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The oxidation of o-xylene to phthalio anhydride over vanadium 

pentozidi catalysts was studied. 

Possible reaction mechanisms were j*zt forward and compared with 

the literature. Various methods of catalyst preparation were 

investigated. 

In the experimental work, ten kinds of vanadium pentoxide catalysts 

were prepared; seven catalysts were supported with Ti02, on@with 

and two were coumercial. The selectivities and the yields of products 

were determined under various conditions of temperature and flow rate 

using a asall diter tubular reactor. The influences of the catalyst 

composition and the method of preparation on the activity were 

investigated. 3ized on these results, the most promising catalyst 

was chosen. Rate equations for each catalyst were deduced. 
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1 • Introduction 

Vanadium p.ntozida was found to be $ good catalyst for saki 

phtbal.io anbydrids from riaphthalene by Wobi (115) and Gibbs and 

Conover (116) in 1916. Following this, the fixed-bed air oxidation 

of naphthalene on vanadium pentoxide catalyst became a process that 

had considerable corieroial importance. o-Xylenw has now largely 

replaced naphthalene as feed stock (69, 70) • because of its several 

oonmieroial advantages, which are (1) the heat evolution of the reaction 

is lees, (2) the purity of the product in hipher, (3)  the theoretical 

amount of air for o-xylene oxidation is leis that for naphthalene and 

(4) carbon combustion products are produced in lower yields (8). 

There In much work concerned with o..xylens oxidation. The mai n  

contents concern mechanisms of the reaction, reaction rate equation., 

catalyst evaluation (63) and methods of preparation, factors affecting 

catalytic activity, surface phenomena and design and model analpin 

of the catalytic reactor (16, 25 9  104, loS). However, data on the 

reaction kinetics of the catalytic oxidation of o-xylene to phthalic 

anhydride are few with no firm agreement on the intermediates found 

and reaction asoh'n(sm. involved (6 9  8 9  106 0  1(17). 

Loftus and a tterfield (ii) studied the homogeneous partial 

oxidation of I mol ;  of o-xylene in air at I atm in a flow reactor in 

the temperature rance  4550C to 5250C. They employed gas chromatography, 
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infrared spectroscopy and nuclear magnetic resonance spectroscopy for 

identification of the products. A mechanism of the reaction was 

presented. 

In another report (3), the partial oxidation of o-xyl.ne was 

produced by bubbling the reactants through a melt of 39vt ' vanadium 

pentoxid.-potaoaiun sulfate eutoctio in the temperature range 528 to 

596°C. The Principal product was o-tolualdehyd., some bensone and 

traces of phthalide being formed but no organic acids. These 

products are similar to those found in the absence of acid products 

but are far different from the product distribution found from the 

former experiment. 

right (12) investiat.d the kinetics of the slow combustion of 

the three xylene isomers in a quarts vessel under static conditions 

at subatmospheric pressure over the temperature range 410 to 5509C, 

employing 1 :1 to 1%20, hydrocarbon toxygen mixtures. It was shown 

that W (the maxion rate) - Icr (the total initial pressure), where 

n,,1.9 for o-.xylen.. Although W is affected y changes in mixture 

composition and temperature, the value of n in independent of these 

parameters. 

Vright also studied the gas phase omidation of o-xyl.ne at a 

higher temperature of 6500C. The presence of 38 oxidation products 

was detected and variations in the yields of two thirds of those 

studied as a function of mixture composition and reaction time. Apart 

from CO. 002w OH4 , H2  and water, I -met31-2.vinylbenzsns and toluene 

were the most abtmblnt b)'-produote found. 
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The oxidat on of mixed xylenss us4 g many different catalysts was 

studied by .  larks zn-i hard (94). The catalysts were compounds of 

.olybdemiz3, vanadium, iron, chromium, tin, zirconium, magnealin, 

potasii, tungsten, titanium and aluminium. 'The effect of temperature, 

time of contact and air/xylene ratio upon the type and amount of 

products we studied. 1ith a tin vanedate catalyst at 320°C 9  a time 

of contact of 0.002 minute and an air/xy].ene ratio[(grams of air per 

hour)/(grams of xylem per hour)] of 34/1, a yield of 87 phthsit1 a 

anhydride was obtained. Vith a vanadium pentoxide catalyst supported 

on Aifrex at 5300C and an air/xylem ratio of 34/1, IS," phth1ic 

anhydride was obtained. This catalyst gave yields varying from 45 

to 85, phthalth anhydride on the heals of the amount of zylene oxidized 

per pass. 

Much work concerned with the oxidation of p-ylens has been 

reported. Most recently, experimental studies were carried out in 

a packed bed employing V205-Moo, catalyst by Izava and Inou. (103)0 

The effects of temperature,, initial p-2ens concentration and initial 

ogen concentration an the product distribution were investigated. 

A kinetic model for the reaction was proposed by considering 

that p-xylsne reacts with adsorbed molecular oxygen on characteristic 

sites of the catalyst to tolua]4e1iyde and tere'hthalalde)de, and 

p-xylene and intermediates react with adsorbed oxygen atoms to carbon 

dioxide. Sam investigators" results of studies of the oxidation of 

aromatic hydrocarbcna etaployine V 205  catalyst were also compared. 

The mechanism of chain initiation over the initial period of 

oxidation of o-.xylene vrta proposed by Denisova and DeniBav (13). It 

me found that free radicals are formed by a bimolecular reaction at 

a rate of ktiaI1E023. 
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Fromant (5) proposed a sinpie model that has two routes for the 

reaction and gave reaction rate equations and the rate constants. Abe 

ct *1 (26) invecti. nted the oxidation of o-ylene with vanadium  

catalyst usini a fluidized bed. 

The literature on the selectivity of the oxidation of o-xylene 

to phthalio .nhy4.ri41e 1(3 'very small. Proment (5) shoved that 

catalyst selectivity to phthalic anbydrids is seriously decreased by 

the presence of a teperatur. "hot spot" in the fixed bed reactor. 

: preliminary study or the oxidation of o-.3711n was conducted over 

a number of coon oxidation catalysts (20 catalysts) by MattacharM 

and ulati (o). The selectivities and conversions were found under 

several reaction conditions. Spielman (4)  studied the selectivity 

theoretically. 

Studies of the oxidation of other hydrocarbons over vanadium 

pentoxide catalyst are reported for toluene by Downie, helstad and 

Graydon (2) and for naphthalen. by Ordrin, ICorneiolmk and Rosy (21), 

Pabuss (22) and loft. .t *1 (51). wojtowcs at .i (23) employed a 

fluidised bed, and Mare and van Xa.,len (15) also investigated the 

oxidation of some aromatic hydrocarbons by conventional methods. 

