with reactor
temperature, were 0.40-0.47 sec.

Consistency of the data is shown in figure 11. Rate of PA

conversion to all products is plotted against logarithmic mean PA partial
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Figure 11
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pressure existent in the reactor. éIOpe of lines conneéting data
poinfs at each témperature is indicStive of reaction order with respect
to PA in an exponential type rate équation. Alihough this.plgt shows
some data scatter at 380° due to lesser analytical accuracy at low
conversions, overall homogenefty of the data matrix is apparent.
Figure ll‘shows that the data may be adequately represented over the
entire temperature énd PA partial pressure range by a two parameter
exponential form of rate equation: ‘rt.= k t: Qhere n is the order of
reaction with respect to PA. Parameters k and n may be expressed, over
thg e*perimental range by: &n k = 32,21 - 32000/RT, Qhere T is °K and
n=0.0020 T - 0.82

The experimental data were plotted to determine whether they

could be adequately représented by a Lanomuir-Hinshelwood heterogenous

ki P :
rate law of the form: Fe ™ ! , where P is the partial pressure of
a 1+k,P

PA in the reactor. A plot of reciprocal rate versus reciprocal reactor

partial pressure indirectly yields parameters kl

this plot. Slope of the least squares of deviations line for each

I!

over the temperature and partial pressure range shown, are expressed by:

temperature yields reciprocal k ; intercept yields kz/k‘. Parameters,

an kg = 11.73 - 18800/RT, and

k, 930 - 1.15T, where T is °K.

Data of series 26, at the lowest partial pressure of PA, lie off the

plot to the right, and fall below the lines fitting the remainder of the

data.

and k,. Figure 12 shows

17
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Figure 12
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~ These data were also tested to determine compliance with an
Eloyich (Roginskii-Zeldowitsch) rate equation of the form:
re © kl exp(-kZP). This form of rate equation should yield a straight

- line when 2n R is plotted against reactor partial pressure, P Since

LM®
. 2n R vs 2n PLy Yielded a straight line in fig 11, 2n R vs Py could only
yield a curved line that indicates non-cgmpliance with that Elovich
eqﬁation; i

Several series of kinetic experiments were conducted on three
undiluted VZOS catalysts, in short aluminum tubular.reactors,over the
temperature range 300-600°C. These catalysts were CC1-C103 produced by
Catalysts and Chemicals Inc., von Heyden Kontak;-S and expefimental
catalyst 111. Experimental catalyst |1l consisted of VZOS on an
Alundum substrate.

Series 38 measured fhé kinetics of PA oxidation on 6-8 mesh
V2°5 on SiC (CCI-C&03). One feed flowra;e at 0.0055 atm. partial
pressure of PA was used over the temperature range 300-600°C. Conversions
of PA increased with temperature to 44%.

Series 66 measﬁred similar kinetics on the same cétalyst at -
two feed flowrates using 0,005 atm inlet paftial pressure of PA. These
data were obtained in a shoft 99.5+% aluminum tubular reactor that
had been run empty in series 63 as a blank. The empty reactor was
inert over the temperature range. Conversions to 15% were obtained on
catalyst at 600°C at 0.10 sec, contact time.

Series 65 used experimental catalyst |1l in an identical

reactor at one flowrate and the same inlet PA partial pressure. Series 64

was a blank run on the empty reactor under the same conditions. Due to
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lesser catalyst actfvity, 7% conversfoﬁ occurred at 600°C..

Series 60 used another ideﬁtical high purity aluminum'réactor
containing von.Heyden Kontakt-$ cataiyst. This catalyst had been
breviously activated with 1% vol Sozlin air, per manufacturer's
instructions, for one-half hour at 380°C in a seharate reactor. This
operation formed SO3 in situ and established'the active catalyst Condition.
Kinetic data were measured in less than 8 operating hours without any
sul fur compounds in the PA feedstock. Sémevdeactivation occurred at
600°C due to'SO3 loss, after the kinetic measurements had been made.
Series 59 and 61 were before and after blanks fun with thé same empty
reactor. The empty reactor was inert at 600°C during series 59; it was
contaminated with‘catalyst residue in series 61. Kontakt-S was
evaluated at one PA inlet partial pressure and one flowrate. This
catalyst did not oxidize PA below QOO°C, but it showed hfgh activity
with increased temperature.

Series 67 repeated the above kinetic measurements of PA
oxidation oﬁ Kontakt-S. A new aluminum reactor was tested empty-in series 62,
then loaded with a new charge of freshly'activated catalyst for the
measurements of series 67. One inlet PA partial pressure and one filowrate
were used at 300-600°C. Results were substantially the same as found in
previous series 60.

Data obtained for the three VZOS - containing catalysts are
summarized on the Arrhenius plot figure 13. In this figure, rate of PA
conversfon to total products is plotted against reciprocal temperature.
Due to the different PA partial pressures existent }n the reactor at
different temperatures, even though the inlet PA partial pressures

were comparable, the data have been reduced to constant 0;005 atm PA
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reactor partial pressure by using an exponential rate equation with
the exponents previously determined:n = 0.0DZOT - 0.82, Rate at

P, ., = 0.005 equals measured rate at actual reactor P 'mulfipliéd by

LM _ LM
(O.OOSIPLM)n. Data of figure 13 are shown in this way for comparison
withvprevious figure 5. Previous figure 5 presented literature data

for rate at 0.005 atm PA on other catalysts containing V Data on

| 205.
three catalysts shown in figure 13 were obtained in identical high
purity aluminum tubular reactors. Each empty reactor yielded between
1-2% conversion at 600°C. Feedstream flowrate, inlet composition,
catalyst mass and bed length were held constant for comparison of the
three catalysts. Each catalyst particle was in thermal contact with
the aluminum reactor wall. Maximum temperature rise measured in the
catalyst bed was 5°C. fhe catalysts behaved similarly up to 400°C, and
were quite inactive for PA oxidation. An apparent activation energy.
of'28.6 Kcal/mole was applicable to a!l 3 catalysts. Above 400°C

the catalysts differed, Qith Kontakt-S the most active and the

experimental catalyst the least active. Apparent activation energies

above L00°C were related to catalyst activity.



123

C. Reaction Products from o-nyene Oxidation

A group of five experimental V,0g catalysts plus commercial
CCI-C103 were used to oxidize o-xylene to pfoducts over the temperature
range 300-600°C. The object of this experimental sequence was to deter-
mine whether MA was formed directly from o-xylene during initial
oxidative attack, or whether MA was formed further along in the reaction
sequenﬁe. Technique used was to conduct.the oxidations on a group of
different vanadia catalysts over the temperature range, and to examine
birth and decay of individual intermediates in order to determfne the
earliest parent of MA. It was recognized that the series of catalysts
with their different activities and selectivities would yield different
product distribution diagrams.

| Experimental catalysts |-V were prepared by adsorption of
'V205’ VZOS-K2504 and V205fK25207.me)ts on porous Alundum substrate.
These catalysts were stabilized by sintering at 800°C for severa! hours.
Further catalyst details are qppended;-

Series 39 and 40 oxidized o-xylene on commercial VZOS on SiC
catalyst (CC1-C103). PA inlet partial pressure was .0096 atm., equiva-
lent to 0.96 mole % in air. A volume flowrate of C.5 liter/min. yielded
contacf time of about 0.5 second. Hajof products were o-tolualdehyde,
o-toluic acid, PA, MA and carbon 6xides; Catalfst activity was such
that xylene depletion occurred at L50°C. Above this temperature, small
amounts of a minor product, previously obscured by the xylene chroﬁato-
graph peak, was evident. The ratio of COZICO in the tail gas showed
a transition from 4,5 to 2.5 between 400-450°C; it remained at the lower
value at higher temperatures. The ratio, rc/rt, for o-xylene conversion

to carbon oxides/conversion to total products showed a minimum of 0.42
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at 450°C. That minimum was related ‘to a PA product maximum.

Series 47 replicated the above series, but used a lesser amount
of catalyst that approximately doubled the feed flowrate'pér gram of
catalyst. This series was also conducted at higher chromatograph
sensitivity for detection of minor products. The COZ/CO ratio similarly
dropped to 2.5 between 400-450°C. The ratio rC/rt'showed a similar
minimﬁm of 0.4 at 450°C, the temperature of maximum PA production.

Major products of o-xylene oxidation, in order of appearance as reactor
temperature was increased, were: o-tolualdehyde, carbon oxides, PA, o
o-toluic acid, phthalide and MA. Minor product§ were designated
a;cording to their chromatograph retention times. These minor prbducts,
in order of appearance with reactor temperature, were the 60 sec., 201
sec., a 105 sec. intermediate, 87 sec. and the 180 sec. compounds. A minor
product at 150 sec. was 6bscured by the o-xylene peak prior to xylene
depletion. Product distribution diagrams for series 47 afe showr. in
figure 4. 1In the upper figure chrématograph peak areas for o-xylene and
major products are plotted against reactor temperature. Carbon oxides,
‘as & vol in the tail gas, are shown és dashed lines 6n that upper figure.
The lower portion of ffgure 14 shows peak areas of minor products versus
reactof temperature., On'thisbfigure o-tolualdehyde and carbon oxides
are observed at low temperature, but MA is not evident until after
Aother products and PA were existent in thé broduct stream.

‘Series 41 used relatively inactive experimental catalyst 1.
This catalyst was originally formulated with V20S and K25207; it was
used to oxidize 0.96 mole % o-xylene in air at 300-600°C to generate

another set of product distribution diagrams. Conversion of o-xylene
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reached a maximum at 550° C; above that temperature some catalyst
deactivation occurréd. This catalyst produced o-tolualdehyde and carbon
oxides at léw temperature. Products in order of their appéarance with
reactor temperature were o-tolualdehyde and carbon oxides, PA, MA,
phthalide and o-toluic acid. Minor products observed were the 201 sec.,
60 sec. and 105 sec. compounds. None oflthese minor products were
observéd until after phthalide and o-toluic acid were present. Figure 15
shows the product distribution diagram for this series. On catalyst |,
minimum rc/rt occurred at 500-550°C. This roughly corresponds to
max i mum production of o~tolualdehyde. .Decrease in the COZ/CO products
ratio occurred with PA disappearance. MA appeared after o-tolualdehyde
and PA, and before bhthalide and o-toluic acia. Therefore, MA must Be
the product of o-tolualdehyde and/or PA.

Series 43 used experimental catalyst |l for the oxidation of
o-xylene under a similar’set of reac;ion conditions. This cétal?at
contained V_0_-K soh, and had been shown to be the most active of the

275 "2

set of experimental catalysts for oxidizing PA. In this series, the
ratio of rates of conversion to carbon oxides/c;nverﬁion to all prbducfs,
rc/rt, was reasonably constant at 0.65.' It was a strongly oxidative
catalyét, and showed deactivation with time above 575°C. Major products,
in order of appearance with increased reactor temperature, were
é-tolualdehyde, PA, phthalide, o-toluic acid and MA. Minor products,

in drder of appearance were the 201 sec., the 60 and 105 sec., and.the
70 and 87 sec. compounds. These minor products increased in amount with

reactor temperature.

Another sample of experimental catalyst 11 was used in series 48a
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“to determine the minor products of o-xylene oxidation. Minor products
found were the 60 sec., 70 sec., ]05.sec., 180 sec., and 201 sec.
compounds. The 201 second compound showed rise and fall wfth increased
reactor tempefature. Traces of benzoic acid-(422 sec.) were evident
at SOOfC. Since this series was such a prolific producer of minor
produc;s during o-xylene oxidation, the series was rerun at doﬁbied
o-xylenz concentration and doubled contact time in ofder to increase
minor products concentrations.v These data are showﬁ in figure !6._.

The benzoic acid rise coincides with fall of o-toluic acid. MA
copceﬁtratioq.appears to follow PA up end down. The 201 second minor
compound shows a decline ﬁhat may be assocfated with o-xylene decrease.

In addition to the usual major products and benzoic acid, six minor
products are}evideht: 60 sec.,r70 sec., 37 sec., 105 Sec., 130 scc.
ahd ZOI‘sec.i Existence of the previous1f.observed‘|50 sec. compound

was notvshown here; because if it were present, it would have beenr
masked in the chromatograph by unreactedIOrxy!ene (145 sec.).

VEiperimental catélyst'|l| was used in séries 45 and 46 for the>'
oxidation of o-xylehe at 0;96 mofe_% in air., Hajor ﬁroducts of series 45,
in order of apbeérance with increased reactor temperature, were o-tolual-
dehyde and carbon oxide§,lPA,‘phthalide, MA and o-toluic acid. Product
distributions obtained during series 45 are shown in figure 17. Rise,

‘fall and rise of o-tolualdehyde is accompanied by similar behaviorxof
the o-toluic acid and phthalide daughter products. This is also evident
for the 105 and 201 sec. minor products. MA afea appears to mimic PA
area, but at a lower concentration level. Minor products were the 60 sec.,

105 sec., 180 sec. and 201 sec. compounds. No 422 sec. benzoic acid
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was evident. Failure of the 145 sec. o-xylene area to decline at high
reactor temperature may indicate existence of an underlying 150 sec.
minor product. Series 46 was conducted in the same reactor, with the

same catalyst and conditions used in prior series 45. Purpose was to -

confirm reproducibility of the product distribution diagram and equip- -

ment stability. Figure 18 shows this second product distribution

diagrah obtained from o-xylene oxidation on experimental catalyst llil.

In overall form figure 18 replicates figure 17. The rise, falf and rise

of o-tolualdéhyde, o-toluic acid and phthalide are again evident. PA
follows o-tolualdehydg so closely that.PA must be its direct. product.
Genesis of the 180 sec. compound at 450°C reactor temperature is noi
clear. All minor prﬁducts preyiously seen are preseﬁt, including the
possibility that the 150 sec. compound underlies o-xylene at reactor
temperaturesiabovg 500°C. . Small amounts of the 87 sec. compound are
present}a: 550°C and above. |

27277
but with half the K25207 used in catalet I. Products of o-xylene

Experimental catalyst |V was formulated with VZOS-K S0

oxidation on catalyst |V during series 42 are shown in figure 19. The
usual major producté exist, with PA directly related to o-tolualdehyde.
Phthal ide appeared at lower reactor temperature than o-toluic acid;
this demonstrated that o-toluic acid was not an essential intermediate
' between o-tolualdehyde and phthalide. The 60, 105, 180 and 201 second
minor products were present. No benzoic acid was evidént until 600°C.
Simflar shapes of MA and the 60 sec. compound curves infer a relation
between the two compounds. |

Experimental catalyst V contained VZOS'KZSOQ’ with haif the

K;S0), used in the active experimental catalyst 1i. Catalyst V was used

131
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for the air oxidation 6f o-xylene id series 44. The products.
distribution diagram is shown in figure 20. Major products in order
of appearance with reactor tempefature increase are: o-tofﬁaldehyde
and carbon oxides, PA, phthalide, MA and toluic acid. Minor products
were the 60 sec., 105 sec. and 20! sec. compounds. The 180 sec.
compound and benzoic acid were evident only at 600°C reactor

temperature.