VrbiIr( and Ilathews (7) studied the reactions producing phthalic 

anhydride from o-eethylbenzyl alcohol and o-.tolualdhyds (9) over 

fused vanadium pentoxid. catalyst. Th.se reactions consist of four 

parallel routes. Both the reaction orders and activation energies 

for the formation of pht}lio anhydride from o.estbylbenzyl alcohol 

and o-.tolua)4ehyde were also determined. 36haefer (18) investigated 

the activity of vanadium pentoxide catalyst for the oxidation of 

bnzene and of maloic uthydrid.. 
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Clark and Berets (20) studied the electrical properties of 

vanadium pentoxide. Vol'fson it al (17) setabliehed that the active 

components of vansditu oxide catalyst for the oxidation of naphthalen e  

to phthal.io athydride are the oxides V205  and V6013  by a caipariec 

of the catalytic activity and pha.ee composition of various oxides of 

vanadium. .]imard et al (6) investigated the traneforitioa of V205  

to V204  , vich wric. found during the oxidation of o-xylens. The 

properties of these oxides are believed to doter4ns the catalytic 

mechanism. 
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2. The Catalytic Behaviour of Vanadium Oxides 

In the vanadium pentoxide lattice, two kinds of oxygen ions may 

be distinguished. The rreater part of the oxygen ions are present 

in approximately the same plane as the vanadium ions. Two fifths of 

the ions, however, are arranged in p1*a parallel to and alternating 

with the first (71). Mare and van Krevelen (15) suppose the latter 

oxygen ions to interact with aromatic molecules at the surface. 

Then, the rate of oxidation will depend on the concentration of these 

oxygen ions (or the degree of coverage by the oxygen), and  on the 

number of aromatic molecules absorbed on (or striking) the surface from 

the gaseous phaae. 

The two step reaction model 1. tnia, 

Aromatic compounds + Oxidized catalyst 

-k Oxidation products + Reduced catalyst [i] 

Reduced catalyst + Oxygen - Oxid.tesd catalyst 	 [2] 

The second reaction [2] is the slow step. It may be written as 

follow.. 

2 .(oatalyt,t) + 02 
()_1.2 (cate]t surface) 

Therefore, the rate of oxidation is proportional to the square root 

of the oxygen pressure (20). This has also been shown by Kriohev.k*ya 

for o-.xylen. oxidation (72). 
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Rcmo].ytio oxygen exchange on platinum and silver was investigated 

by Margolis (77). The formation and breaking of chemical bonds during 

isotopic exchange occurs with unpairinc of electz. There was no 

homolitic exchange on V 2  C 5 and HnO 20 and  on platinum and silver at low 

temperatures. Consequently, it was suggested that higher temperature 

.y bring aboutMWten .xcbangis an  semiconducting oxides (v205 and 1n02). 

Ca- ;ercn it al (100) also studied the exchange of isotopic oxygen 

atoms in the i:ratena V20 çolxec V205-Water and V 205.-vatsr-oygen in 

the temperature ran(e 400..500 0C. The oxygen in the alundum support 

was not exchanged in the catalysts of alundum supported V 205 , assuming 

the equilibrium conotant for the exchange between V 205  and molecular 

oxygen was unity. This reaction proceeded with surface reaction 

controlled mechanism as well as the oxygen exchange reaction between 

gaseous oxygen and fresh amorphous V 205  microaphere.. The rats of 

oxygen exchange in the system V 205-02  was the rate controlling reaction. 

From Roiter 'a experiments (76), however, at a temperature of 

450°C, a vanadia catalyst which has 016  in the lattice did not exchange 

016 with gaseous oxy'en. But the reaction between naphthalene andiiair 

over the catalyst occurs in the temperature range 320-390 °C (20). From 

the above experimental results and considerations, it was concluded 

that oxygen in the lattice dose not contribute to the oxidation reaction 

of organic compounds with gaseous oxygen. 

Vkinstein and Turov&di (ice) found the same result in their 
experiments. There was no exchange of Oxyen on l02  mid CuO with 

18  the reaction products in the oxidation of CO using 0, 



Siisard and his co.-vorksrs (6) postulated catalytic behaviour from 

their consideration of the arrangement of vanadium oxide molecules 

in catalysts. It is thought that a molecule of 037 	which strikes 

the surface of the catalyst dissociates, then Louis" and becomes 

incorporated into the vanadium oxide structure. If the catalyst acts 

as a transfer medium for oxygen, the change in structure between the 

oxides V204 	and V 2  0 should occur readily to accommodate the addition 

or removal of oxygen ions. 

Vol'feon (17) Investigated the catalytic activity and phase 

composition of various oxides of vanadium for the oxidation of naphthalene 

to phthRlio anhydride using 1.-ray diffraction. The presence of V 205  

did not contribute to high catalytic activity of the vanadium oxide 

catalyst with respect to the oxidation of naphthalene. V 204  was the 

most active; V205  served only as the starting material for the formation 

of 
V204M  V

6013 	v 204  showed the highest selectivity. 

According to the experimental results of Scheffer (18), on the 

oxidation of benseme to inaleic anhydride over various (vanadium oxide) 

catalysts vol 99  (v204) showed the maxima activity and the rate 
constant of the reaction was 5 x 1 04  cm/eec, while V203  and V 2  0 5 

were inactive and76"13  was slightly active. 

'ndreikov (64) investigated the oxidation of o-xylen at 340-420 0C 

In the presence of vanadium oxide catalysts in a pulsed micro-catalytic 

system. He found that V307  and V 2  0  5  were significantly more active 

than V
6013 , V204  and 	 mder identical conditions. IMW selectivity 

to phth&lio anhydride and HCOC 6II4COOH differed for each oxide, indicating 

that they were formed at different active center.. 



Simard at el (6) concluded that (1) the vanadium states of an 

unpronoted vanadium oxide catalyst during catalytic oxidation of 0-

3yl 	are e5 v  (2) these vanadium ions assume three crystalline forms 
with ogin - V2041P 

V204.34 (called  2026 and V25  (3) the 

relative proportions of theee oxides are dependent on the hydrocarbon 

conoontration in the feed au', (4) V04  and V203  are not catalytically 

active for the production of phth&l{c anhydride or inter-mediates. 

This result is contrary to Vol'fson'e tlMfn€. 
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3 	Catalyst supports 

Vanadia catalysts are frequently used in con.junotiozi with supports 

or carrier.. 