D. Reaction Products from MA and PA Oxidation

Oxidation prbducts of MA on experimental catalyst 1] weré
determined during series 49. This ser}es used the same catalyst and
volume flowrate as had been used for o-xylene oxidation. MA inlet
concentration was 0.67 mole % in air to yield relatively large amounts
of minor products in addition to carbon oxides and water. The 60 and
70 sec. compounds were formed below 400°C reactor temperature, Concentration
of the’60 sec. compound increased with temperature. The 70 sec.
compound declined with reactor temperature, yielding the 87 sec. compound.
Thus, MA yields the 60 sec. compound'directly, and the 87 sec. compound
via the 70 sec. compound. |

The products of PA oxidation were determined on several vanadia

- containing catalysts. Series 30-35 were a set of preliminary oxidations
of PA; ﬁonitored by carbon oxides dete€mfnation5, to determine fhat fhe
“ffvé éxberimental ﬁatalygts were active for PA oxidation. The ratio

of carbon dioxide to carbon monoxide was between 3 and 4, These series

were conducted in the same reéctor, at the same inlet PA partial pressure



136

énd volume flowratg, as was used fo; o-xylene oxidations. All experimental
catalysts showed some activity for PA oxidation, but catalyst II,,V
containing VZOS'KZSOh' was aont twice as active as the others.

Series 36 used CCI-C103, the commercial VZO5 on SiC catalyst,
to oxidize PA under the same conditions as were used in series 30-35. The
purpose of series 36 was to make an activity éomparison with the group
of experimental catalysts. Activity of CCI-C103 was twice thatbof
catalyét 11, and four times the activityAbf the others. This series was

conducted with high resolution Infrascan H-900 IR equipment on-line for

analysis éf the reactor exit stream. Compounds found witﬁ a 20 cm heated
gasvcéll were C0,, CO, Hy0, ?A and traces of MA. All adsorption peaks
were accounted for, except Qery small adsorptions atA962_and519hO em !,
(The instrument reference for co, peaks was 665; 718 and centered at
2320 cm-l.). During the above on-line, hot-prodhct analyses, the
heated cell and traced aluminum feed line were maintained at 150°C, well
‘above the m.p. and dew boidt of PA in fhe system. Series 37 was an
extension of series 36 for 163 hours of operation. Products were
monitored by non-dispersive IR instruments for CO2 and CO analyses. The
commercial CCI-C103 catalyst was stable, and there w;s no shift in tail-
gés»composition.
Series 38 was a set of kiﬁetic measurements of PA oxidation

on CCI-C103 over the temperature range 300-600°C. PA products on tﬁis
catalyst were 80% carbon oxides; as shown by ratios, rc/rt, for rates
of carbon oxides formation to rates of total products formation. At
relatively low chromatograpﬁ sensitivity, only MA was recorded as an
additional product. The ratio of C0,/C0 was about 3; this ratio was

insensitive to temperature.
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Products of PA oxidation oé CC1-C103 were again measured
during series 66. During this serie%, the ratio of rates to carbon’
oxides relative to rates tq total préducts, rc/rt, was between 0.5%-1.0.
Thus, carbon oxides were the major PA products on this cataiyst. The
C0,/C0 ratio increased from 2.5 to 3.2 as reactor temperature was
increased to 600°C. MA was formed in increasing amounts to 550°C reactor
temperature. Above 550°C, MA declined and the 87 sec. compound was
formed. A small amount of the 60 sec. compound was observed at 600°C.

No benzoic acid was detected.

Experimental catalyst f1I1, Vzos’on Alundum, had-véry Tow
activity for PA oxidation during éeries 65. ﬁaximum PA conversion of
7% occurred at 600°C, with 0.1 sec. contact time. The C0,/CO ratio
was 3-4, and rc/rt increased from 0.2 to 0.8 with reactor temperature.

" Low chromatograph sensitivity precluded meaningful products.anélyses.

Commercial von Heyden.Kontakt-S catalyst was used to catalyze
PA oxidation in series 60.. Carbon oxides ratio, C0,/C0 varied from
5 to 8. At.low chromatograph sensitivity, no MA and traces of the'87
sec. COmpdund were detected. ‘During series 67, another samble of
von Heyden Kontakt-S was used‘for PA oxidation. Carbon oxides ratio
increased with reactor temperature to 10 at 600°C. Rates ratio r./r¢

“was between 0;8-1.0. Concentration of MA peaked at 550°C reactor
 temperature, then declined with the appearance of traces of the 87 sec.
compound. |

'The oxidation of PA occurred on aluminum surfaces at
temperatures above 500°C in sufficient amounts to determine products.
In series 51, a used 99+% aluminum reactor tube began to produce carbon

oxides and traces of the 87 and 180 sec. éompoundé at 500°. At 600°C,
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some 87.sec.'and-much~of the 180 sec. compounds were produced along with
tﬁe 60 sec., 70 sec. and 150 sec. ;ompounds. in addition, new compounds
at 390 sec., 450 sec., and 6f0 sec. were observed. No MA was detected
at any time, although its 87 sec. daughter product existed.

Series 59 measured PA oxidation on qused‘99.§+zfaluminum
reactor tube. Carbon oxides at a C0,/C0 ratio of 6-8 were produced at
500°C, and up. No MA was produced; although the 87 and 180 sec.

compounds were produced in increasing amounts with reactor temperature

increase. During this series, a portion of the tail gas, éfter ambiént
tgmﬁerature.condensation, was diverted through the quantitative
combustor system. The purpose of this was to determiﬁe the amount of
low molécular.Weight éarbon compounds that may have escaped chromato-
graph detection. Results indicated that normal carbon oxides analyses
accounted for £3-89% of_the'cérbon contained in the tail gas. It is
probable that sbme, if nof all, of the addifional low molecular weight
compounds contributed to the early 87 sec. chromatogréph peak. |n
serieslél, the same used 99.5+% alumfndm reactor tube was brushed out
and rerun empty. The major products of PA oxidation were carbon oxidgs
at-a C0,/C0 ratio of 5-8. No MA was detected, but the 87 sec. compound
appeared at 550°C. The 180 sec. compound was produced at 609°C reactor
temperature.

Series 55a oxidized PA on the surfaces of an aluminum reactof
filled with 99.5+% alﬁminum'rinés. ;At é contact time of 0.15 second,
no MA was formed but the 180 sec. compound appeared at 500°C and

increased with reactor temperature. At 550°C, and upward, the 87 sec.
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compound and a new 450 sec. compound‘were observed. Small amounts of the
60 Qec. compound were détécted‘at 500°t. Ih.sefies SSb, feed flowrate
was reduced to increase the contact time by'a factor of 5. Carbon oxides
ratio COé/CO remained in the fange of 8-5, decréasing with réactor
temperature. The ratio of rate to carbon oxides relative to rate of
'conver§ion to all prodﬁcts, ro/r¢, increased from 0.5 to 0.8 as |
reactor temperature was raised from 500 to 600°C. No MA was formed
but the 87, 180 and 450 sec. compounds were formed at 500°C. The
180 sec. compound peaked at 550°C. At 600°C, traces of the 60 sec.
compound, and a profusion of other compounds were evident. Those other
compounds had standard chfomatographnretention times of 70, 150, 390
and 610 seconds. -

Fragments of fused silica cafalyzed PA oxidation during
~series 56. The C0,/C0 rati6 decreased from 12 to 6 with increased
reactor teﬁperature. ,The,ratib}rclrt wa$ 0.5 ét‘600°c.and 0.2 sec.
- contact time. This ratio showed that half the conQerted PA appeared
as carbon oxides. At low chromatograph sensitivity, no MA was detected.
The 6Q, 87 and 180 sec. compounds were evident at 600°C reactor
- temperature.

On‘stainle;s'steel, in seriés 57, oxidation of PA yielded a
COZICO rati§ of 10-6, decreasing with reactor temperature. Ratio of
carbon oxides to total products, shown by rc/rt increased from 0.55
to 0.85.' No MA was evident. ,Minor productﬁ, in order of appearance
with increased reactor temperature, were 180 sec., 87 sec. and 60 sec.
compounds. The 180 sec. compound concentration peaked at 550°C and

this was accompanied with genesis of the 87 sec. compound. During



Seriés 57, on-line hot-product IR aﬁalyses were made of the reactor
effluent. Compounds found were COZ, €0, Hy0, and a trace of

unreacted PA, but no MA. Very small unassigned IR adsorptlons occurred
at 727, 962, 1937 and 2790 cm -1, (instrument reference was €0, peaks
at 665, 718 énd centered at 2320 cm !). The 727 cm™! adsorption was
not due to CO,.
Series 58 oxidized PA on Alundum. The C0,/CO ratio decreased

from 6 to 4 with increased reactor temperature. No MA was detected.

The 87 and 180 sec. compounds were formed at reactor temperatures above

500°C. Again reduction in the 160 sec. compound at high temperature
was related to an increase in the 87 sec. compound. A small amount

of the 60 sec. compourd(s) was evident.

140
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8. Discussion of Results

- A, Products of PA Oxidation

The recognized products of PA oxidation are MA, cérbon oxides
and water. Experimental work was done to test the hypothesis that the
PA oxidation scheme substantially follows two parallel paths: (1) from
PA to COX, and (2) from PA, via MA, to ¢0X. Attention was paid to minor
products of PA oxidation that have not beeﬁ reborted, because their
existence wbuld help to define the reaction scheme from PA to comblete
'combustion products.

Series 36 oxidized PA on VZOS,'and measured the IR spectfum of
the hot prqduct'stream. Major pfoducts were identified using spectra
tabulated in the appendix. Those major products were C0, CO,, HZO’ MA
and traces of unreacted PA.  The ratio of carbon oxides, C02/C0'was ca.

3 to 1. A small adsorption peak at 962 em™!

could, with reservations,
be associated with acrolein. That IR adsorption is existent in the

. ’ ‘ ‘ 187
acrolein spectrum (Sadtler Standard Spectrum no. 6645). Another

adsorption peak at 1540 em”!

remains unidentified. ~Although acrylic
acid does have an adsorption at that wave number (Sadtler Standard-
Speﬁtfum né. 11017), other'adsorption peaks of acrylic acid were not
observed..

»Sefies 38 and 66 oxidized PA on Vy0g to MA, carbon oxides and
small amounts of other products chara;terized by their standard chrom-
“atograph retention times of 60 and 87 seconds. Concentrations of these

compounds increased with reactor temperature; this indicated that they

were stable, terminal products rather than intermediates. No benzoic



142

acid was detected. ‘ﬁu}ing”tﬁese'two'éeriés carbon oxides constituted
_ 80-100% of the oxidation pfoducts.
When PA was oxidized on the von Heyden Kontakt-$ catalyst,
the ratio of carbon oxides, COZ/CO llncreased with reactor temperature
from 3 fo 10. This increase showed that CO was readily oxidized to
CO2 on that catalyst. MA produced was oxidized tb its 87 sec. daughter
"~ product. -
Ffom series 49, the major prodﬁcts dvaA oxidation on V205
.were éarbon oxides and water. The minor compounds were the 60 sec.
tgrﬁinal product(s), plus a 70 sec. intermediate éombound and its 87 sec.
términal product. |
Data fromfexperimentsbusing vanadia catalysts are summarized
_ in figure 21. From that informatibn, a partial reaction scheme of PA

oxidation may be constructed:

/l\

_6Q_sec.‘\ co, co,, H,0

2

k\-}(70 sec. )-)—87 sec.

This scheme permits catalyst activity and selectivity to influence the
amount of MA recovered as an oxidation product of PA. Secondary combustion

of CO to CO2 may similarly affect the observed C0,/CO product ratio.
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Figure 21
Oxidation Produ@ts °“5V2°5

B

" Series 36 CCI-C103 : ;| series 38 €CI-C103
| \ ]’:\
l' COX + Hy0 : MA cox (80%)
(trace) ’ COZ/CO =3

plus IR adsorptions at
962 and 1940 cm:!

Series 66 CCI1-C103 Series 65 exp. cat. 11l

pp ————> Other products

PA ‘\\\\\\\§$~
60*4///M;\\\\\\§\C0X (90-100%) cox (to 80%)

sec. €0,/C0=2.5-3.2
\\s\ - A €0,/C0 = 3-k
87 sec. |

Series 60 Kontakt-S | series 67 Kontakt-$S

PA : J;\\\\\\EQ~
. \\\\S\EA\ cox (90%) : cox (80-100%)

b .
COZ/CO = 5_83 ' L} co /CO 3-10
87 sec. ‘ 87 sec.
F‘

Series 49 exp. cat. Il Oxidation of MA.

60 sec. ———m MA > cox

(~%> 70 sec—>37 séc.
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Contrary to the findings of Pollak,
163

.and to early findings of
Craver, no benzoic acid was obsefved as a product of PA oxidation
oﬁ v2°5' |

Acfolein is a possible prbduct from PA; due to hydrogen
deficiency, it is not a logical product of MA. fherefore, acrolein.
may be one of several unseparated compounds which-can pags through that
particular chromatograph column, without retention at 60 seconds. A
direct route from PA to carbon oxideé, by;passing>HA, may exist. No
carbon oxides were observed beforg some MA was present in the system.
Tberefore, HA and carbon oxides are likely‘to be &oncurrent products.

Aromatic ring rupture and fragmentation of the ring could occur from an

attack on the tertiary carbons according to reaction (1) below:

H . 2® H 24 ~
) RRCEN 0 e N + 4 co/c
/9 — | /o 0, + H,0
_ - A
" C\ H c\\
) 0
>
\ c’/
@ Y -2 Hzﬁ
’ T e -+ 5 co/eo,
S C=0
H‘ \o H

Reaction (2) is one possible way that acrolein could result from PA
oxidation. Acetylene and its C2 oxidation products are other low molecular

weight compounds that might be expected from either PA or MA.
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There are no published inyestigations of the products‘of.PA
oxidation on structural surfaces, ofher than statements that PA was
oxidized to combustion ﬁroducts. Dﬁring the experimental‘investigatioﬁ,
PA was oxidized on aluminum, steel,;fused silica and porous Alundum.
PA was oxidized on aluminum surfaces during series 51, 55ab,
59 and 61. Products weré-expected to be the same as those produced on
vanadia, but modified in amount by the different activity aﬁd selectivity
of the catalftic surfaces. |

.Figure 22 was constructéd from an analysis of minor products
g(owfh and deCIine,‘using tabular data in thevappendix. " In each case,
the question was asked, ''What simplest reac&ion sequence could yield
that product distribution?'' During those PA oxidations, no MA and no
benzoic acid were deﬁected at any time. Principal products were carbon
oxides and water, ~A new lSOJsec. minor product was formed ag and above
500°C reactorAtemperature; This new produét and PA both appearei to
- form the 87.se;. compound. There‘was no.clear evidence to support a
contention that the 180 sec. cohpound was the sole parent of the 87 sec.
compound. Since the 87'sec. compound ﬁad been showﬁ to originate from
MA, the lack of MA appearance can be explained by very rapid MA oxidation;

During the series 57 oxidation‘of PA on stainless steel, IR

spectra of the hot product stream sthed COZ,.CO,-ﬁéo_and a trace of _
unreacted PA, plus adsorptions at 727, 962, 1937 and.2780 em.”! The 727
em”! adsorption matches the major adsorption of acetylene (Sadtler Standard
Spectrum no. 3961). The 962 and 2780 em” ! adsorptions match those of
acrolein. The 180 seé. compound could conceivably be o-benzoquinone, on

the bases of its probable formation from PA, column retention time, and



Figure 22

PA Oxidation Products on Structural Surfaces

Series 51 99+Z Aluminum

180 sec.—>» 37 sec.

PA— " (30-55%)
T cox

C02/C0=4-l0

Plus 60,70,150,390,450 and 610 sec.

compounds at 600°C..

Series 55a 99.5%% Aluminum

180 sec.~—> 87 sec.

PA
¥ T—>cox
450 sec. COZ/C0=5.S’7.5

Plus 60 sec. compound at 600°C.

Series 55b 5$9.5%% Aluminum

A;////;7180 sec—> 87 sec,
.1? ,
A50~‘N§~\\‘\$‘cox

sec. (50-80%)
) C0,/C0=5.5-8
Plus ©0,70,150,390 o :

and 610 sec. compounds

at 600°C

Series 59 99.5%% Aluminum

TN seee o BT see.
PA
\\f\\\\\\\SLcox (to 90%)

COZ/C0=6-8

Series 61 99.5Y% Aluminum

. 180 sec. h
PA
T—>-co0X
: ' COZ/C0=5"8

 Series 56 Fused Silica

180 sec.~—> 87 s:=c.

PA—/”f‘*ﬂ”"f’)7;h0-502)
5\‘\§\\\$\77;2C0X_ c0,/C0=6-12

Plus 60 sec. compound at 600°C.

Series 57 Stainless Steel

4//1157180 sec;?—ﬁ>87 sec.
PA |

Plus 60 sec. compound at 600°C.

IR spectrum showed COX, H,0 and
PA, but no MA, plus adsorptions at
727,962,1537 and 2780 cm. !

Series 58 Porous Alundum

180 sec.=—> 87 sec.

PA

/N

cox (to 70%)

COZ/C0=b-6

Plus 60 sec. compound at 600°C.
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"~ good thermal stability. HNeither the‘compound nor its IR spectrum were
available for comparison. o-Benzoquinone could be produced by oxidative

decarboxylation of PA:

o %2 +C0 + €Oy
C/ : =0 :
X0 ' :

" Data of figure 22 lead to the addition of the 180 sec.'compound to the
previous reaction sequence for PA oxidation; and adoption of a simplified

sequence for inclusion in the overall o-xylene reaction sequence.

////)-180 sec. _ o S :
\ | PA..\i

\]’ A €0,00,,
60 sec. 4%-——MA ——> (0,00, HO CMA >0

2
L}(?O 53&)—-—}87 sec. : -

MA was pfesent as a reaction product on somevVZO5 catalysts, but MA was’

combusted on Kontakt-S and on structural materials.. The 180 sec. compound
was formed on structural materials. |

Previous figure 2 summarized the literatufe-data on reaction
- sequences involved in PA production from naththalene. Marek and Hahn125
-showed PA as sourcé of benzoic acid and MA. Deficiency of fwo hydrogen
atoms précludes benzoic acid formation from PA in an oxidative environ-.

ment. MNo benzoic acid was found from any oxidation of PA conducted herein.



148

PA oxidation schemes used by cther investigators were:

(1) PA —> MA —> COX loffe and Sherman,lsk Vol fson et allko
(2) PA —> MA Ushakova et a1138
(3) PA—> MA + COX D'Alessandro and Farka:;,"37

Peterson!¥® recalculated loffe and Sherman's data, and used scheme (2)
in his derived reaction schemes.

Previous figures 3 and 4 summarized the literature data on
- reaction schemes inQolved iﬁ PA production from o-xylene. PA oxidation

sequences used were:

(1) PA —>» MA —> COX Leyine,72 Vrbaski and Matthews,80’87
o Bernardini and Ramacci85
(4) PA — COX Costa-Novella and Escardino—Benlloch,]‘7
Fromént,88 Herten and Froﬁent,gz

Vanhove and BlanchérdSh

(5) PA , - ' ns ., 106 .
\\\5& : Carra and Beltrame, | Lyubarskii et alf

MA —>CO | - |
_ Hughes and Ada_ms83 meésured PA disappearance rate. 'They offered no réactfon
scheme, but their MA and COX reaction products fit above categorie (3).

" Schemes used by the various investigators may be considered
- to be abbreviations of scheme (5), with which the sjmplified reaction
sequence of this investigation agrees. The hypothesis that the PA
oxidation scheme substantially follows two parallel paths to COX has been
confirmed. The existence of the 180 sec. compound (possibly o-quinone)
provides an alternate source of carbén oxides, independent of MA

- formation by ring rupture.
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B. Products of o-Xylene Oxidétion on~V205~

Unreacted o-xylene, o-tolualdehyde, o4toiuic acid, phthalide,
PA, MA, carbon oxides, water and‘benzoic aéid are recogniied products
of industrial o-xylene oxidation.

Préduct distribution diagrams obtainedvduring oxidations of
o-xylgne on V205 éata]ysts were each analyzed to determine the siﬁplest
reaction scheme that was consistent with the observed product sequences.
The objéct was to summarize these, and to synthesize one reaction scheme
. that was consistent with all of the éxperimental observations.
vFngre 23 is a summary of the simplest reaction schemes consistent with
experiﬁental findings. In figure 23, the abbreviations are the same as
used in figufes 3 and 4 that showed literature schemes: ‘o-Xyiene (x),
o-tolualdehyde (T), o-toluic acid (TA), phthalide (P), PA, MA and carbon
oxides (COX). | |

The simplest composite scheme derived frdm figure 23 would be:

TA~——> benzoic acid

"MA ——> COX + HZO

This composite scheme disagrees with the scheme offered by
Levine72_who, in disagreement with all later investigators, showed
o-toluic acid as tﬁe key step between xylene and phthalide. He also
showed phthalfc acid as a key intermediate to PA and benioic acid. Al}
others -have considered thét déhydration of phthalic acid is very rapid,

and none have isolated phthalic acid.
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Major o-Xylene Oxidatio

150
n Products on VZOS

14)

(fig.

Tseries 47, cci-cio3,

Series 41, exp. cat.

, (Fig. 15)
TA benzoic acid
s P .

VA

?85-802) w cox
€o,/C0= (60-20%)
3.5-2.5 | | coz/co=5-2.s
- Series 43, exp. cat. II. {Series 48b, exp. cat. (Fig. 16)

TA
///;(T———————e>-P
Y “\\\\‘\>k Pﬁ\\\\ik o
(65%)

€02/597 5

TA-—€> benzonc acid

/ \

17)

Series 45, exp. cat. |
‘ TA

t1, (fig.

Series 46, exp. cat. || 16)

1, (fig.

Ak —=> (0X
- (40-55%)
_ COz/C0=3-2.S COZ/CO 3 2. S
Series 42, exp. cat. , (fig. 19) Series 44, exp. cat. V, (figc. 20)

TA———%»benzonc acid

/\

MA——> CoX
' (32-70%)

C0,/C0=3.5-3

TA -e>ben201c acid

/\
|

MA cox

(40-60%)

€0,/€0=3.9-2.3
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The composite scheme is {n agreement with Vaﬁhove and Blanchard,sh
who also found that qffoiualdehydeican dffectly yield carbon 6xides. The
composite is in basic agreement with Carra and Beltrame,”8 who simplified

“theirs by omision of-the key o-toldaldghydé intermediate. The composite
similarly reduces to the more simplified schemes of Ellis,98 Froment88~
and Céldweil.96

| Thé composite scheme disagrees.with Vrbaski and Matthews80
who predicated their scheme on o-metﬁylbénzyl alcohol (OMBA) as the key
intermediate. No other investigators have isolated OMBA, so that the
original Vrbaski and Matthews scheme is not consideréd applicable. A

87

later Vrbaski‘and Matthews scheme' was based upon o-tolualdehyde as the
key intermediate, and showed tolualdehyde to MA, éhthalide, toluic acid,
PA and COX. The direct route to MA could not be an important one since
80 mole % PA and 3 mole % MA were formed. That small amount of MA
couldveésily have resulted from fhe PA present.

The composite scheme disagrees with those of Pichler and Obenaus
and Bernardini and Ramacci.85 Those investigators §howed PA only via
phthalide. Their fihdings were nof'in accord with éther investigators,
nor with this work. In defense of their work, their particular catalysts
may have had little selectivity towards the tolualdehyde to PA route.
Pichler and Obenaus used tin vanadate, while Bernardini and Ramacci used
a vzos on ﬁorundum catalyst prepared jn their laboratory.

Severa] groups of workers have reported a direct route from

|73

o-xylene, by-passing tolualdehyde, to PA. Simard et a oxidized o-

xylene, Lyubarskii et al‘o6 oxidized o-tolualdehyde, FA and MA,

]lll

Andreikov et a ‘oxidized o-xylene and o-tolualdehyde, while
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92

Herten and Froment oxfoized'o-xylene. If the oxidation mechanism
involves o- xylene adsorption and oxndatnon by mobnle oxygen on the
catalytic surface, then o-tolualdehyde would be more easnly desorbed
than higher oxidation products. o-Tolualdehyde in the vapor phase would
be detectable in the products stream, and be sobject to feadsorption

and further oxidation. Higher sidechain oxidation products such as
phthalaldehyde (o-formylbenzaldehyde), phthalaldehydic acid (o-
}formylbenzoic acid) and phtnalic acid might not be desorbed until the
anhydride ring structure of PA is formed. Few investigators have
reported phthalaldehyde or phthalaldehydic acid in their product streams.
Product distribution diagrams of this work show PA and tolualdehyde co-
existent in the vapor phase during two of the cases examined, and show
PA following'_tolualdehyde in the remainder. In no case was any PA
detected prior to tolualoehyde presence in the vapor phase. Because of
the heterogeneous mechanusm involved, results of thls work can ie considered
to confirm the prior findings that PA can result from one o-xylene resi-
dence on the catalyst surface.

The main objec;ive of the o-xylene products distribution
studies was to determine whether MA resulted fromlearly xylene ring
rupture, or whether MA was primarily produced from PA. It is granted that
o-xylene could be adsorbed on the catalyst surface and be subject to |
sequentiai oxidations all the way to easily desorbed products, sueh as
carbon oxides and water. Since PA appears fn the product stream it was
desorbed.prior to further oxidation to HA. The pertinent concern is
about the extent of ring rupture that occurs while'o-xylene et seq.

reside on the catalyst surface. Many investigators. have shown direct
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routes from o-xylene to MA and to cgrbon~oxides in their reacti§n schemes.
The product distribution diagrams sﬁpport‘early carbon oxides formation,
but MA presence in the vapor phase ;as not observed in anf case until PA
was present. The reactor temperature for initial MA formation was 75°C
above initial PA formation, in most cases. Siﬁce MA, which could
originate ;rdm aromatic ring rupture, does not appear until after PA

is present, one must conclude that ﬁhere is some minimum temperatufe
before ring rupture does occdr. It has been experfhentally shown that
PA is produced before MA, therefore PA can be produced free of MA

at low‘reactof temperatures. It is concluded that observed MA is-_
formed from PA at intefméaiétéerééfb;rfemperatureé; No céﬁéluéf&ﬁ

can be drawn at high temperatures.

During thése o-xylene oxidations, threeiminor products were
consistenfly produced; the;e were the 60 sec.; 105 sec. and 201 sec.
compounds. THe 70, 87 and'ISO sec, compoﬁnds from MA and PA we.e
Aobserved in several cases. A 150 sec. cémpdund could have been present
_duriné many of the series at reactor temperatures around 600°C. A
cbmpound vith 150 sec. retention timg had been obse}ved during PA
oxfdation on aluminum at 600°C. |

There were several possible sources of the low molecular
weight coépouhds thag exhibited 60 sec. transit time through the chromat-
ograph coiumn without retention. Often these compounds were formed from -
o-x&iené,-concurrent Qith carbon oxides and tolualdehyde at low reactor
temperature. The 60 sec. compounds had élso resulted from PA énd MA |
oxidations. Both acetylene and acrolein found from PA and MA oxidations

could result from rupture of any aromatic ring.
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The 105 sec; compound wé§ existent in each of the o-xylene
oxidatiohs. Concentrations of this compound followed o-toluaidehyde,
suggesting that o-tolualdehyde could be its parent. Thé iOS sec.
compound was not existent before‘toiualdehyde, and, by its increase
with reactor temperature, demonstrated fts resistance to further
oxidation. Because its chromatograph retention time is shorter than
o-xylene and MA, the 105 sec. compound would be expected to be non-aromatic,
though reasonably polar. It is unlikely that the 105 sec. compound could
be methyl-or dimethyl-maleic anhydride because those compounds should
have longer retention times than 122 sec. MA. Thus,vthe IOS.sec. compound
remains Qnidentified.

The 201 sec. compound was also existent in each of the o-xylene
oxidatiens. Concentrations of the 201>sec. compound followed o-tolualde-
hyde concentrations, and wére not existent before o-tolualdehyde. The
201 sec. retention tine ié midway getween that of 145 sec. o-xylene and
256 séc. o-tolualdehyde. Since longer chromatdgraph retention times are
based'upon increased polarity and reduced volatflity, the 201 sec. retention
.time is more likely associated with a less polaf quinone structure, than
with an aromatic structure that is more highly oxidized than o-tolualdehyde.
The 201 second compound inﬁreased with reactof.temperature and demonstrated
stability towards further oxidation on all except the highly oxidative
experimentél catalyst 11. The 201 sec. compound may be tentatively
assoéiatéd with a benzoduinone structdre, possible p-benzoquinone.

Minor products of é-xylene oxidation, given in the iiterature

are summarized on the next page:



Quinones:

‘Aromatics:

Non-Aromatics:

Condensed
Products:
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_ 91,93 110

p benzoquinone, unstable quinones,

70,76,115,116 methyl- and dimethyl-1,4-

95 73

benzoquinones, quinones,

quinone,

phthalaldehydic acid (o-fofmylbenzoic acid),8b

,107

o-hydroxymethyl-benzoic acid,72 o-phthalaldehyde

(diphthalaldehyde) (o-formylbenzaldehyde) ,3%»91,95,95

benzyl alcoho|,79 acid phthalate of o-methylbenzyl

alcohol,79

citraconic anhydride (methy!-HA),79’§h"°7 citraconic
84,95,107

. . 8h -
acetic acid, succinic

72

acid,78 dimethyl-HA,

., 107 72

acid, acrolein,”” methylacrolein.

Several investigators have reported analyses of condensed

products recovered from industrial PA distillation residues

(tars).34,90,107,150

The existence of p-benzoquinone as a minor product from the literature

lends credence to the tentative assignment of a benzoquinone structure

to the 201 sec. compound.



C. Kinetics of PA Oxidation

The knnetlcs of PA oxldatuon were studied to test ‘the -~
hypothesns that a single adsorptlon type heterogeneous rate equation was
applicable over the range of temperatures and PA concentrations en-
dqﬁntered in PA production. | ‘

| Experimental series 20-29 oxidized PA on an aluminum-diluted
VZOS catalyst in.a_tubular»aluminum rga;tor under isothermal gondi;ions
at 380-500°C. Ten PA inlet partial pressures énd four reactor
temperatures generated é matrix of kinetic data for PA.convérsion to‘
~ carbon dioxide and conversion to all products; These data could be
represented by an exponential form of“rate.equation that was pseudo
iéro-ordef in oxygen and varied in order from 0.5 to 0.7 with respect
to PA, Order with respect to PA increased with reactor'temperafure;
-as was sﬁown in prevfous figure Il; Raté data from §eries 20;29 were.
fitted to a Langmuir-Hinshelwood,rate‘équation_df the form:

k,P
r= !

, where P is partial pressure .in the reactor.

: k, o 1
Manipulation of this equation yields r = —| 1- .
ko l+k2P

This shows that; when kz

. : K, - _
the rate approaches -l-as a limit, giving a zero order rate equation.
k2
When kZP is small and few catalyst sites are occupied, the original
equation approaches a first order rate equation. When a non specific
catalyst is involved, the denominator term of the Langmuir Hinshelwood

rate equation may be expanded to contain additional terms for each

P is.large and most catalyst sites are occupied,

156
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species that occupies catalyst sités, for examplef

k]P

l+k2P + _k3Pl_ + . ..