In choosing suitable support materials the following considerations 

among others are important (62, 109), 

Good dispersion of the catalyst throughout the support. 

Relatively high thermal conductivity. 

Pore structure such that diffusional resistance is relatively 

by. 

Good resistance to attrition. 

Resistance to sintering at high temperature.. 

Supports may be non,-porous material with low surface area (under 

3m2/g) or porous heat resistant material with high surface area (100-. 

15oc 2/g). Metallic oxides such as At 20 3
0 AO 9-"A'203@ T102  5M N€()  

are widely used support materials for vanadium oxide catalysts. 

The ratio of active phase to support phase and the deposition mode 

of catalytic substances will be important to the catalyst activity. 

Other features such as the defect structure of the support and the area 

of individual orystallites will be important to catalyst activity. The 

ocemon supports such an alumina, themselves have catalytic activity. 
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Hindin and oUer (ei) found that the catalytic activity of 

dehydrated -y—alumina as a hydrogenation catalyst increases as 

drying tine and temperature are increased. The activation energy  

for hydrogenation decrease. from about I 4koal/aole after drying at 

4500C, to 6kcal/aole after drying at 650 9C. 	ater added to dried 

alt4na hew a marked inhibiting effect on activity. The gxiitude 

of the decrease in activity depends on the amount of water added and 

the temperature at which it in added, About 0.15 Vt % water is 

sufficient for complete deactivation; this corresponds to a coverage 

of about 2, of the Lutal alumina surface. 

jschens ind :linkin studied the effect of support on the IR 

spectrum of chemi sorbed CO (83). They shaved that the nature of the 

support can influence the structure of CO adsorbed on dispersed 

metals • compared CO chemisorbed an silica supported platinum and on 

y—alumina supported platinum. 

Hightower (84) compared different supported catalysts. The 

relative rate of hrdroen exchange between p—itylens and deuterium 

varied as the 3U port was changed from '-e1t4n& to a 6lt!tinA or to 

silica. In his experiments, strongly adsorbed water my also play 

a role in the exchange. 

Supports such as solid acids and baa.e show dual functionality 

(80). This is the effect whorehy one reaction taken place on the 

metal to yield an intermediate which further react, on the support. 

In assessing catalyst activity it is therefore important to consider 

the contribution of the nipport. 
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4. The Desired Performance of Catalysts 

The important factors for selecting industrial catalysts are nsny, 

an shown in Table 4 (60). 

The most important factors are activity, selectivity and life 

tins. The life time of the catalyst may be dependent on several 

factors such an its resistance to withstand high temperatures, its 

ability to resist poi.cnine or coking and its mechanical strength. 

Ideally, it Is desired to maintain high activity, high selectivity 

and high space velocity. However, these are related to other factors 

such as reaction temperature, pressure drop, possible recycle of 

reactant, cooling requirements, collection of products, life tins and 

coats of installation and power. For the.e reasons, the beet 

conversion and soleotivl ty have to be decided ecomcmioally. 

Gsa-solid catalytic reactions ocapriss several sequential and 

•1 ilanuØ rate processes:- 

Diffusion of reactants across the external boundary layer 

to the external surface of the pellet. 

Diffusion of reactants through the pore structure to the 

active sites. 
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Adsorption of reactants at the active sites. 

Reaction at the surface. 

Desorption of products from the active sites. 

)iffua ion of products through the internal pairs structure 

towards the external surface. 

Diffusion of products across the external boundary layer 

into the bulk i*ase. 

Steps (2) - (6) occur ainultanaoualy. Steps (1) and (7) occur 

simultaneously but in sequence with steps (2) - (6). 

The overall rate of reaction is in general a function of the 

rates of the seven rtep.. If the number of adsorption and active 

sites on the catalyst surface is rate controlling, the reaction rate 

In proportional to the surface area. 

The outer surface area of the catalyst is often very small 

compared with the internal (pore) surface area. The reaction rate 

for a porous catalyst is a function not only of the ohe..tosl process 

but also of physical transfer processes such as in-pore diffusion of 

reactant and product, no that it is influenced by surface area, pore 

size and volume, porosity and the structure of the internal surfase 

of the catalyst. 	otivated charcoal and molecular sieve pellets have 

a bi.disperee pea's structure which consists of both macro par. (o.i-io) 

and micro pore ( 5-20 i) in the crystal. Other industrial supports 

such as alumina, gel and allit41a silicate usually have intermediate 

pore size. (15-1 000j). 

If te pore size is too small and diffusion resistance is large, 

only the outer surface of the catalyst is used and the effectiveness 

of the catalyst is seriously reduced. In the case of slow reaction. 
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Table 4. The Desired Performance and Important Physical and 

Chn4cal Properties of the Catalyst 

Desired r'erfonaajce 

i) Rich activity 

sigh selectivity 

Long life time 

Good Mechanical performance (abape and diameter of p)let, 

distribution of pore size, density) 

Cheap method of manufacture 

i) :cici and base (kind, pH) 

Component. (main active materials, support) 

Electron state (combination k valence) 

Crystal 3tructure (defects) 

iurrace condition (surface area, surface energy, surface 

potential, Qurface dipole) 

Internal pore structure (pore volume, pore size and its 

distribution) 

Adsorption (heat of adsorption and vetting) 

specific gravity, specific heat, thermal conductivity 

Electric and magnetic characteristic. 

io) map* or torn 
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(e.g,, oxiohiorination of ethylene over copper oblorid.aliii 

catalyst), a catalyst which has a small pore size and large surface 

area is desirable in order to promote increased collisions on the 

surface. however, in the case of a rapid reaction involving larger 

reactant and product molecule. (e.go polymerization of ethylene), 

the overall reaction is diffusion controlled, so that the form of the 

catalyst and the poi's structure are important. Consequently it is 

necessary to optimise surface area, pore size and volume. The kind 

of support and the condition of preparation become very important. 

The type of k:oro structure I. particularly important in determining 

selectivity. ?requon fly, unstable intermediates react to give 

undesired products through over exposure with the catalyst. The 

desired products themselves may react further. Careful control of 

the pore structure is required, if possible, to improve the diffusion 

of products out of the pores. 

voge et a]. (61) explained the effect of particle size of Shell 

2057e system catalyst on selectivity for butane dehydration by 'eana 

of the resistance of material diffusion in the particle. The 

activity and selectivity are o inplicated functions of seve±al factor., 

as mentioned above. Generally speaking, they are closely related to 

the electron structure of the catalyst metal, macro and micro pore 

structures and the lattice defect of the support and conditions of 

reaction such temperature, concentration of reactants and contact time. 

The influence of catalyst particle size upon the reaction rate 

was studied by Fulton and Crosser (24)1 for the hydrogenation of 

ethylene with nickel supported on alumina in a packed bedf low reactor. 

j—Faotor correlations were used to calculate the catalyst surface 

temperature and concentration. 
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Kayser and Bosiacher (112) studied .aee transfer effects over a 

palladium-alumina catalyst. Man@ transfer through the fluid film 

surrounding the catalyst particles controlled the rate of production. 

Tang and Hougen. (113) showed some useful graphs on the effects of 

mass transfer on concentration gradients in gas films and in catalyst 

pellets. 
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5 • Tb. Mechanisms - of the Catalytic Oxidation of o-Xylene 
Over Vanadium Oxide 

There have been some fundamental studies on the kinetics and 

the mechanism of the catalytic oxidation of o-xylsne over vanadium  

oxide (94). Margolis ()9) has widely studied the mechanisms of 

hydrocarbon oxidation, but not including the oxidation of o-xylen.. 

Dixon and Longfield (9) have summarized the literature up to 1956. 

Loftus and Satterfield (ii) suggested that the xylyl radical 

is formed as the first step of the reaction by hydrogen abstraction 

from o-xyl.n• by the oxygen molecule, the hydroxide radical, or the 

peroxide radical. The collision of two xylyl radicals or a xylyl 

radical with o-xylene results in the formation of 2.2 0-dimethyldibenzyl 

[1]. The initial oxygenation predominantly forms the zylyl peroxide 

radical [2]. 

CH3C6H4 32  + CH3C6H4cE3  - (cc04c)2  + H. 	(i) 

CH3C6fl4fl2 + 02 	CH3C04cH200• 	 [21 

Then, by hydrogen abstraction, zylyl hydrop.roxide may be formed [31. 
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•H 
cB,C6H4cU200. 	CB,C04cR20cE 	 [] 

In the papers by Falconer and Knox (85) and Satterfield and 

Wilson (o6), the perazy radical we supposed to be decomposed faster 

than hydrogen was abstracted to fora the hydroperoxide. 

Wright (14) postulated the ensuing reactions involving simultaneous 

daoonpoition of the peroxide to the aluohol and the aldehyde. 

CE3c04cH200. -* cEc04cR20oR H CflC 4CE0H + • DE [4) 

CE,C04CE200. 	H3C04CHO + .0K 
	

[5) 

The following equations show a reaction mobanim for the initial 

stages of the homogeneous oxidation of ozylene. Equation [6) is 

a —hydrogen isoserisation and equation [7) is 4aceerisation. 

a c  
a-isornorization 

H. 
c-o 

aH 6 H 

I1 

> C(C-0-0-H 
[71 

!3-isonoTi zatioi 
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3ubasquent cleavage of the weak 0-s0 bond would lead to the  

formation of o-xylene oxide if preceded by reaction [7) and to the 

foztion of o-.tolualdehyde is preceded by reaction [6). Finally 

Loftus and Satterfield (ii) suggested the reaction mechanism as 

shown in Figure 2. 

It was mentioned by %rigbt (87) that the oxidation of o-xylene 

to easier than that of m- or p-zylene and this phenomenon was 

explained in terra of a branching reaction involving o-tolualdehyde 

as an intermediate. o-Toluald.hyde is oxidised to make a reactive 

diradloal as below, which on further reaction would give two free 

radicals. 

CH3 H 	
HC-H

10 

(O 

H-C-H 0 6 H-c-H a. + H02 

In the case of m- and p-ylene, however, this reaction would 

be sm.ch more difficult. 

o.-41ere oxidation also produces such byproduct. an  1 -methyl-

2-.thylbenaene, 1 -methyl-2-vinylb.nsen., naphthalene, anthracen., 

p- and m-xylene, benzene and tolusne. Loftus and 3att.rfisld (ii) 

found other products such as bensaldsh3cte, ensofuran, phanylacetaldehyds, 

o-tolualdshyd., o-xylen. oxide • phthalids, phthaldialdehyd. (c6u4 (cno)2' 
2-2 .-dieathyldib.nzyl ((cHc6H4c 2)2)- 
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Q 000H  C H 3  IaCH3

CH 	CHO /cH0

CH2 co 
0. H2 

Q 

COOH 
H2 

a 

CH3 
rp, CI 

COO. 

CH 	 CH 3  

o-xylyt paroxide 
radical 

CHOH 	CHO 0 
	

CHO 

CHO AbSt . 	coos 
H°, 

phthatdiaIdehici 	 7 	Is 6 

[a 

CCOH 

S 

2 

	

H ( 
	CH2 .. 

	

o—I 	I 	0 
L\,LCHJ Abst.A / 

o-xylerie oxide 

02 
0 

C 
1-11 

6-0• 

—.I I 	
0-4aCH/ I 

Ô0-H 

(ac- 

20 2 (a 
COO 

COO. 

I;' 

C00H  
- 

000H 
I1 

H' 

ci' 	
/N 	 HO H- 

	
CHC 

\/ HAbst. 

1 	0 	 0 2 
91 
COOH ( COO 

cr H.  	L I *-.  

CHO 	 DO L 	
CO0H aCCOH 
II 

0 

aCa l  
o 

co' 

Fig s  Z, 	o-Xyicn&' reaction ochnninm by Loftus and Satterfield 
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Levine,  (89) assumed two hypothetical reaction mechanisms,, 

as below. 

CH3 aCDOH  aCO ,.,  

	

 

(aCH 3 	000H 	 Co ' 

	

aCH- 	 CH20H„-CH2 OH 	H 	 CON 

	

-~;;W a --> 	 0-> 	0 

	

CH3 	 CH3 	 COOH 	Ca” 	CC)" 

The second reaction mechanism includes alcohol compounds as 

Intermediates, but no parallel reactions and also no sel.io 

anhydride which has often been found by other investigators. 

Simard postulated the following mechanism. His catalyst was 

vanadium on AC. 



N 
Co + CO  

(CO \ 
0 

'N / CO 

N 

UN 0  C 0 
1/ 

22 

aCHO 

CH3  

hs reaction order with respect to phth&lia .nlydride was unity. 