In the PA oxidation studied, slowly desorbable products such as a quinone
or MA may occupy catalyst sites and may be further oxidized thereon. In
the case of PA in the presence of much o-xylene, the catalyst sites may
be so occupied by o-xylene and interim éroducts that desorbed PA has few

available sites for readsorption and further oxidation. During this

" study of the effect of PA concentration on reaction rate,the MA partial

- pressure existent in the vapor phase was a small fraction of the PA

pértial pressure. Desorption of MA from catalyst surface was assumed
on the basis of vapor pressure to be much greater than PA. Therefore,
kZPPA was assumed >> k3PMA' Lyubarskii used a simi)ar simplific?tion.lo6

The use of simplified rate equations containing as few parameters as can

‘be justified by the data and a reasonable mechanistic model have been

189 £ 190

advocated by VWhite and Churchill,‘88 Weller,

a2
A and Boudart.]

delson and Allara,
Froment]
Data from the PA concentration study may‘be compared with few
literature data. loffe and Sherman]6h gave six data points for the
rates of PA oxidation to carbon o;ides and MA. These six rates were at
five temperatures (350-430°C) two flowrates.and two PA partial pressures
(0.009 and 0.012 atm.) in their tubular reactor. Limited amount of data

and narrow range of the concentration variable precluded determination

of the applicable form of rate equation. Their data were reduced on a

17

simple first order basis. Costa-Hovella and Escardino-Benlloch

presented a derived first order rate equation for PA oxidation at
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310-370°C. They oxidized o-xylene fn a fluid bed reacfor and inter-
preted their data on a plug-flow bésis.A DeriveaArates for all steps -
were detefmined by fit of their préduct distribution diagrams to
homogeneous firsf order rate equat}ons. ‘Hughes and Adams83 oxidized
PA to MA and carbon oxides at three temperatures (497-575°C), one
contact time‘(O.l sec.) and a span of reactor PA partial pressures
(6.002-0.012 atm.). Their féurteeq data points were fitted to a simple
Langmuir-Hinshelwood rate equation. Lyubarskfi et al"06 oxidized PA
to MA and carbon oxides at four temperatures (440-500°C) and four PA
" partial pressures in the range 0.0006-~0.0024 atm. Their sixteen data
-wgreAfi;ted to a single Langmuir-ﬁinshelwood rate equatfon.
The latter two groups used the same heterogeneous Langmuir-
Hinshelwood rate equation as was used in-this sfudyQ Hugﬁes and Adams
" covered a high PA partial pressure range; Lyubarskii et al covered the
low PA'partial pressure range. There was no concentration overlap,
but théir results were significantly different. The difference was
shown, in previous figure 6, by a major discontinuity in slopes of the
least squares of deviations lines used to defermine parameters. In this
study one line fitted data over their combined PA pértial pressure range.
Temperature dependence of the kinetics of PA oxidation was
foqndvto be uniform among VZdS catalysts at temperatures to 400°C. An
apparent Arrhenius activation ehergy of 28.6 Kcal/mole was shown by data
for 3 catalysts at the same PA partial pressure. Above Loo°c, behgvior

of the three catalysts shown in figure 13 was as different as had been

shown by the literature data of figure 5. It is apparent from this
study of PA oxidation that generalizations are inappropriate with

respect to catalyst activity and specificity.
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9. Conclusions and Recommendation

A. Conclusions

1. The products of PA oxidation are CO 2

2

four other minor compounds. These minor compounds are

€0, H,0, MA. and
designated by their 60, 70, 87 and 180 sec. standard
chromatographic retention'times.- Acetylene and acrolein
were shown by their IR spectra to be existant among the

: minor'compounds. The 180 séc. compound is assumed to be
o-benzoquinone.

2. The producfs of MA oxidation are €O, CO and H,0 plus three

2

minor compounds designated by their 60, 70, and 87 sec.
standard retention times.

3. The reaction sequence from PA to products is:

| . ey 180 sec. '
| | N -~‘--~\ﬁ§; |
60 sec, < / COTCOZ#ZO .
l—'—>(70 sec.) ——p- 87 sec.

lgnoring minor products, this sequence may be simplified to

the center PA, MA and carbon oxides triangular scheme.

- 4. The products of o-xylene cxidation on six V catalysts

2%5
consisted of o-tolualdehyde, o-toluic acid, phthalide, PA,
MA, carbon oxides and water, plus traces of benzoic acid

at high temperature. In addition to the four minor products
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-observed from fA qxidations, two other.minor products

with standard retentfén times of 105 and 201.sec. were

obsérved. The 105 sec. compound is unidentified, but is

mo;t‘likely non-aromatic and polar. The 20i sec. compound

may be tentatively associated with a benioquinone-structure.»
S. From product distribution diagrams, the following reaction

sequence for o-xylene oxidation was derived:
o-toluic acid——» benzoic acid
: o-tdlualdehyde —————> Phthalide
o-xyleng — — — — — — — — — — iy

MA ——» (carbon oxides

‘2//;7 + water)

6. No evidence was found to support a direct route fiom o-xylene
to MA at low reactor temperatures. MA is believed to be
derived from PA oxidation.

- 7. Kinetics of PA oxidation on VZO followed a Langmuir-

5
Hinshelwood type heterogeneous rate equation that was pseudo
zero order in oxygen partial pressure. Parameters varied

widely among catalyst types.

B. Recommendation for Further Work

One major unsolved problem revealed during the ]iteréture search
was interaction among reactive species during catafytic oxidations.
Oc;upancy of catalyst sites can reshlt in an apparent inﬁibition
on non-specific catalysts. It is probable that Langmuir-

Hinshelwood heterogeneous rate equations must contain added
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denominator terms for{the;summation'of all oxidizable or
~difficulty desorbed species that can occupy catalyst sites.

Ihdicatfons,that oxidations are inhibited by other species

' 106
have been mentioned by Bernardini and Ramacci,85 Lyubarskii,

Andreikov,”o Korneic,huk,]39 Ushakova, 138,165 Roiter, 144

loffe and Sherman,'63’15b and Volf“son."67
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Series 1 Reactor: L, Catalyst: O.LL cm di
W = 50.06 gn (16.0cc), L = 38 cm, Vr = 32 cc, AP & 1 psig,
stainless steel/gm.

feed: PA 3.6 cm?

Appendix Fxperimental Data

am SA-201 Alundum Spheres

T,°C ‘ 6 6
> - q Py X¢ %co, gco jre 10 re + 10
per gmn per gn
LOO 1.00| .00lL - 0.2 - 12.5 -
L2s " Ton .30 0.L - " 24.9 20.9
L50 " " .71 0.6 - 37.4 49.5
500 " n >.995 | 1.1 - 68.5 69.8
Series 2 Reactor: L, Catalyst: 0.5 cm diam soft glass'spheres
feed: PA,» glass area 275 cm?, SS arka 184 cm?,
T Oc P ¥* A%CO dco r_' . 106 l’t * ]06
’ q i 21 ” ¢ 2 2
per 10cm_ | per 1Ocm
n ] 4.06 " - 0.L0 - 1t1o. . -
" 1.03 n - 1.25 - 88. -
k25 |12.2 " - 0.05 - h3. -
" 7.0 ™ - 0.20 - 96. -
n 2.18 " - 0.30 - by, -
r' is based on both glass and SS areas.

c

_*féed streem was pilot plant reactor product containing 1.2-1.3% CO

(indicating sbout 50% conversion) through 2.5 cm. diam. tubular
reactor at L50°C (non-isothermal) on 1% vol.o-xylene feed.

: Series 3
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Reactor: L, Catélyst: stainless steel cylinders :
W =151.2 gn (18.9cc), L = 38 cm, v. = 29.1lcc, AP £ 1 psig,
feed:PA, 427 cm? total SS area. '
- . . 106
7,°C| q P, X gco. | gco | re 10
i t 2 2
per 1Ocm
500 " .001L - 0.7 - 261,
160 u " - 0.25 - 93.
390 n " - 0-0 - ’ Ql
425 | 1.00 n - 0.7 | - 51.
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Series L Reactor: A, Catalyst: empty,L =123 cm, V_ = 2.Lhcc
AP = 1.5 psig, feed: P-_A , 61 cm? ss,

7,% | q B, | X, |z, | zo "¢ 10° fre 10
: ~ {per 10cn

. 390 |0.800{ .001L5 | .029. - - - ™
L2s " I TY - - - 77.

~h6o | " " .792 | 0.50 - 204. 375.
500 " v 1>.99 0.60 - 245, >469
500 n | .00253 {>.99 | 1.20 - 491 >819
390 |1.60 | .001L5 |<.0} - - < 9.
w25 | w wo | .08 | - - ) 27,
L60 " " .369 - - - 350.
500 { v | " [|>99 |0.50 - 409. | >939.

Series 5 Reactor: A, Catalyst: empty, L =‘123 cm, Vr = 2.llice
' AP = 1.5 psig, feed: PA, 61 cm?® SS. =

© ' | | . 108
T, C q P, X %co ZCo : Fe

! - ¢ 2 ' per 1001712
390 |0.800| .00724 |<.01 - | - - < 24,
L25 1 " <.03 - - < 72.
160 n " 164 - - 388.
500 " oo .336 - - 796.

oo | w | woss <0 | - [ -7~ 7| <5
225 u "5 .058 - - _ 1 30.
L60 n n .624 - - 323.
500 n n >.99 - - 512,

Series 6 Reactop: M, Catalyst: Stainless steel cylinders (A = 82cm2)

+237cm® reactor, V. = 52 cc, 4P = 1 psig, feed: PA, 319 cm? SS.

- 1,% ]| q Py Xe #co, | %o | e ) ‘062

' per 1Ocm
330 21.5L| .00153 - 0.0 - - 0.
380 u " - 0.01 - 1.5
Loo n o - 0.02 - 3.
L20 n " - ] 0.03 - .5
L30 " " - | o.0L - 6.
LLO " " - 0.07 | - .
L50 n " - | om - 17.
L60 mo | m - | 0.16 - 24,
L70 " oon i 0.22 - 33..
L80 " " = | o0.28 - bz,
L90 n -n - 0.35 - 53.
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Series 7 Reactor: M, Catelyst: CCI-C103, W = 7.3gm {(2.8kcc),
. V. =52cc AP =1 psig, feed: PA, 32 cm? SS/gm.

7,°%| «q P X, |Bco, | o [Ty . 108 e - 108
. ‘ per em pér em
T 300 {1.49 |.0016 .00 |0.0 - 0. 0.
330 n n .00 }0.0 - 0. 0.
365 " . " <.005 {0.0 - 0. . | < & .
380 " on -1 <.01 10.00 - 0. < 8.
L00 " n .15 10.05 - 32, - 122,
420 n " .23 |0.10 - 64, 187.
L60 " " - 0.20 - 127. -
L75 n n .52 10.33 - 210. L2y,
beo | nm | w - oo | < | 2. -
L85 " " .56 lo.42 - 267. 473.

Series 8 Reactor: B, Catalyst: empty, L = 123 cnm, Vr = 9.76cc
AP = 0.5-1.0 psig, feed: PA, 123 cm? SS. '

o . ~ __— ol 106 re = 108
per 10cm per 10cm
390 1.74 | .001L <.01 |0.0 - 0. < 5,

- 125 " n .200 { 0.15 - 66. 99.
L60 " " .57310.50 - 220. 283.
4180 " n >.99 }0.60 - 265. ' >489,

500 J n 1.00 |0.55 - 243, Lgh,

Series 9 Reactor: C, Catalyst: empty, L = 120 cm, V_r = 8.46ce
AP 4 0.5 psig, feed: PA, \|12.cm® boresilicate glass.

7,%| q Pi‘ X, |®%co, | Zco ro - 108 ,
per 1lOcm
390 2.04 | .0015 .00 - - 0.
L25 ! z 00 | - - o
. 460 n n. .00 | - - 0.
480 " " .00 | =~ - 0.
500 . " n <.01 - - <7,
500 00320 000111 <,03 - - < 35
500 - n .00635 <.03 - | - <l

Series 10 Reactor: D, Cétalyst: empty, L = 117 em, V_ = 20.8cc
OP see below, feed: PA, 175 cm? Al. r

7,°c] q P, | x |ap %c0, | "¢ 108 rp - 108 )

: per 10cm per lQcm_ |
500 S.00 | .00k <.01 | 4.0 0 0. <10,
500 0.790 " .06 | nil -0 0. 9.




Ser:.es 11 Reactor: “, Catalys_t:
S =82 cm

2L cm,

7.

Mild ‘steel, W

-~ Steel then react.or void configuration, no preheat void.
23 cm? glass/lO cmé mild steel

: 1 . 10 .
”.T,OC L q P& xt» %COz 2c0 Fe 10 R e 106
per 1O0cm per 1Ocm
~300 |0.535 | .00, .00 | 0.0 - 0. 0.
Lo n oo .281}0.3 - 64, 61.
L60 " " >.99 | 0.5 - >226. 102,
1480 n " 1.00 | 0.5 - 228, 102.
500 n n 1.00 | 0.5 - 228. 102.

Series 12 Reactor: E, Catalyst: thoroughly

W = 14,67 gn (1.90cc), S
AP & 1 psig, feed: PA.

Series 11, lon
no exit void.

=82 em, L =

2

2L cm,

oxidized mild steel,
V. = 2.8cc

Reversed conflgurationrf rom

7,%| q | B Xe | #c0, | #co | e 10°, re -+ 10°
' ‘ per 10cm per 10cm
3c0 | 0.535 | .001 .00 | 0.0 - 0. 0.
’.&00 n" . n . 0030 0.0 . - oo 7.
420 " " 1721 0.2 - 41, 39.
o | » n (.787) 0.35 - n. (178.7)
L60 " " >.99 | 0.45 - 92, >226.
480 " "o 1.00 { 0.L?) - (81.7) 228,
' '500_ n n 7100 g.5 - "102. 228,
300 " .0070 .00| 0.0 - 0. 0.
uLo " " 04| 0.4 - 81. L6,
- 160 " " WM 0.9 - 183. 125.
14,80 " " >.99| 3.2 - 651. >1128.
500 n " 1.00] 3.2 - 651. 1139.
Series 13 Reactor: 'E, Catalyst: 20 Cr'-80 Ni2short piecés of wire,
= 13 67 gn, (1.65cc), S = 100cm 2L cm, V . =3 O5ce
g p ig, feed: PA same conflgu.ratlon as Series 12.
3 =m? glass/10 ecm? ‘
) Vo, 6 - 6
1,%| 4 P, X, | %o, | %o [ fc 'O e 1%
per 10cm™ | per 1lOcm
300 | 0.535 | .0070 00{ 0.0 - 0. 0.
500 n " 10 - - - 93,
500 | " |.ool sol 025 | - | w2 | s |
after 16 hrs. operation at 5c0o¢c . ]
e T T e L L e e e e
500 | 0.535 | .CO1L 451 0.30 - 50. 84,
L80 n o 161 0.15 - 25. 30.
L60 n n 10} 0.0L - 7. 19.
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= 14.67 gn (1.90cc),
= 2.8cc, AP¢ 1 psig, feed: PA

preheat void then the oxidized mild steel
3 cm? glass/10 cm? ox. mild steel. '



Series 1l Resctor: E, Catalyst: CCI-C103 (1.
(1.1cc) followed by 8.9cm length,

177

O-1.lmm diam) W = 3.09gn
(L6em?) of 1.26mm soft

gless beads to hold bed in place. L of CCI-Cl03 bed 17cm
Vf = 2.3cc, AP & 1 psig, feed: PA - ’ :

7,°c| «q P, x, |#co, | %o [T 108 fr, - 108
per _gm per gm
300 |0.535 |.001L .00 |0.0° - 0. 0.
500 " " .668 1 0.30 - 162. Lok,
S S —_——emed e e L L A e e - _.L__.;.——_
i after 16 hrs. operation &t 500°C
8o |o. .001L 076} - - - Le.
iOO 525 " bk 0.0 - 0. 87.
420 " " 2831 - - - 171,
LLO n " o2t o - - 243,
60 " n 4911 0.1 - 70. 297.
;.1180, n n .588 0_12 - 81. 356.
‘500 n " .681 10,25 - 135. h12.*
80 n|.0070 0050109 | - | (547 15.
300 " Z .078 (0.25 ) - 135. 235.
L20 " " 1271018 - 243, 383.
hho A 1 " .2‘6 0.70 - 378. 653-
héo LU " ‘318 0.90 - v e‘i86. 96‘ .
- L,80 n n .438 1.15 - 621. 1324,
500 n n .523 1.50 - 610 1581.