A different scheme was postulated by B. Costa Novella St si (o) 

using a catalyst of V2Oç.F 2SO4-SiO2  (1 0%'t 33%, M. respectively). 

aCHO 

 CH3 

> CO + CO2"20

aCH3 

CH 3  

( CO 

 

I 	0 
'Nco / 

C 0 
1-1 

Co/ 
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The difference froo 3laard 'a scheme is no &tmot conversion 

of o-xylene to phthalic anhydride, and additional routes to 

combustion products. Tate constants for each step of the reaction 

were determined and the yield of phthmlic anbydritte 'a. 0.52 

(mole of PA/aole of o-xyl.w in feed) at 3100C. Theee are relatively 

simple schemes. Bermardini and Rsmaocl (28) proposed a more complex 

scheme for the oxidation of o..xylene on a silicon carbide-supported 

V205  catalyst as shorn in Figure 3. 

They found that phthalide, o-tolualdehyd., o-toluio acid and 

o-.thylbenayl alcohol were oxidized to form phthalio anhydride. The 

vanadium oxide catalyst showed high sele*tivlty of phtbalide to 

phth*1ic anhydride and of o-toluio acil to phthalid., of o-nethylbenzyl 

alcohol to o..tol aldebyde and of ou'.iylene to o-.ethylbeszyl alcohol. 

According to the schen., the first product of the oxidation is 

o-methyl..benzy3.-aloohol. this alcohol is then rapidly oxidized in 

turn to o-tolualdehyde. The former reaction is the same as that of 

Wright's, mentioned previously. However, Wright assumed the production 

of o-toluald.byde also occurred in parallel with the reaction of 0-. 

aetbyl-benzyl-aloohol. The o-toluadehyde is then converted to o-toluic 

acid and to the f(rt1  product, phtb14o anhydride. flaleic anhydride 

is produced from phthaU a anhydride, from o-toluio acid by side 

reaction, and by direct conversion of o-'ryl.n.. This ttn*i route is 

in agreement with l,qpchkrd's  experimental result which used C 14  labelled 

o-xylene (W2). 

The barbon 14-1abelled" o-xylene in Blanchard 's work was formed 

by the series of reactions:- 



::::/ :°::n 
aCH2-OOC 	a CHZ-Ooc 

)3 

(aC

CH3 CH2OH 	CHO 	COOH 	COOH 	CO\ 	CO\  

0 - 0 

H3 	CH3 	 CH3 (aCH3 	
aCH20 H 	CH2 	CO' 

•

CH3 CHO (aCOOH 

CO 	 aCHO 	COHO 	 GOOH 

\ C0 \ 	(,CO0H gCHO 

\(o< \ CO 

co + CO2 -- 	 - 

3 	O-'i ;n 	tic.n cchar.i 	y B'rrrrdini and -ti:aci 
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a
Br 
	

BrM 
 14 C04 	AIL"H (a 

aCH 	 CH d1  aCH CH3 	 C H3 	 3 	 3 	 3 

This o.-xyleno was than oxidised by air to minor products such 

as ul.ta azthydrid. at 4200C in the presence of vanadium pentozide 

catalyst. The  minor products  did not contain C14. In the 

of oxidation of phthilic anhydride to Co from the labelled o-xylen. 

at 470°C 9  the result was the mae; i.e. - the CO included no radio-

active carbon. 

The results sugeat that nalaic anhydride is formed by 

degradation of the aromatic ring. If the formation of asleic 

anhydride occurs from phth1io anhydride, It can occur by both 

degradation of the aromatic ring and a remaining part of the anhydride. 

since no C14  was found in malsic anbydrido then it is plausible that 

maleic anhydride is MI formed by oxidation of phthalic anhydride 

Tbq reaction eoe suggested in given below. (aclio aco 
 0 

CH3  / 
9CH3

CH3 	 CO 

p 	
0 

 (CO / 	 CO' 

Co + Co2 

This result is simi ar to German and Tangier'e work on the 

oxidation of toluene over V205, moo  and V205-)1003  catalysts at 

400..4500C (90). 
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Herten and Yroment (29) postulated a simple oxidation so)., 

based upon product distribution curves, ,)dch includes products rich 

as phthalio anhydrid., toluald&qd., phtbalide, CO and 002. 

CHO 

( 

IaCH3  

CH3

C 	
>:co+ 

H3  4 
' 	I 

(/SyCON 
I 	I 	0 

N 
Co 

I-N 

II 	0 
Co / 

7 
C H2' 

They claim that the conversion of tolua3d.byde into phthalide 

is not important. 7,ince the conversion to maleic anbydride did 

not exceed 31 even when the o...xylens conversion was as high as 99. 8, 

maleic anhydride is not insluded in the scheme. 

This review of the literature highlights the considerable 

uncertainty still surrounding the detailed structure of the 0-

xylene oxidation scheme. Part of this uncertainty may be attributed 

to differences in catalyst forsu1tions, but much of it 1s du, to 

inaccurate and insufficient date and a failure to properly interpret 

the data by statistical methods. 
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* 
6. Methods of Preparation of the Catalysts 

Catalytic activity and selectivity are very sensitive to the 

method of preparation of the catalyst. 	uch details as the concentration 

of solution, contact time in solution, the procedure of washing and 

the drying temperature must all be optimised if the best results are 

to be obtained (78, 79, 80). 

The distribution of pore su, is one of the important factors which 

should be considered when preparing the catalyst. This, especially, 

strongly influences the selectivity. The ion—exchange method Is 

better than the impremat ion method for producing catalyst in which 

the distribution of rore size is narrow (91). 

R.oently, there is a tendency among manufacturers to reduce the 

quantity of metal in the catalyst because of higher costs and to 

improve the distribution of the metal throughout the support (80). 

The relationship between the several factors involved in the 

manufacturing atse mentioned above are not established quantitatively 

at present. 1inding a good catalyst is as much an art as a science. 

•References numbers : 33-58 
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Experience plays a large art in reducing the rather lengthy trial 

and error process* This might explain why such a wide variety of 

reaction mechAniane have been put forward. 

Commercial catalysts are produced on a large scale and typical 

ones are easily obtained. Howver, details of the manufacturing 

process are not generally available. The patent literature is 

helpful with regard to the more recent catalyst formulations. 

Commercial methods of preparation of the catalyst include 

precipitation, gel formation and impregnation. Other important 

procedures are ion-exclmne, thermal fusion of the reactants, thermal 

decomposition of 3pecial compounds and acid or alkali leaching of 

special alloys or natural clay.. 

PreCilDitRUOU 

In this method, it is desirable to mIr,  fine flock-shaped products, 

which have the greatest degre of homogeneous nizing and good performance 

for filtration, washing, drying and forming. 

This method is mainly used for preparing catalysts comprising 

hydrous oxides, sulfides and carbonates. One starts with aqueous 

solutions of the desired constituents and mixes them together. 

Gel Formation 

This is frequently used for hydrous oxides as major components. 

The method is quite similar to the precipitation method. There are 

advantages, which are (1) higher surface area of the final catalyst, 

(2) improved control of the density and porosity of the finished catalyst, 

more rapid -ashirt- of impurities from the gelled material, and (4) 

ease of filtration of the product (92). 



(3) lmtroation 

The most important method is impregnation. The desired catalyst 

component is applied to the support either in aqueous solution or in 

the vapour phase. The porous support is generally in powder form 

initially and may be u equently pell.t.d for ease of transport and 

depending upon the a plication, •.g. - packed bed or fluidized bed. 

The several methods of manufacturing the vsnadis catalysts in 

practice aremention" in the following. These are cited from recent 

patent literature. The active constituent of the catalyst mentioned 

in these was restricted to vanadium pentoxide. These catalysts are 

summarised in Table 5. 

The catalyst support was 'i4n1y titanium oxide. The others 

were al1n4um oxide, silica gel and natural ore.. Therefore, the 

methods were divided into three groups for convenience, according to 

the rtn4  of support: - 

titanium oxide. 

silica gel, 11jyr(nM, magnesium silicate. 

miscellaneous natural ores. 

I. Titanium Oxide 

1) NH4SCJ (400 part.) is melted at 130C and treated with 200 

parts v*nadyl oxa1te, then, at 550C with 50 parts CH3COCH3. The 

diluted melt (500 parts) is added to 670 parts T10 2  (0.2-0.5 ma spheres), 

heated to 2000C, placed in an oven into which air is passed, and heated 

for 2 bra. at 4000C 
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2) 	]a 	TI02  (863 parts) with a specific surface area of 

9.8 m2/g and 0.2-0.6mm diameter is mixed with 140 parts of a ground 

mixture of I / V205  and 85, 125207 prepared by fusion at 4000C. Aft. 

impregnation by beating for 5 bra, at 600°C the catalyst is sieved. 

5) B4V03(35.6 Is dissolved in 21 water at 80°C, added to 70g 

Ti02, evaporated until a akin began to form, treated with 3.6g 

orthotelluria acid in 10&1 water, evaporated to dryness, heated for 

16 hr.. at 5400C and sieved to 14-36 mesh. A gas comprising o-xylen. 

1, air 50, and N49vo1 is passed at 250.'.550 °C (contact time * 9 sea) 

over I vol of catalyst diluted with 2 volumes of glass particles. 

Optimum yield occurred at 336°C when 92.. of the o-xylene is consumed. 

!1E4V03  (35g) is dissolved in 25Qn2. EC1 and 6.1 C 2E50U, 

added to 63.6g of T102  evaporated to dryness,, an calcined in air for 

16 hr. at 450°C. 

24 parts vanadyl oxalate and 48 parts thiourea is slowly melted. 

Vigorous frothing sets in at 1800C, and this temperature is maintained 

until gas evolution has practically ceased. After cooling to 60 0C, 

the melt I. diluted with 100 parts CH,OH and 70 parts (cH 2 )200. 2% 

part. T102  spheres (diameter 0.1 '.0.3mm) are immersed in the solution 

with slight stirring. The solution is fully absorbed and the product 

is dried at 100°C and then heated at 350°C until brown. 

A mixture of 8.8 parts vax*adyl sulfate and 23 part. K pyrosulfate 

in 25 parts H20 is used to impregnate 73 parts T10 2  of particle else 

44-250i. The aat• is dried at 1050C and activated at 4000C. 
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V0304  is added to sq. 1(25207  to give a blue solution, which 

in sprayed onto a solid ?10 2  5b03  mixture. The product in dried for 

16 bra, at 110C and calcined for 6 hi.. at 400 0C. Air containing 

o-xylene and 1 502  is paeasd through a bed of 2.5 an disaster and 

0.6m high of the catalyst (40-50k partiale sue) at 340-65 °C and 9.2 

see residence time. 

The catalyst consisted of a Ti02  carrier with other catalytic 

components corresponding to (1) v205, 1-.9- of the total; (2) one of 

the follovingi 5b205,Nb205P V02  3n02, 'W2 0  Nn02 9 	2' Ta02 

0.1-9 soles per moleof V205 , (3) KO, 0.4-4.0 moles per mole of 3b203 , 

(4) SO 39 
 0.5-3.0 aol.s per mole of 1(20.  The T 2  is precipitated 

from acid solution and when washed, dried and calcined to have a grain 

sims of 20-6001i and an internal surf ace of 5-200m2/g. The other 

components can be added either as solids or in a solution. Tim. 

Ti02  hewing a surface of 	in mixed dry with 5rIOUgh Sb203  to give 

61,,' of the final catalyst and then with a solution containing enough 

1(28207 and V0;304  to give a final content of 2' K20 0, e, SO, and 6' 

The mixture is dried at 1100C compressed into tablets of 4ims x Um and 

calcined for 24 hi's at 400°C. The o-xylene vapor with 802 OW-L
aponding 

to 0.7 vt of o-xylen., is passed through a 2440* depth of catalyst 

(the first 91.5cm of which is mixed to 50 with inert sand) at 0.066 

kg/hr together with air at 2.345 kg/hr. The temperature  is 346°C. 

The catalyst applicable to solid fluidised beds, contains 

V 2  0  5  2.8-2.9, 3b
2C

3 
 3.9-4.0, K23207  an K20 6.2-6.8, 80, 9.8-12.0, 

Cr20, promoter 0-0.4% and P102  support and is highly aeleotivi (>70). 

A mixture of P102  of mesh width 0.044-0.149inn and 3b20, is impregnated 

with sq. V • Cr and K sulfate solutions and calcined for 5hrs at 500°C 

to give a catalyst containing V 205  2.9, ;b203  4.0 9  1(20 6.8, 90 12.0 

and Cr20 0.4 with surface area 73/  and particle sims 50k. 
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10) The catalyst comprises 1-20," by wt V20 5 , 0.1-9 .01.. 5b20, 

per sole V205 9  K sulfate or pyxosulfate and r10 2  support in the 

proportion 30-952 of the catalyst. The catalyst has a 120  content 

of 0.4-4 soles per mole BW3o, and a SO, content of 0.5-.3 moles per 

mole of 120.  Calcined TI02  in screened to -60 to +325 mesh screen 

.1.., (surface area 20 M2 /C and water pore volume 0.3 oia'/g). It is 

dry-mixed 	
23 

and K pyrosulfate H20 is sprayed onto * rotating 

bed of this mixture. The mixture Is dried at 1100C and formed into 

4 x 4am pellets which ar* calcined at 400°C for 24 bra. 

ii) T102  powder (anatas. type, < 10p diameter) 100 sulphur powder 

( 0.20 50 parts, nnd some H20 were mixed well, shaped into f; 

diameter x 3-/z 1enth pellet., dried at 00 0C for 10 hr.. and fired 

at 900°C for 4 bra, to give the catalyst support. The support is 

Immersed in a vana&yl sulfate-K504  solution (V/E .01. ratio 2) for 

I hr, dried at 70°C and fired at 45°C in an air flow. 