Series 15 Reactor: E,
(2.70cc) S = 130cm®, L = 26em, Vi

¥note:

1AT=38°C

measured
in bed

Catalyst: 1.26mm soft glass beads, W = 8.2lgm
= 2.3cc, AP & 0.5 psig,

feed: PA .
7,% | «q P, X, |#co, | #o |c - 105 fry ¢ 10°
, . per 1lOcm per 1lOcm
oo |o. .00 .00 | 0.0 - 0. 0.
360 : 535 nlh 162 g0.0 - 0. 23.
1,80 " " .239 0.05 - .6, 34,

. 500 n " 396| 0.12 - 15. 57.
420 . n 031 - - .- b,
LLo " " 0511 © - 0. 7.
L60 " " .089] © - 0. 13.
180 n " .200} 0.08 - 10. 29.
500 " " .307 LO'D - 17. Ly,

——-———-———-—L———— -— s - P A - r———— e e S o c—————
160 | 0.535 |.0070 .06 |0.05 [ e 43,
soo | " " .4 10.35 - bs, 101.




Series 16 Reactor. E, Catal

gst

Duralum:nlum dnlung Chlpa w

(1.3cec) S = 116cm = 25.Lem, V, = 3. Tcc,4P ¢ G.5 ps:.g,
. feed: PA '
rt - 108 |r - 108
T,°C 3 900, | #co | S 2 | f
’ Q i X¢ R o per 10cm” | per 1Ccm
. after 16 hrs. operation at.SOOOC to condition the metel surface
———— g —— 7T T —-— =
h60 00535 .OOlh .080 - - ‘3.
L80 " " .110 | 0.0 - 0. 18.
500 " " .102 | 0.0 - 0 16.

Series 17 Reactor:

E, Catalyst: l.2-1. hmm fragments of ‘SA-203

Alundum, W = L.:93gm (1.5ce), L 25 cm, V= 3.35ccy
AP ¢ 1 psig, feed: PA
5 . ’ a. 6 e .
: - per gm per gm
300 |0.535|.001L | .00 0.0 - 0. 0.
Sm L] ] .022 0.C - L 0. 8
- after 22 hours operatlon at SOO C
380 |0.535 |.0014 | .00 0.0 - 0. 0.
L4120 " " .00 0.0 - R 0.
L60 " " .005 0.0 . - 0. 2.
500 " " .017 0.0 - 0. 6.
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Series 18 Reactor: E, Catalyst: Stainless steel-pleges cut from
_ reactor gL),‘w 13.5hgm (1.7cc) S = 63cm L = 17cm
= 1.9ccAP < 0.5 p51g, feed: PA° = '

T

[ [ ! . [
rc 10 _ e 10

() ' ﬁ
T, C q P, X %Co. %co

’ . t -2 per 10cm2 per 10cm2
300 |0.535] .001L .00 0.0 - - o. 0.
500 " " .665 0.30 T - ) 80. 198.
380 " " <.005 0.00 - 0. <1,
s00 | " n .578 | 0.25 - - 66. 172.

after 16 hrs. operation at 500°C

500 |0.535{ .001L 472 | 0.23 - 61. ‘140,
380 " n .00 0.00 - 0. 0
120 n n- <.01 0.00 - 0. <3
~hh0 t n <,03 0.00 - 0. <9
L60 ] n .063 | o.04 - 1. 19
L80 n " .206 | 0.15 - 4o, 61.
500 | " " 462 | 0.25 - 66. - 137.

80 v | .o0070 | <.0! 0.00 - 0. | - <15
360 .o u7 <,05 0.07 - 18. ' <74,
1,80 " " A2 0.18 - L8. 178.
500 " " .22 0.33 - 87. 326.

Series 19 used-reactor D, Catalyst: EC grade Aluminium wire clippings
tumbled to near spherical 2mm diam., W = 32.1gm (11.9cc)
= 393em?, L = 117 cm, V = 8.9cc, AP = 5 -Tpsig, feed: P&
Reactor S = 175cm“ Al total 568 cm2

' | | 't . 108 - 108

7,%¢| q Py x, | %60, | %co T ) "t )
: : per 10cm per 1lOcm

500 Oo)-l95 .001).1 . 291’ | - - ‘ - . 8-9

after 16 hrs. operation at 500°C to condltlon surfaces for subsequent
series

300 |0.603| .00133| <.0! - _ - <0.4
L60 n n 1 - - - 3.9
480 " 0o 7 - - - 6.0
500 " " 27 o077 | - 2.3 9.5
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Series 20 used-reactor D, Catalyst CCI C103 (1 rm diam) W = 2.85gi
(1.0cc) sbout 1100 spheres admixed with EC aluminium from
Series 19 displacing only & very small portion of it.
31.2gm Al remained. L = 117cm, V_ = 8.3cc, AP at inlet
noted at each temp. 195 ¢m2 Al/gm. '

R ' . 6 . 6
I,OC q* Pi AP Xt %002 rc 10 e 10
1/min atm.| psig| - jper gm per gm
300 | .5L2 00149} L.5 .00 0.00 0. 0.
380 | .556 w 5.5 .062 0.00 0. 4s,
420 | .556 " 5.5 -163 | 0.09 | 55. 123.
- 360 | 567 " 6.3 .395 0.20 124, 292, .
500' 577 .00150 7.0 .669 0.375| 236. 507.

#q(ambient) increases with system AP at same rotameter indications.

| Series 21, same as Series 20, except for changed PA inlet concentration.

T,O_C q Pi ar xt ) %.COZ r:: . 106 re 106
: per gm _ | per gm
300 | .5u6 |.o020L{ L.8 | .00 | 0.00| o, | o.
380 | .559 | .00206{ 5.7 .061 0.05 3. 61.
420 | .561 | .0020L| 5.9 191 0.135] 83, 191,
L60 | .567 | .00206| 6.3 .bo2 0.275] 171, Ly,
500 | .577 " 7.0 .575 0.LO | 252, 598.

.Series 22, same as Series 20, éxcept for changed PA inlet .concentration.

o

T, C| q P, o %co,, vl 106 {r, - 108
per gm per gm
300 | .5L5 |.00279¢{ L.7 .00 0.00 0. 0.
380 | .552 " 5.2 | .083 | 0.07| |42, 2.
‘420 | .559 |.00281| 5.7 .195 0.17 | 104, 268,
L6o | .569 |.00282) 6.4 | .393 | 0.37| 230. 552,
500 | .577 n 7.0 .623 | 0.62 391, 887.




Series 23 same as Series 20, except for changed Pp inlev coacentration.

n%| o | I
: per gm per gm
. 300 | .549 | .00392 .00 0.00 0. 0.
380 | .560 | .00393 .089 | 0.12 74 7.
420 | .567 | .00395 .188 | 0.25 155. 368.
ué0 | .577 | -00396 .336 | O0.L55| 287, 676.
-+ 500 | .583 | .00393 .622 | 0.77 49, 1247.

Series 2l same as Series 20, except for changed PA inlet concentreiion.

T7,°%c| q P, X,  %co, Fle 108 [ rg - 08
per gm per gm
300 | .552 | .00657| 5.2 .00 0.00 0. 0.
380 .563 | ..00658 6.0 .041 0.085 52. 133.
L20 | .567 " 6.3 .107 0.26 161. 343,
L6o | .574 | 00659 6.8 .261 0.53. 333. 864,
500 | .583 | .00658.] 7T.L .530 | 1l.01 6Lk, 1779.

Series 25 same as Series 20, except for changed PA inlet concentraiicon.

1,°C q P, ap X, #co, rL 105 |r, - 108
' ~ |per gm per gm

300 | .540 | .00107] L.k .00 | 0.00 0. 0.
380 | .555 " S| .158 0.057 35. 82.
- L20 | .562 " 5.9 .239 0.090 55. 126.
160 | 566 n 6.2 | . .486 0.175 108. - 258.
500 | .570 " 6.5 716 0.27 168. 382.

Series 26 same as Series 20, except for changed PA inlet cohcentration.

T,°C a | B |ar Xy %C0, [re « 108 |r, - 10

per gm per gm
300 | .534 | .000L31} L.L .00 0.00 0. 0.
380 | .suh | .oo0L27| 5.2 .266 | (0.0L) 24, Sk,
420 | .551 | .000L29] 5.7 .391 | 0.06) 36, 81.
L60 | .s60 | .oooLLo] 6.3 .612 0.08 kg, 132.
500 | .563 | .o0CL36| 6.6 .819 0.12 | 74 176.




Series 27 same as Series 20, éxcept
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for -changed PA inlet concentra-

tion.
,%| q P, | 4P X, %o, | re + 108 fr, - 106
per gm per agm
300 .| .601 | .0086L | 5.7 .00 0.00 {  O. 0.
380 | .611 | .00865| 6.3 .030 0.09 60. 139.
L20 | .619 | .008681 6.8 .104 0.32 217. 489,
L60 | .631 | .00867| 7.5 .232 0.61 | 421, 1.
500 | .639 " 8.0 474 1.27 | 888, 2298.
Series 28 same as Series 20; except fof changed FPA inlet concentra-
' tion.
7,°C| «q B, | ar X, #CO, | vl « 108 | ey« 10
per gm per gm
300 {.535 | .00217 | L.6 .00 0.00 | 0. 0.
380 |.5uk | .00216| 5.3 | .078 |(0.08)]  u8. 80.
420 | .552 | 00219 | 5.8 .245 (0.22) 133. 259.
L60 | .559 u 6.3 | .4 |(0.LO)| 245, L4k,
500 | .567 | .00218 | 6.9 | .e52 |(0.63)| 391. 705.
*(co,, analysis problem)
Series 29 same as Series 20, excéptﬁfor changed PA inlet concentra-
tion. : :
" T,Cf g P; | 4P Xe #CO, e . 108 |r, - 10
per gm per gm
300 |.539 | .00170 | 4.3 | .00 0.00 | - o. 0. .
380 |.cLB | .00172 | L.9 .085 0.05 | 30. 70.
420 ‘| .552 " 5.2 .215 0.1, | = 8s. 179.
L60 | .560 | 00171 | 5.8 436 0.25 | 153. 365.
so0 | .563 | .00172'| 6.0 .629 | 0.39 | 240. 533.
500 | .57L " 6.8 617 0.3L4 | 213. 533.
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Series 30 Reactor: F, Catalyst: experimental cat. II, W = 1L.20gnm
(5.82¢cc), L = 3L cn, v, = 10.5cc, 4P 4 1 psig, feed: PA
13.2cm? Al/gm cata o .

7,% | q P, X %c0, | %0 | e 108{r, - 108
' per gn per gm
300 | .478 | .0056 - 0.00 0.00 0. -
350 AL o - 0.02 | 0.00 2. -
LoO " " - o.0h | 0.00 L, -
Ls0 n " - 0.06 0.01 7. -
500 " " - 0.10 0.02 13. -

Series 31 extension of Series 30 into higher temperature reactor
- conditions. Same reactor and bed. Chromatograph not used.

T7,°C| q P, X #co, | Zco | e - J08|r, - 10°

t per gn per gn
gso |.u78 ] w0086 | - | owan | owon| 29, | -
575 " " - 0.32 | 0.08 42, -
590 | " " - 0.4k2 | 0.12 | 57, -

Series 32 Reactor: F, Catalyst: experimental cat. III, W = 14.2gnm
. (h.86c§), L = 34 cm, V.= 11.5cc, AP 4 1 psig, feed: PA,
13.2ecm“ Al/gm cet. ' ‘

. T,OC q Pi : xt %002 %CO ‘l'c . 108 |'t 106
per gm per gn
300 |.478 | .0056 - 0.00 | o.00 | O. D -
350 n " - 0.02 | 0.00 2. -
L00 " " - o0.045| o0.015| 6. -
L50 " " - 0.07 0.03 | 0. -
soo | " - 0.12 o.oy | V7. -
550 | ¢ " - 0.18 0.05 24, -
600 | n - 0.2k | o0.06 | 31. -




Series 33 Reactor: F, Catalyst: experimertal Cat. I, W
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= 14.22gm

(6.03c§')' L = 3L cm, V. =10:3cc, AF £ 1 psig, feed: PA

13.2cmé Al/gm cat.
-1,%| g P X, %(;02 Zc0 re* 106 re © 108
ver gn per g

300 78 0056 - 0.00 | ©0.00 0. -

350 " " - 0.02 | 0.00 2. -

_hOO " " - 0.05 0.00 5. -

- 1450 n " - 0.08 0.01 9. -

500 " " - 0.11 0.01 13, -

550 -n " - 0.17 | 0.03 21. -

600 | n - | o.25 | 0.06 | 33. -

Series 34 Reactor: F, Catalyst: experimental cat. V, W = 1L.2gm

: (S.thg), L =34 cm, V= 1l.lcc, 4P £ 1 psig, feed: PA

7,%| q P, X Zco, | %0 | "¢ ” 108 lry - 108

* t " |per gn _per gn

300 478 | .0056 - 0.00 0.00 0.

350 " " - 0.02 0.00 2, -

100 " " - 0.05 0.01 . 6. -

L50 " n - 0.09 0.01 10. -

500 | " - 0.13 | 0.02 16. -

550 " n - 0.17 0.03 21.. -

600 " n - 0.25 | 0.06 | = 33. -

Series 35 Reactor: F, Catalyst: experimental cat IV, W = 1h.2gm
(5.13cc), L = 34 em, V_ = 10.9cc, AP ¢ 1 psig, feed: PA
13.2em? Al/gm cat. T : - '

’ L] 6 L ]

7,% ] o p, | % #co, | sco |"e 105 jrp - 10°

per gnm per gm

300 | .L478 .0056 - 0.00 0.00 0. -

350 " L - 0.02 0.00 2. -

LOO - " " - 0.07 0.01 8. -

450 n " - 0.09 0.02 12, -

500 " " - 0.13 | 0.02 16. -

550 | v n - |o0as| o.03| 19 -

600 " " - 0.19 0.04L 24, -
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Series 36 Reactor: F, Catalyst: CCI-Ci03, VW = 1L.23gnm (5.98cc)
L= 3h2cm, V.= 10.hce, AP <1 psig, feed: PA,
13.1lcm“ Al/gn cet. _

This series was conducted with high resolution Infrascan
H-900 IR equirment on-line with 20cm heated ceil and
piping at reactor exit. CO and CO, IR Luft-type equip-
‘ment following that. .

. b

7,% | q P, x, | %o, | %co re 10° | ry - 00°

per gn per_gm
300 |.L78 | 0056 | - 0.00 | 0.00 0. -
350 " n - 0.035 | 0.01 5. -
1,00 " " - 0.11 | 0.03| 15. -
150 " n - 0.23 | 0.06| 30. -
500 " " - 0.36 | 0.09| 7. -
600 " " - 0.81 | o0.24{ 110, -

Series 37 after above analyses, operated continuously, same feed :
: condition, to determine catalyst stability, measuring only

coz‘and co.
hrs. 7,% | #co, |0 |7 10®
operation . | per gm
24 - 100 0.11 { 0.03 | ~ 15..
L8 " 0.11 | 0.035 15,
72 " .0.10 | 0.030 15.
96 n 0.10 | 0.030 - 15,
1L " . | 0.10 }0.030 15,
n 500 0.33 | 0.115 YR
n 600% 0.76 | 0.275 109.
168 100 0.11 | 0.030 15.