Ti02 and Sb2 3 
or 53-177 and 44p particles sue, respectively 

are homogeneous and impregnated with an aq, solution of VO ( se), K25207  
and C&2904  in R2304 3' 

dried at 110°C and calcined for 5 bra, at 4500C. 

A mixture of 80g V205  and 20g KNO, are heated at 600°C, 

fragmented and ground, a mixture of 48g of the product and 752g Ti0 2  

are heated for 2hre at 600°C. 

II • Silica gel, iagnesiia Silicate, A114Tia 

I) A mixture of 	Y207 and 1466g NaB304  in H20 is heated 

for 1 hr. at 350°C, 907g V205  210g H Mo04.H20, 35g  (H4)2HPo4, and 

11-19 A920 added, and the mixture kept for 1 hr at 310°C, cooled and 

ground to give particles of sue < 150p. A mixture of 4800g particle. 
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and 461 Og silica gel (grain size 60-.200p) is agitated for 4 bra at 

3500C 9  kept for 4 hr. at 350°C 9  cooled and passed through a sieve 

(300 openings) . 

A silica gel carrier of 19562/g surface area, 0.80 oc/g pore 

volume, and particle sine 76-500p is used. The carrier (2500 is 

impregnated with a solution of 20g 12304, 178g vanadyl or1*te  (containing 

V205  Of 12.7%), 309 R20 and 99 R304  . The silica gel is dried for 

16 hr. at 1200C and then impregnated ag*(n as above and r.drimd. The 

material (294g) is than heated to I 000C and 411 E3BO3  in 1509 H20 is 

add.d • The mixture is dried at 120 °C and calcined at 350°C for 16 hr.. 

yielding 300g of catalyst. 

The  particle size is 0.05-0.5.a and the carrier is rutile 

(obtained by calcination of anatase), argue or apherules of silica 

gel. 90g S102  is impregnated with 86g T1C14  in 20l CE,OH and 60l 

R 2  0 dried at 150°
C, heated for 4 hra. at 5OO'C and then treated with 

22g of vanadium oxalate in 44g molten NK4NC3 being reheated for 3 bra. 

at 250°C and 2 bra, at 450°C. 

Mg silicate ball. (6mm diameter, 2500g) are coated with 

400g aq. suspension of form*4de 42.5, oxalic acid 18.7, V 205  8.5, 

(anatase) 133 9  and Li acetate 0.3g at 300°C. 1 03g catalytic material 

is retained by the support. The dry catalyst in further heated to 

450°C in a stream of air for 1 hr. 

An eq. suspension of 42.5g RC0IH29  18.7 o&lio acid, 8.5 

133 anatase, and I ammonium acid phosphate in added to 2500 ag silicate 

pellets (6ma diameter) at 300°C. The mated pellets are heated at 

450°C for 1 hr. in a current of air. 
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6) T205  (2100 is dissolved in conc. HCt(i000g) containing NH4C t 

(134g) and the solution heated to 85-900C, then aized with $00, (900, 

cooled to 5 0C and mixed with NaC t 0 5.Og) dissolved in distilled 
water (501). To the resulting solution P205  (2g) in distilled water 

(501) is added and the mixture is left for 12-20 hz's. and mixed with 

Ag?iO, (23.45g) solution in distilled water (501) and C2H5OIE(16Cknl). 

The final mixture is spread on 2kg Of a - 2L3p dried at 90°C and the 

resulting catalyst -ski ntained at 2500C for 4-6 hr.. 

III. Miscellaneous Natural Ores 

Steatite spheres (diameter 5.5on, 469g) are moistened with 

10cc of a solution prepared from 2.5g  zolybdic acid 4cc etbsnol*mi , 

ice HO, 5g urea and HCONH2, dried at 200 0C and heated for 15 win. 

at 830°C. The carrier is coated in a drm with a slurry of 270g 

anatase and 40g vanadyl oxalate in 100cc HCON1 2  and 75cc H20, dried 

at 200°C and calcined for 5 hz's. at 4000C. 

A water solution (500cc) containing 12.5g NH 4  aetavanadate 

and SAC NH4  chromate 13 sprayed on granular silicon carbide (4-6 mesh) 

which in packed in a tub. (inner diameter 2) and treated for 3 hr. 

at 4500C with preheated air (i 201/hr). The treated catalyst is taken 

out and kept for 30 win, at 7()00C then cooled and us". 

Olio acid (534g) and 15.4 NaCl are disoolved in 24001 

H2 , then 620g NH4v03 
 and lOOg (NH4)6No7024. 4fl20 are added. An eq* 

solution of 7.2g H,PO4  and 5.6g H3
B04  is adsd, and an aq, solution of 

25.29 &gIO dropped in, 2600g oarborunda granules added, the mixture 

gradually evaporated, and the residue heated for 8 hr.. at 400°C. 
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Amanium zetavanadate (209) and amonium chromate are 

dissolved in 800 ml hot H20 9  a solution of 0.45g 	in 20*l 20% 

NR40H added, the mixture stirred with 125g SiC of 8-10 mesh and 

evaporated, ozd the residue burned at 4000C for 3 hr.. and than at 

700°C for 1.5 hr. 

vnadyl oxalate (790g) is dissolved in I 670g for*4 di and 

mixed with 10650c H20 and 5900g of finely divided anatase. The 

mixture is sprayed on 7%g steatite balls of 60m diameter, which are 

Mated in a drus to 3500C. The sprayed balls contained 6.14% active 

component of which 0.48 is V205. Dropping this catalyst from a height 

of 3m caused only a 0.25% loss of activity, as compared with 12 loss 

for a catalyst prepared by the vet mixing and drying technique. 

Porcelain pellets (6mii diameter) are heated at 350 0C in a pill-

coating drisu an. snred .ith a 31ur17 of Ti0 2 , vanadyl oxalate, and 

HCONR in H20. The coated pallets are heated for 4 hr.. at 400 0C. 