#* -
at steady state after 1 ncur
temporary reactor temp. ciiniie

Series 38 Reactor: F, Catalyst: CCI-Cl03, W = 14.10gn (5.93cc),
7 L =3Lem, V_ = 10.1cc, AP £ 1 psig, feed: PA, 13.3en”

Al/gn cat.

7,% | q P.o| %, gco, |0 | 108 frp - 10°

. per gm ber gm
300 |.478 | L0055 | <.001 | 0.005 {0.00| < 0.5| . 0.5
350 " " ,011 ] 0.04 | 0,015 6. 5
hoo " " ! .065 0.175 0006 25. 30.
1450 LI .130 | 0.38 | 0.115 52. 60.
500 n n 196 10.51 | 0.17 | T2. 9.
550 " n .283|0.70 | 0.25 100. 132.
600 " " 435 011.10 | 0.37 155. 202.
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Series 39 Reactor: F, Catalyst: CCI-C103, unchanged reactor and
. catslyst bed used in Series 36. ¥ = 1L.23gm (5.98cc),
L =34 em, V_ = 10.Lec, 4P & 1 psig, Feed: o-xylene,
13.1cm? AY/gh cat.

‘ TG BTG
1,%| q P, X, |#%0, | %o | 10° jre = 10
' ) : per gm per gm
300 oh95 00096 - 0.0l 0.00 ‘ . -
350 n " - 0.09 0.02 12. -
hoo " " - 0056 0.13 750 -
450 ' " " —1.0 2.68‘ 1;oh . ho3. -+ 833,
500 " " 1.0 }2.79 1.10 k22, + 833.

- Series L0 continuation of Series 39 after 16 hrs. operation zt 500°¢C

o ’ ) re * 10° Fe 10°
o .
T,C a | B X¢ %00, #CO 1 per gn per gm
300 | .L95 | .0096 .00 {0.01 0.00 1. . 0.
350 " " .016/0.09 | 0.02 12. - 13.
hoo { n ~.n1jo.65 | 0.16 88. 92.
450 "o "o .997|2.26 | 0.9L | 347. 830.
500 " " 1.00 {2.66 | 1.10| 408. 833.
550 | n. 1.00 |2.96 | 1.20| 451, 833.
600 " n - 1.00 |3.66 | 1.LO0| 549. 833.

~ Serdies Ll Reactor: F, Catalyst: experimental Cat. I, W = 14.18gnm
(6.0cc), L = 29 cm, V. = 7.9cc, AP ¢ 1 psig, feed:
o-xylene 13.2cm? Al/gm csat. -

"o . v ro > 108 |r, - 108
T,Cl a By Xy %002 CO per gm per gnm
300 | .L95 | .0096 .00 |0.02 0.01 3. 0.
350 " " .014}0.09 0.02 | 12.
Lo0 n oo .041] 0.16 0.03 | ~ 21. 34,
L2s5 n " .069] 0.24 0.05 32. 58.
Lso | v n .056{(0.34) | 0.07 (45.) 80.
L7s n n 1511 0.30 0.06 39. 126.
500 " " .219] 0.30 0.05 38. 183.
525 " n .315| 0.40 0.08 52, 263.
550 " " 411 o.55 0.1, | . 75. 344,
575 n n .273]0.30 | o121 s, 228,
600 " " .2190.33 | 0.14 51, . | 183.
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" Series L2 Reactor: F, Catalyst: experimentzi ca: IV, W = 1L.2gm
: (5.2cc), L = 24 ¢cm, V_ = 6.hce, 4P & 1 psig, feed:
o-Xylene, 13.2cm? Al/gm cat.. .. :

T,°C P, X 4co 9c0 r. - 108 {r,  « 106
’ : * ¢ 2 ~ Iper gn | “per em
300 | .L95 | .0096 .00 0.015| 0.005 2. 0.
1,00 " n .076 [0.35 | 0.09 | 48, 63.
450 n " 163 lo.76 | o.2u | 109. 136.

" 500 n "o .576 l1.u9 | o.is | 211, 481.
525 | " " .859  |1.58 | O.L6 | 222. | 77,
550 " " .961 |1.84 0.57 | 262. 802.
575 n n .963 1.95 -0.67 | 28s. 804,

- Series L3 Reactor: F, Catalyst: experimental cat II, W =
: (5.8¢cc), L = 32 cm, V. = 9.hcc, AP £ 1 psig, feed:
o-xylene, 13.3cmé Al/gm cat.

T,°%c| q P, | x %0, | o |rc + 10° jr - 10°
t {per gnm per gm
300 | .u9s | .0096 | .00 - {o.00 | 0.00| 1. 0.
Loo | ¢ " .059 |o.2L 0.06 33. 50.
hso | n .19 Jo.Ls 0.11 62. 100.
L75 L (.158) [0.65 | 0.17 | 90. (133.)
. 500 " o158 |0.72 0.18 | 99. 133.
525 n " - .178 10.73 0.18 | 100. 150,
550 n - - .277 10.99-| 0.28 | 1hko. 234,
- 575 " " .287 ]1.08 0.38 | 160. 242,
600 | n .257 {1.26 | o0..8 | 191. 217.
further deactivated during 16 hrs. :p:r;tion ajb 6(.3-06-53
600 | .L95 | .0096 .202 [0.67 | 0.29 | 106, 170.

.ASeries L4 Reactor: F, Catalyst: experimental cat V, W = 1L.2gm
(5.2ce), L = 2L cm, V. = 6.3cc, AP « 1 psig, feed:
O-xylene, 13.2cm? Al/gm cat.

. 3 P 6

T7,% | «q p, | x, |#co, | Zco. fe = 107 fre - 10°

per gm per gm
300 | .L95 | .0096 .00 |o.01 | 0.00 R 0.
L0oO n .o .051 10.39 0.10 53. . 43,
L50 n " .232 |o0.81 0.26 116, 194.
500 n u .697 |1.81 0.5L | 2656. 582, "
550 " n .758 {1.76 0.L9 | 245, 633.
600 n on .828 |2.06 0.50 | 322. 691.
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Series L5 Reactor: F, Catalyst: experimental cat III, W = 1L.15gnm
(4.8ce), L = 22-cm, V_ = 5.8¢cc, 4P £ 1 psig, feed: - -
o-xylene, 13.2cm? Al/gm cat. : :

7,% | ¢q »,. | x |%co, | Zco |c” 108 | re « 10°
* : per gm per gm
300 |.495 | .0096 | . .00 |0.01 0.00 1. 0.
L00 n " L1415 10.38 0.12 55. 96.
425 n " 150 lo0.61 0.20 . 68. 159.
Lo " " 816 11.98 | 0.67 289. 684,
X n " 960 |2.71 0.76 324, 804,
500 n " .980 .12.)2 0.87 353. 821.
e e e e e e e e el o e T e e e e A o ——— e
operated for 16 hours at 500°C
500 {.L95 | .0096 .967 12.3L | 0.89 | 352. 827.
525 " " .969 |2.61 | 1.05 | 399. 829.
L 550 L " .991 |2.66 1.07 | 407, 830.
575 " n 1.00 2.53 1.03 |. 388, 838.
"~ 600 w " 1.00 2.86 1.12 434, - 838.

Series L6 same reactor, catalyst and conditions of Series L5.
This Series is to confirm reproducibility of the catalyst
evaluation method, and equipment stability.

7,% | g P, x, |%co, | sco |- 108 | rye  10°
. ' per gm per gm
© 300 |.L95 | .0096 .00 0.01 o.00} 1. . 0.
350 " n .034 {o0.12 0.03 | 16. 28,
375 n n .078 |o0.28 0.09 | - k0. 65.
Loo n n- - .180 lo.61 0.20 B8. 151.
L25 " " .378 {1.11 0.38 163. 317.
L50 " " 775 }1.89 0.71 284, 649,
L7s " " .961 2.31 0.91 351, 805.
500 n n .983 2.37_] 0.99 36.7' 824,
| SIS S N — — — AN (U W—————
operated for 16 hours at 500°C _
500 4495 .0096 .988 2.52 1.01 385. 828.
525 " n 1.00 2.85 1.08 429, 838.
550 n " 1.00 ]3.30 1.18 | 48s. 838.
575 - n 1.00 {3.36 1.23 | 501. 838,
600 n n 1.00 3.86 1.33 | 566. 538.




Series 47 Reactor: F, Catalyst: CCI-C103
(3.2cc), L = 22 cm,
o-xylene, 2L.7cm® Al/gm cat.
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V05-sic, W = 7.58gm

V. = T.hcec, &P <€ 1 psig, feed:

. . 6 . ‘
7,% | g Py . x, |#%o, | o0 |Te 1O T 108
’ . per gm per gm
300 |.L95 | .0096 .00 {0.005 | 0.00| . 1. 0.

- 350 " " .010 ]0.035 | 0.01 9. 16.
poo | v " .048 l0.26 0.07 67. 75.
L2s n " 964 12,06 0.77 576. 1508.
450 " " .986 |2.18 | 0.87| 621. 1542,
475 " n -983 |2.80 | 1.10| 794. 1547,
500 " " - .992 [3.36 | 1.25| 933. 1551.
550 n & 1.00 L | 1.55] t220. 1564,
Series ;8 Reactor: F, Catalyst: experimental cat. II, W = lb.87gm

(L.5cc), L = 26 ¢m, v, = 7.8¢cc, 4P < 1 psig,. feed:
o-xylene, 17.2cm® Al/Em cat. ' S
7,% | q P, ' x, |#co, | oo |rc v 10° fre - 10°
s per gm. per gm
300 |.k95 | .0096 | .00 - - - .
,tgo o " .10 | - - - ",

o I 064 - - - 0.
L75 " " L1720 - - - 127.
500 " " .301 - - - 328.
525 " " .592 - - - 645,

1 550 " " 774 - - - 84l ,
1 600 "o " .890 - - - 970.
Séries L9 Same reactor and catalyst bed as Series L8. Feed:
changed to MA o
7,% | 4 P, #co, | %o re - 108 fr <108
per gm per_gm
300 |.L95 | .0067 | <.005 | - - - < &,
L0oO " " .34 - - - 259,
500 " " >.99 - - - >753.




Series 50 new reactor G, Catalyst. none, S = 187cm Al, L = 76cm

r = 36.3cc, AP < 0.5 psig, feed: PA

. (Y o 6
1,%]| q P. X, %o, | #co | e 10 o | e e,
' ' . per 10cm per 10cm
300 | .231 | .oous |<.005 | 0.01 | 0.00 0.4 < 1.
).‘m " " 003 0.0h 0.01 _2. l.‘
500 " n .33 0.93 | o0.17] 2. 46.
600 n " >.99 2.81 0.32 121, > 138.
500 | .80 | .oouh | - 0.86 | o0.10} 77. -
600 " n >.99 2.50 0.39 232, 279.

Series 51 much used reactor G, Catalyst: none, S = 187cxn2A1,

L = 76cm, V_ = 36.3cc, &P ¢ 0.5 psig, feed: PA

L . 106 « 106
7,%| q P. | x #c0, | %0 | e 10 , |t 10

t " | per 10cm per 1O0cm
300 §1.33 0041 .00 10.00 0.00 0. 0.
LOO " " .01 0.01 0.00 2. 7.
500 n " - 0.36 0.04 83. -
600 " " (.98)7 |1.L6 | 0.3L '3{99. (712.)7

Serles 52 brushed out used reactor G, Catalyst none, S = 187cm

Al, = 76 ecm, V_ = 36. 3¢c, AP ¢ 0.5 psig, feed: PA
. .
T,°C| q P, ox, %0, | #co |Te v 197, fre s 10°)
: ) : per 10cm per 1l0cm
600- | 0.286| .o0L8 |>.99 2.30 0.66 141, 181.
600 1033 .OO)J.S - 1031 00).].0 379. -

. Series 53 used reactor G, Catalyst: none, S
= 36.3cc, AP < 0.5 psig, feed: PA

187cm Al, L = 76em

r
T, C q P, X %co Zco c e
i t 2 2 2
per 1Ocm per 1Ocn
600 1.33 | .oo46 | .58 0.90 | 0.28 262, 473.

these are mean values from many determinations.
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new reactor H, Catalyst: none,

9lem?® Al, L = 37cm

191

91 cm? reactor surface, L = 37 cm,

psig, feed: PA

Series 5k S =
r = 17. 7cc, P =4 0.5 psig, feed: PA
o o ro« 108 e <108
T, C| . q Pi‘ X¢ ,uCO2 %C0 | ¢ : t
T per 1Ocm per 10cm
1600 | 1.33 | .00L3 | - 0.16 | 0.04 91, -
1 operated 16 hours at 600°C
i n 063).1 .00h9 - 0015 Oooh l}‘ - -
n .286 ooohé - 0033 0010 : L'z. -
Series 55 reactor H a.fter above Serles sk, Catalyst EC grade
aluminium C-rings, W = 22.05gm (8.16cc) S = 176cm? plus

r=95cc,APéOS-

. : r_ o 10° . 108
,%]| q P, X %o, | #co | © , | o
¢ ' per 10cm™ | per 1lOcm
300 | 1.33 .00L6 - 0.00 0.00 0. -
100 " .00L6 - 0.00 0.C0 0. -
LSO " .ooL8 - 0.015| 0.00 2. -
£00 " .00L7 - 0.075| 0.01 13. -
550 R n .00}.&6 - 0022 OQOLL l‘o. -
. 600 " OOOIJ»? - ‘ 0067 - 0012 ]23. -
. P-‘.—-- ----—**»*-_d-——-i“‘—i ————————————
300 .287 .0050 | <.0l} 0.01 0.00 0.3 <1,
500 " .0051 - 0.32 0.04 12. -
operated 16 hours at 500°C
500 .287 .00L8 .18 0.31 0.0L 12, 23.
550 " " .54 lo.wsu | oar | 37. 70.
600 i " .99 | 2.65 0.Lk 104, 128.
Serles 56 reactor H, Catalyst: msed 5111ca fragnents , E=15.41gn

(6.lcc), S = 196cm?, 37 em, V_ = 11.3cc, AP ¢ 1 psig,
feed: PA, L.6cm Al/locm2 fused silica.
. o [
7,%| ¢ P, x, |#co, | %o |Te” 10 |t o,
per 10cm per 10cm
300 |1.33 | .ooL7 .00 {0.00 | 0.00 0. 0..
350 | ° wo }<.005}0.00 | 0.00 0. | <h.
tgo " " - lo0.02 | 0.00 2‘5*~ -
0 n " - lo.11 | o.01 . n
500 n ] (.28)* 0.36 " 0.03 82. (223.)
550 n ] - lo.62 | 0.08 148. -
600 " " 1.05 | 0.18 260 | 533.
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Series 57 Reactor H, Catalyst: ‘stainless steel short cylinders,

W = 63.94gn (8.0cc), S = 108em?, L = 37cm, Ve = 9.7cc,
4P ¢ 0.5 psig, feed: PA, 8.3cm? A1/10cm? -

« 105 | r, - 108
7,°% | q P, X¢ %co, | #co e ! ot \
ver 10cm” |. per 10cm
300 [1.33 | .oou7 | <995 | 0.00 | 0.00 0. < 7.
L10 " " - 0.02 .| 0.00 8. -
L50 n " - 0.10 0.01 42, -
500 " " .28 0.51 0.06| 219. Lok,
550 " " .99 |-2.29 | 0.32] 1002. 1430.
600* | " " —-=1.00| 2.72 | 0.L6] 1221, > 14hk,

¥plus on-line IR hot product stream examination

Series 58 Reactor H, Catalyst: .132' Li.pm diam. SA-201 Alundum
spheres, W = 18.24gm (5.8¢cc), L = 37cm, V_ = 11.9cc,
AP £ 0.5 psig, feed: PA, 5.0cm? Al/gm alfindum :

,% | q P, x, | %o, | %o |- 106 Iry - 108
) 1 per gm per gm
300 |1.33 | .oou7 | <.005 | 0.00 | 0.00 0. < &
100 n .00L9 - 0.015 | 0.01 6. -
L50 " "o - | 0.065| 0.01 17. | -
505 " " - | o0.29 | o.0s 77. -
550 " " - 0.69 0.1 188. -
595 | m " .69 | 1,25 | 0.32] 357. 61z,
615 " " >.99 - | 2.32 | 0.52| 645.° > 882.

Series 59 used reactor H, Catalyst: none, S = 91 cm? A1, L = 3lLem
. V_=17.T7cc, 4P £ 0.5 psig, feed: PA. This experiment
also diverted a portion of condensed product stream through
the quantitative combustor to determine an upper limit for-
amount of low molecular wt. carbon compounds not analyzed

chromatographically, -
. - N 6
1, | ¢ P, X, |®%co, | #o |re- 1062 et 100
- : per 1Ocm per 10cm
300 |1.33 | .ooué - 0.00 | 0.00 0. -
500 n .00L7 - 0.11 0.01 5. -
s e e c s - s  —— e — o — —— —— . s — ——— — — — G o —— — - -—
' operated 16 hours at 50G°C _
500 [1.33 | .oob7 | - |o.07 | 0.0 3. -
550 " .0oL8 - 0.25 0.03 128. -
600 n 0047 .20 0.57 0.10 305. 343,
300 " 0047 | <-005 1} 0,00 0.00 0. < 8.
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Series 60 Reactor H,- Catalyst: new S0,-activated Kontakt-S,
' W = 11.02gm (3.lcc), L = 21.5cm, Vp = 7.2cc, 4P & 0.5
psig, feed: PA, 8.2cm? Al/gm. No sulfur compounds added

to feed. :
: 6. . 106
T,oc qQ Pi xt : %002 %CO ) l’c « 10 . rt 10
Der gm per gm
300 | 1.33| .ooLs - 0.00 | 0.0 ] o. .
Lo0 " " - 0.08 0.03 Ly, -
L50 " " - 0.3L 0.10 166. -
500 " " - 0.95 | 0.17 | 422, -
550 " " - 1.47 0.16 | 614, -
600 " " .64 1.85 0.21 775. 867.

Series 61 Reactor H after Series 60, Catalyst: none, L = 37cm,
S = 9lecm? Al, V. = 17.Tcc, 4P ¢ 0.5 psig, feed: PA

(o]

7,%) ¢ P, x, | %0, | %o |%c " e e 108 ,
- ' per 10cm per 1Ocm

300 |1.33 | .00L5 - 0.00 | 0.00 0. - -

.00 " " - 0.005 | 0.00 2, -

500 " " - 0.08 | 0.01 by, -

550 " " - 0.26 | 0.04 137. -

600 " " - 0.81 | 0.16 | k2. -

Series 62 New reactor I, Catalyst: none, L = 37cm, S = 91c1n2 Al,

Vr = 17.7cc, 4P &£ 0.5 psig, feed: PA

7,°¢| q Py x, |®@co, | g0 |re - 108 fre - V0%
t per 1lOcm per 10cm

300 }1.33 | .oous - 0.00 | 0,00} - o. -

600 " " - 0.06 | oc.0o1| - 32. -

Series 63 New reactor J, Catalyst: none, L = 37 cm, S = 9lcm2 Al

Vr = 17.7cc, AP £ 0.5 psig, feed: PA~
- ' BTG —
7,% | 4 P X, |#co, | gco [Te 10 , re © 10 \
per 1Ocm per 10cm
300 1.33 0049 .00 0.00 0.00 - 0. 0.
615 " " .0l |0.03 | o.00 | 4. 18.
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Series 6 New reactor K, Catalyst: none, L = 37cm, S = 91cm2 Al,

Vr = 17.7cc, AP ¢ 0.5 psig, feed: PA

» ) ’ . . 6 . 6
T7,°%C | q P, Xy | #c0, | #co {fe * 10%  re - 10
) : + per 1lOcm per 1lOcm
295 [1.33 | .00L9 .00 | 0.00 0.00 . | . o.
590 " .00L9 .01 | 0.04 0.00 18. 18.

Series 65 Reactor K immediately after Series 6L. Catalyst: exper:.—
mental Cat.III, W = 11.12gm (3.8cc), L = 21.5cm, V_ = 6.5cc,
AP ¢ O. S psig, feed: PA with inlet concentratlons deter-
mined by quantitative combustor. 8 2cm? Al/gm cat.

T,°C q P, X¢ %co,, %CO |r. - 10? re « 108
| per gm per gm
} 300 }1.33| .00L9 .00 | 0.00 | 0.00} . 0.
Loo | v | .oou8 | o34} 0.02 | 0.005 9. 49,
L50 " " .039} 0.03 | 0.010 5, | 56,
500 " .o0ou7 .0421 0.05 0.015] . 24. | 9,
550 n " .067| 0.09 | 0.0258  43. 9k .
60 | " " .072] 0.17 } 0.0k} ~ 79, 101.
300 v | .o0L8 .00 | 0.00 | 0.00| o. 0.

Series 66 Reactor J immediately after Series 63. Catalyst: CC1-Cl03
: = 8.20gm (3.2cc), L = 21.5cm,-V_ = 7.0cc, 4P . 0.5 psig,
feed: PA, determined by quantitative combustor, 11.1lcm?

Al/gm cat.
7,% | q | B x, |#0, | %o |rc- 108 {r, - 10°
1 per gm per gm

oo |1i. .0050 .00_] 0.00 | 0.001] . . 0.
)300 33 5 .027 0.08 0.03 52. 55.
(Lso)z| v L0049 - .070] 0.17 0.07} 121. 139.
500 " .00L6 .070| 0.19 | o.0o7| 131. 130.
550 U B .109{ 0.29 0.10 197. 203.
605 | " .00L5 .150 | 0.42 i 0.13] = 278. 273.

sbove at linear velocities 1.4-2.2 meters/sec; _
below at 0.6-0.9 meters/ sec.

e e . aee v — — — — — . ———— — — — —— — — —— a— — e o

602 |.s86 | .o0L9 315} 0.86 | 0.27 252, 275.
285 |.586 " - .00 }0.00 | 0.00 0. 0.
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Series 67 Reactor I immediéteiy after Series 62. Catalyst: new

v

S0,-activated Kontekt-S, W = 10.26gm (2.9cc), L = 2i.Scr,
o T.lecc, 4P £ 0.5 psig, fegd: PA, determined bty
quentitetive combustor, 8.8cm“ Al/gm cat. No sulfur
compounds added to feed. :

7,°Cc| 4 P X, |#&o, | @0 | Tc - 108} r, - 108
"~ | per gn per gm |
290 [1.33 | .00L8 .00 {0.00 | 0.00 c. | oO.
- Loo " "o .025 1 0,07 | 0.03 4o, 39.
450 w0047 sl o.27 | 0.07 | 137. 175.
- 500 no " .250 | 0.82 0.16 | 396. 38¢.
550 n .00,8 Asisf1.25 | 0.16 | 579. bhb,
600 " "o .48511.58% | 0.16 | 705.% | 753.%

*naxdmum, followed by loss of activity (S0,) with tine.



major produéts nf o-xylene oxidation

o.| x7lene] MA |tolualdehyde| toluic| PA |phthalide
geries, Catalyst | T, C area | areaj area S%éé area area pgggacs:tg
L0  cCc1-C103 300 | 63. 0 0 0 0. 0 0
: 350 62. 0 0.3 0.2 | 0 .0 0
100 g4, 0 2,2 0 0 0 0
50 0,2 1.5 0.1 0 30, -0 0
500 0 1.9} 0 -0 27, 0 0
550 | (0.L)]| 1.6 0 0 |23. 0 0
600 (0.3)] 0.9 0 0 |19. 0 0
L1 experimental] 300 73. 0 0.5 0 0 0 0
catalyst I | 350 72, 0 1.6 0 0.2 0 0
1125 68. 0 3.8 0 1.2 o - 0
1150 66. 0 S 0 1.5 0.3 Oh
)175 620 0 . 8.2 0;2 1.8 006 009
500 | 57. 0 9.5 0.3 | 0.7 0.2 - .15
525 50, 0 11.2 0,51 0.9 | 0.3 35
o500 | 3 o f__ve2__ | _ 3.2 | 26| 053 4 __ebb
400 57 0 10.h 1.1 | 0.h 0 62
43 experimental | 200 [ 101, 0 0.l 0 0 .0 0
catalyst II | L0O 95, .| O 5.l 0.1 | 2.5 0.2 - 0
. lhuso 19, 0 9,8 0,2 | 3.6 0.9 .19
L75 85. 0.1 12, 0.3 | 5.5 1.0 2L
500 85. 0.1 15, 0.5 | 5.5 1.5 37
525 83, 0 21. 0.9 | 2.6 1.3 6l
550 73. 0 25 2.0 | 3.5 1.9 .85
575 72. 0 ?ﬂ 3,0 | heli 2.5 1.2
600 | _75._| O i 25 4 2.8 1301 1.8 _J_1.5_ _
_ ____ _operated for 16 hours at 200°C _ _ _
600 [ 79. ] © 'T 2l 2,57 23] 0.7 16

“UOTHBPTXQ SUSTAX-0 JO S3ONPOII “IOL8)
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major products of onﬁlene oxidation

: ‘ | 0n | xvlene MA {totualdehyde | toluicl PA |phthalide|minor
sertes, catalyst |1.° |70t | T 1M Eed™ | Bl T en [Maren |BrEdICtS
LS experimental] 300 | 98. 0 0.3 0 0 0 0
catalyst ITI| L0O | 9. 0 3.8 0 2.6 0.1 0
‘ 125 | 93, 0,2 Fol 0,1 L.6 0.5 .02
450 | 18, 1.5 12, 0. | Lilie 6. .19
)l?g ' 3-9 2.1 7.9 002 660 507 020
| 500 2.0 4 _2.80 _ _%.5_ . _1 _0Q}é2. L 2.0 216 |
|~ operated for 14 hours at 5000 _ _ _ _ _ _ _ __ ______ |
500 1.3 2.3 3.7 0.1 |67. L.l .2
525 1.1 1.9 2.3 0.1 73. .0 b2
SV'O O¢9 ) 1.9 lo,.l 0.1 68. llo3 063
575 1 1.0 1, 3.2 0.2 | 59, 7.8 1.k
600 0.9 0.6 7.6 “1.h | U5, 15, 2,0
L2 experimental| 300 | 92. 0 0.l 0 0,1] © 0o
- catalyst IV | L0O | 85. 0 5,1 0 3.h 0.6 0L
. ' ,150 77. 003 11.. . 003 807 108 008
500 | 39. 0.7 19. 0.9 | 19. 1.9 .18
525 | 13. 0.4 18, 1.0 | 22. 6.9 .Sh
550 3.6 0.5 13, 1,0 ] 30, 7.6 6l
575 | 3.h 0.3 1. - 1.9 | 22, 7.6 1.1
Ll experimental| 300 | 99. 0 0, 0 0 0 0
catalyst v | LoO | 9. 0.1 7.4 0 5.5 0.3 U5
; hso | 76. 0.l 13. = 0.2 | 1h. 2.7 67
500 | 30. 1,2 19. 0.6 | 30, 642 .80
sso | 2. 0.1 30, 2.9 |18. 8.4 1.h
600 | 17. | o0.3]. 28, .S |17, | 7.5 2.0
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minor producﬁs of n-xrlene oxidation

area at standard retention times designated [sensitivity
. - o - 60 105 122 180 201 reference:
Series, Catalyst T, C sec. sec, Sﬁx' Sec. sec, other feed area
5 experimental | 300-L0O 0 0 0 0 0 98.
~ catalyst IIT 125 0o 03 | 0.2 0 0
1150 .05 08 | 1.5 0 .06
W75 .03 09 | 2.1 0 .09
| 500} L2 | L0 1.8 L O _ | L10_
500 .05 05 | 2.3 .05 .12
525 .08 O | 1.9 .08 21
550 nlr)l .011 109 : 016 ¢27
5’7(; 032 OOS 10)-1 038 .70 .
600 0/‘7 cl? O¢6 : .,.18 .6!1 0 )
2  experimental 7300 -0 0 - 0 0 0 o 924
catalyst IV 1100 . o02 .02 0’ 0 - 0
o Lh50 0l .0l 0.3 0 0o
500 .09 .08 0.7 -0 «33
525 09 .10 | 0.k 0 3l
F:SO . 08 ‘ olh 005 003 . 39
C;'?S 0?-/7 017 003 018 052 . 005 at h22
L experimental 300 0 0 0 0 "0 99, .
© . catalyst V 100 ~ W5 0 0,1 0 0
» 150 Al .05 0. - 0 .18
500 .36 09 | 1.2 0 «35
£50 .30 A7 | 0.3 0 .90
400 .50 J1l | oo, .28 .95 .20 at 422
Notes: (1) mxperimental catalyst II produ;ed the 70 and 87 sec. MA products abundantly at 100%¢

and up.

(2) Possible existence of 1

50 sec., product obscured by 1)i5 sec. xylene peak,

| “UOT4EPTX) SUSTAX-O JO S3ONPOI JOUTH
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minor products of o-xvlene oxidation

area at standard retention times designated sensitivity
: o 60 105 | 122 180 201 reference:
Series, Catalyst T, C sec, sec. STK SecC, SCC. other feed area

L7 CCI-CL03 300-350 | to .02 0 .0 0 0 A 105.
1,00 07 .03 0 0 0
h25 .05 05 | 1.2 0 36
150 A | 0 2,2 0 29
175 L1 0 2.5 0 .25
500 .18 0 2.5 0 .1k

. : 550 .39 0 2.5 .38 .38 0
L1 experimental 300125 0 0. 0 0 0 0 73.
catalyst I 1150 N2 0 0 0 .01 ) -
L5 Nail 0 0 0. .08
500 02 | 0 0 0 1l
525 . 205 | - .05 0 0 .25
_ss0 | _.oh | .05 | o d__o | .35 ]
575 | .10 081 o 0 .25
, | 600 .22 .15 0 0 .25 | .05 at h22|
L8a experimental | 300-L00 o | O . 0 0 0 - see note 1| 93.
" catalyst II hS0 0 | .06 0 - 0 - o . '
: L7s 0 o1l 0 .12 .10

500 0 16 0 .32 .17
5’2‘5 .02 : 02)1 0 43 033
550 05 | W3] 0 .55 .23
600 .25 | o 0 1,02 | .19 .05 at 22

661



Product areas observed during series 18 oxidation of o-xylene, et seq. -
at doubled xylene concentration and doubled contact time

total
chromatogranph area at indicated standard retention time area of total
o ‘ majors: area of
T, C| 60| 70 87 1105 1221 15 {180 {201 | 256+ Lh22 L90+] 5504 770% | products minor
sec.| sec.| sec.| sec.| sec) sec.{sec.|sec.| sec.| sec.|sec.|sec.| sec, (ex-xyl) products
120 l0.1 |o.1 |o.1 0.1 |0.2102. [0.8 |0.5 |22, Jo 0.5 7.2 (3.2 | 33.2 1.7
1175 ) Ool 002 Oo’.l Oo? Ooll ﬂ90 109 0.5 ?Sa O O¢9 9.0 ’.102 3905 : 206
500 0.2 0.k |1.1 | 0.k 0.31 70, 1.8 (0.7128. 10 1.8 |6.0 5.1 50.2 L.6
25 0.3 [0.6 2.5 |0.6 J0.1} 28. | 2.2 [0.7]29. | 0.05{1.5 |*.3 6.1 ;0.0 7.0
550 Ooh 0.8 }109 1.0 0 11. 9'5 noS 29. 0.15 099 0.6 ho9 280)4 1003
575 0.6 [0.8 {6.6 |1.2 |O 5812.1 10,2117, [0.,18{ 0.l {0 2.3 19.7 11.7
600 0.8 |0.8 [A.9 [1.6 |0 h3j7.1 {0 15, | 0.14}{0.2 |O 1.6 16.8 12.3
BEEENENE-E RN NSRS N
| 8 Si1a |8 S |38
[ = o = o S >
3 5 1o | E i
® o] o o S
o | o )
[$) Q [\
o N
217 | =
(D .

00¢



minor products of PA and MA oxidation sensitivity
area at standard retention times designated | reference:
_ . 60 87 122 180 ' feed area
Series, Catalyst T, C " sec. sec, Sﬁﬁ’ sec, other
51 empty Al tube 300-100 0 0. 0 - 0 0 | 1Lé.
, 500 0 .02 0 27 0o
600 .03 .15 0 2,20 see note 1
59 empty Al tube 200-500 0 o. |. o 0 0 66
550 0 .06 0 .0l 0
600 0 .10 0 .21 0
61 empty Al tube 300-500 0 . 0 0 0 .0 .30,
550 0 .04 0 0 0
600 0 .15 0 .31 0
55a aluminium filled | 300-)50 0. 0 0 0 0 182,
_ , 500 0 0 0 .13 0
550 0 .02 0 .55 | .02 at L50
400 .03 .09 0 1.48 | .20 at 4SO
55b aluminium filled| 300 -0 0 0 0 .0 182,
' : 500 | o.or |_.oh f_O0_ | .73 .30at k50
500 0 .01 0 L 7
550 0 | .16 0 1,95 [L.Ll at L50
600 | .72 .80 0 | 1.66 |- see note 2

toz



minor products of PA and MA oxidation sensitivity
area at standard retention times designated | reference:
: D R 60 - 87 122 180 , feed area
series, Catalyst T, C ‘sec., S€C. sﬁﬁ‘ sec. nther '
56 fused silica 300 0 0 0 0 0 13.
g ) 600 .03 .11 0 17 0
- 57 stainless steel | 300-110 0 0 0 0 0 9
500 0 0 0 .05 0
550 .0 .18 0 .13 0
4 . 600 05 .16 0 0 0
58 alundum 300-450 - 0 0 0 0 13.
: 505 . - 005 0 oo,-l 0
550 - .13 0 .09 0
595 31 .21 0. | .2h 0
61.5 0 ollg 0 01,-1 0
65 experimental | 00500 | o | o | o | O 0 39,
catalyst III
38 cCI-cl03 - | 300-L50 - - 0,61 - - L9,
- = _ 500 - - A6 - -
' 650 - - 1.08 - - .
_ A00 - - Jele) - -
66a  CCI-Cl03 ~ | 300-500 | O 0 th.56 |- O 0 61.
. 550 0 .M .79 0 0] '
605 .02 .05 .69 0 0

(4414



minor products of PA and MA oxidation

- sensitivity

area at standard retention times designated| reference:
5 60 87 %ﬁ? 180 ‘ feed area
Series, Catalyst. T, C sec. sec. MA sec. other :
A6b CCI-C107% 602 09 07 | 1.0 0 0 61,
67 activated 290-550 0 0 .72 max| O 0 156.
Kontakt-S 500 0 .02 .51 0 ‘
60 activated 300-500 0 0 0 . 0 0 22,
Kontakt-g 550 0 .03 0 0 0
| 600 0 .10 0 0 0
L9 . experimental 300 0 0 {19.0 -0 0 .19,
catalyst II 100 16 0 12,5 0 .30 at 70
(MA feed). 500 .30 .05 {ch 5 0 .05 at 70
, . 600 1.25 .15 % ¢ 0 0

Notes: (1) .OL at 70, .10 at 150, .77 at 390,
(2) .03 at 70, .05 at 150, .30 at 390,
(3) all except series L9 are PA feed

.20 at 150, and .7h at 610 sec.
03)1 at 610 sSeC. .

UOTIEPTXO VW PUR Vd JO SIOTPOLF JIOUTH

£oz



Metallic Materials

Siiés and Shapes used

Used in Metal Density| Nominal Composition Thermal
(Series) gn/cc k (note 1)
57 short cylinders'h.7mm diem x L.Omm
3 " " L.7mn diem x L .5mm
Reactor L | Stainless 7.96 Presumably type EN 58B| 1.3cm i.d. tubing | 110-17
18 steel ' (AISI type 321) 1.5 x 1.5 x 2mm clippings of above
4,5 (see note 2) 1.6mm i.d. tubing (Reector A)
8 3.2m i.d. tubing (Reactor B)
11,12 mild steel 7.87 AISI type 1020 clippings of sheet 33-36
: 0.8 x1.7 x 3.0mm
13 20 Cr-80Ni 8.3 (see note 3) wire: 0.75mm dism. x 3.mm long 8.
Reactor D| Aluninium 2,70 9 T % com'l type 25 | tubing: 6.3mm o.d., L.7mm i.d.
Reactors, tubing: 9.5mm o.d., 7.8mm i.d. 118,
F,G,H | |
55 Aluminium 2.70 99.5% 2, EC grade ¢ rings 2.0Lmm dism x 9.8mm long ' |
19-29 ' : . irregular spheres 1.8mm diam 118-126
Reactors - tubing: 9.5mm o.d.,.7.8mm i.d} ’
1I,d,K _ (see note L)
16 Dural 2.79 175 Aluminium alloy 0.3 x 1.4 x 2.5mn ,
' L4.5 Cu, 0.6Mn, 0.5 Mg | clippings of drilling chips 100

Notes: (1)
' (2)
(3)
(L)

‘source:

nominal composition:

thermal k = BTU/(hr)(£t2)(°F/ft) et embient, typically decressing with temp.
17-19 Cr, 8-11 Ni, 0.9 Ti, 0.5-2.0 Mn

"Torphet A" nichrome, source: Gilby-Brunton, Musselburgh

Phase-Separations Ltd.

woZ



Non-metallic Materials

Used in 'Material Density | Nominal Composition Sizes and Shapes Used ' Thermal
(Series) cc . : k (note 1)
15 1.2mm diam. beads
> Soft glass 3.04 _soda-glass‘ 5.0mm spheres 0.L45
9 Borosilicate " " 3.mm i.d. (Reactor C)
Reactor E glass 2.32 - "Pyrex! tubing Smm i.de 0.65
56 Fused broken fragments
silica 2.L0 - 0.9 x 5. x 5.mm ca 0.6 -
17 #Alundum" 3.28 'SA-203 1.2-1.lmm crushed pieces of low
: (see note 2) porous spheres
1,58 "Alundum® | 3.09 SA-~201 L.lym porous spheres - low
: (see note 2)

Notés: (1)
(2)

thermal k =_Bm/(h£)(ft2)(°r4/ft) e

alpha alumina + mullite, catalyst carriers, source: Norton Grinding Wheel Co.
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Physical Properties

- Properties of PA
mol. wt. 1L8

 bep. 284.5°C (760mm)

£.p. 130.8°C

AH_ =19.5 Kcal/gm mole @ 131°C
aE. = 63 " " @131°%

AH_=13.2 " "  @131°C see note (1)

AHcomb.
c, solid = 0.2627 cal/gn °C at 27°C

density = 1.527 gn/cc at L°C, solid

" 1.208 gn/cc at 135°C, liquid
m 1.181 gn/cc  160°C
" 1,142 gnfee 200°C

om0 1,08 gnfee 240°%C

. very soluble in acetone

water solubility 20°C = 0.6 gn/100 gm water see note (2)

L " 100°C 18 gm/100 gn "
Vapor pressure: | o
. A . 2868.1L.7
ICT: 1oglO(P, mm) = 8.022 - __ATOK

Chemical Rubber Handbook: 1mm at 96.5°C

L " 10m at 134°C
m.om n Lomm at 172°C
L 100mm at 202.3°C

see note (2) ~ 2.8mm at 110°C

n o on n 5.0mm at 120°C
Notes: o

= 779.. Kcal/gm mole (t;o' 002 and H20).

L

(1) ICT vapor pressure data are fitted to A}Iv =13.2

(2) personal commnication, Chevron Chemical Co.

186,
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Experimentallv determined TR adsorotions for commound identification
the most persistent adsorptions at low concentration are underscored.

208 -

Benzene: 3060, 3020, 1950, 19LO, 1865 1790, 1475, 1033, 680, 668 cm~ .

Benzaldehyde*: 3385, 3050, 2820, 27.0, 23L0, 1700, 1652 1598, 158L,
1h55 1391, 1312, 905, 1148, 1074, 1ozu, 828, 748, 488.

Benzoic acid: 35 , 3070, 1765, 1755, 1400, 1450, 13L5, 1278, 1180,
: » 1082 1093, 102u, 712,

Carbon dioxide: 3725, 3495, 3620, 3595,'2320,,7&2, 718, 665.
Carb~n monoxide: 2150, 20v0. |

Ethylene oxide: 3050, 3000, 2500, 15L5, 1630 1555, 15L0, 1520, 1505,
1490, 1b7o 1L55, 1975, 1265, 11L5 873, 857, 820.

Maleic anhydride: . 3630, 1800, 1785, 1250, 1270 1210, 1230, 1060, 1055,
' : : 890, R38, 693, A

Methane: 3000imain peak in ?930-3160 1300 main peak in 1250-1360,

Naphthalene: 3050, 1932, 1710, 1400, 1520, 1504, 1393, 1385, 1270,
1250, 1010, ¥55, 825, 7%0.

Phthalic anhvdride: 3o°o 18’5 1503, 1&05 1450, 13LO, 1955 1165
1110 1105, 910, L0, 790, 710.

Phthalide: 3010, 2950, 2850, 1805, 1755, 1620,'1h60, 1450, 1350, 1285,
1210, 1035, 733. . - ‘

o=~Tolualdehydes:: 3060, 3010, 29560, 2920, 2°%1y, 2720, 1710, 1597, 1570,
1L85, 1h52, 1?90, 1207, 1190, 1125, 10L5, 995, 850,

o-Toluic acid: 3575, 307C, 2975, 2655, 1805, 1752 1455, 13h0 1248,

1185, 1055, 900, 737,

Wvater: 1837, 1785, 1765, 17h7, 17°7, 1?10,A1690, 1577, 1550, 1530, 1510,
1570 1552, 1578, 1515, 1° os 14°7, 1Lk70, 1kL55. 1h35, 1418, 1338,

775.

n=Xvlene: 3050, 3020, 2970, 2970, 1935, 1890, 1600, 198, 1488, 1LT0,
‘ 1055, 13°8, 1053, 1023, 7L0.

These values were determined in vanﬂr phase at low concentration in
nitrogen using 20 cm cell at 150°C. Any svstermic error in the Hilger &
Watt H=-900 can be quantified by using the c0p adsorptions at 565, 718
and mid-1320 cm-l. Reagent grzde, but not specially purified, materials
were used.. : :

#eonfirmed with thin film, ligquid phase to be free of associated acids.
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Catalysts

CCIfCIO3 is a réference catalyst for o-xylgne §xidations that
has been previously used in this laboratory. It is 3-6 mesh, surface
coated_‘VZO5 on SiC, supplied ca. 1968 by Catalysts and Chemicals, Inc.,
Louisville, Kentucky. Its density is 2.57 gm/cc determined with liquid
98

displacement volume. This lot waS‘reportéd by Ellis”" to contain no
K20, as determined by flame photometry.l | | |

Kontakt-S was supplied in 13971 b; Chemische Fabrik von Heyden
GmbH,, Regensbefg. It consists of extruded, cémpabt 6.5mm diameter
“short cylinders of a lfghtly sintered“V205 and, presumably, K,S0,-"
Ki5207_mixtureiin clay-like substrate. Density is 3.60 gm/cc
detgrmined with liquid displacement volume.

This catalyst was fragmented to appfopriate'siie and activated,
prior to use in a separate reactor,;by’reaction during one-half hour
operatiénvwith 1.%2 S0, in air feed at 380°C, per manufacturer's |

4 :
- instructions. 0 This operation formed SO, in situ and established the

3

active catalyst condition.

Experimental Catalysts

Porous Alundum spheres, §.4mm diameter and with density of °
1.79 gm/cc determined with liquid displacement volume, were heated to
above 700°C in a temperature controlled laboratory furnace. These hot
spheres were completely immersed in molten VZOS or binary mixtures
contained in porcelain crucibles at temperatures fn excess of 700°C.
Compositions,of fheée binarylmixtures are given in the following

" table:



Composition of Catalyst-Forming Mixtures

210

mixture composition

VZOS
. mole fraction Ratio: Final
Binary Melting : : moles K,0 |catalyst
mixture Eg,mt, VZOS lkzsol‘ : K25207 per mole density
no. } V.0 (see note)
| ; 2’5
1 ca. 550 10.83 | 0 0.17 0.2 2.36
I ca. 550 10.83 ¢ 0.17 0 0.2 2.44
bl 670 {1.0 0 0 0 2.92
v ca. 600 : 0.91 0 0.09 0.1 2.77
v ca. 600 | 0.91 0.09 0 0.1 2.7

Note: . gm/cc determined with liquid displacement volume.

The molten mixtures readiiy diffused'throughout.the Alundum support. No

attempt was made to limit the amount adsorbed. The melt was poured off

the spheres and they were transferréd to'émpty Vitrosil dishes several

times over a time span to allow excess melt to drain off. There was -

reaction between melts and substrate and net change of 503 content due to

of the phase equilibria involved are given by Boreskov.

KyS,05 == K,50, + SO

3

183

equilibrium. Melting points and studies of some

After cooling, weight gain‘and density of each of the five

different catalyst compositiohs were measured. No-attempt is made to

define catalyst compositions other than by initial compositions of the

binary mixtures from which they were produced:

experimental Catalyst |, etc.

Binary mixture | yielded

by weight, adsorption of the VZOS binary mixtures. This high VZOS'

content infers a severe degration of surface area caused by filling of

support pores.

Resulting catalyst spheres were metallic black in color

High densities of the melt-impregnated support indicated 22.-35.%



. and appearance, hard and vitreous, and were found to be visually

homogeneous on fragmentation.

KZSO“:

Alundum:

Materials used for experimental catalyst preparation were:
BDH laboratory reagent grade, 98.5% minimum, was used without
the usual purificatioa step, via ammonium metavanadate, in

this exploratory program.
BDH laboratory reagent grade, 99%.

BDOH laboratory reagent grade, new sealed lot, presumably

hydrated to less than 3% KHSQA.

Norton ‘'macroport'’ catalyst carrier SAFSZIS has specifications

of A1,0_ 83.% min. and Sio2 14.% max. It is basically

2°3

an alpha alumina and mullite (AIZO .55302) structure with

3

surface area specified to be below l.m2/gm, pore diameter’

range 30.-200. microns, and porosity (void volume) of

hh.-h8.2_of total volume.
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