Talc sphere. (6am diameter) are heated to 300°C and coated 

with a 4 mixture contAining 6% V 205  and 94 anatase T102. 

n3"04 (336g), and Mg kie..lguhr are calcined at 1 000 0C 

for 3 hr.. and crushed. The carrier (70g) formed is mixed with sq. 

vanadyl ozalate (30g as v205 ) and 5.0g .k904, 7.5g thailita oxide and 

stirred at 70-90°C to make a paste. The jaste is dried at 100-20 00 

for 1 hr and calcined at 500 °C for 3  hrs. 

H3PO4  (335g) and 140C diatomaceous earth are fired for 3 hr. 

at 1000°C and the solid pulverized. An sq. suspension of 70g of the 

powdered carrier, 9g V205 , 21 g equivalent V205 of sq. vanadyl amelate,  

5.1 g Ag2504  and 1.6g Cab 3  are stirred at 800C to a paste, which is 

packed onto a stainless perforated plate, dried for 1 hr at 100-20P 

and fired for 3 hr. at 5000C. 
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10) st..tite granule heated to 300 0C are sprayed with an eq. 

iuspeioe oont*(nne Zr'O,, anetais • vady1 ozeiate and formamide. 

ii) H20 (27Ckg), ozlto acid (1 5Ckg) and V20, (6Ckg) Mder 002 

aft stirred at 70C, NR02PO4  (iCkg) anatase (846 k€) wox (270 g) 

and H20 (105CIc€) added, and the aixture aprasd onto IOCkg steatite 

belle at 3000C. 



Ti02  

? : The unite are unknown. 

Table 5. I.itilyots of Vanadium Oxides for the Oxidation 

of o-xylene to Phthalic Anhydride 

Components In Yield 
addition to V2O 5  

Phthalic leio 
Anhydride Axthydride 

[mol I 

11.5 ... *00 

8.15 :22c 7 ,!:aBsO4 .R2O 63.8 ... 118 11-1 

n1ioo4 ,("'m4 )2m'o4 ,Ag2O  

15 Y2°7 71.0 6.6 119 1-2 

4 120 PS03 .. ... 120 

10-70 NaTO, 88.4? ... 121 

33.3 N&V03  121 

33.3 NaTO3  121 

30 2 71 ... 122 1-3 

0.35 oIibdic acid, Ethanol 30.7 6.1 123 1II1 

amine, trea, HCON82  

anata3e 

30.1 ... 73 10 124 1-4 

Support 

(0.2-0. 

sphere) 

Silica gel 

(6o.-2oos) 

Ti02  

Silica gel 

T1O2,SnO2 and  Zr02 

TL02  and 3n02  

Ti02 and Zr02  

TiO2 

Steatite 

(5.) 

Reference 	Method 

117 	I-I 



?i02  20.0 ... 74 11 124 1-4 

?i02  ..• Thiourea 67.6 4.6 125 1-5 

Silicon carbide ... Nfl4aetavandate, 85.5 12.9? 126 111-2 

(4-6 a.&i) NH4chromate 

Silica gel 12.7 K2804 ,113B03  ,.. ••. 127 ii- 

(76-500p) 

Al 20.3(3.5m) 72.5 W039Po05,Na20 71.1 8.1 128 

Pumice (ba) 62.5 Ti02, 12304 97? 0.07? 129 

Carbortmd 46.5- !o03 ,P205 ,Na20,Ag20 76.8 8.6 130 Ifl-3 
81.3 

Silicon carbide 9.5 Cr03  ... ... 131 

T102  ... K pyroaulfate 70.2 ... 132 1-6 

(44-250p) 

Silica gel ... NH4NCS 73.5 4.8 133 11-3 

Silicon carbide 55.5 cr20302 87.7? ... 134 111-4 

T102  14 Kpyroanlfate, 5b20, 70-80 
\ 

135 

' 	2' 
(Selectivity) 

Kg silicate 1-40 Ti(J2111 Li,  Zrozides 79.5 ... 136 11-4 

(6) 

Steatite < 15 T102 ... ... 137 111-5 

(6w) 

Ti02 Sb293PY207 ... ... 138 1-7 

CO 



Porcelain pellet 25 Tio2 ,C0Nll2  77.1 	4.6 139 111-6 

(6) 

Talc sphere 0.24 TiO2 (Pataee) ... 	 ... 140 111-7 

Silicate pellet 4.2 HCOBB29  OTRlfc acid 77,5 	41 141 11-5 

(6) Anataae 

Ti02  6 5b205 ,Nb205  87.2 	... 142 1-8 

etc. (selectivity) 

a'Al2O3  ... MoO3+,L.t,Caor3rOxides ... 	 ... 143 11-6 

+ Or rhOphoric acid 

+ or AC oxide with Co or 

oxides 

pio2(5o) 2.8- 3b2O3 ,KC, 303 ,Cr203  760 	... 144 1-9 
2.9 (Selectivity) 

Mg silicate 6 P205 , Anataae 78.1 	... 145 

(7.5m) 

Eiese]ghr 30.0- H3104  0? + ASO4 , ... 	 ... 146 III...8 
26.8 Thallium 

Altus 16.1- TiC1 4 ,J 2 O4  >10 	... 147 

76.3 

Mg silicate 6 P20 59 .'.natase 77.4 	... 148 

120 2039 K20,•)O3  87.2 	... 149 1-10 

(;electivity) 

R. 



Phosphoric acid 28.1 ealt 83? ... 149 1-10 

A1ind. ... Tartaric acid 90.2? 4.0 150 

or Silicon carbide 

or r 76.6- ... 151 
oxalate 69.5 

T102 ,EjC4  73.8 ... 152 

Carbormda 

A.1undva 68.1 ... 152 

£tunda, •.. I$04  58.0 ... 152 
rbonmd 

53.8 ... 152 
Carborwdi 

Steatite 4.1 r 31 tLCI1fl2  ... ... 153 

Steatite 6 ZrC3 ,PIC 2  ... ... 154 111-10 

Steatite 6 P205  77.4 155 111-1I 

?i02  6-9 phosphate 79.5 ... 156 

T102  6 Zr02  79.5 ... 157 

?102  ... Sulpinarpowdor 71.6 ... 158 I-lI 

2.7 5b203 C525207 ,X25207  71.9 6.3 159 1-12 

0 
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7. 13xPerimental Procedure 

Figure I shove the experimental flow sheet and apparatus. 

The oomiprsea.d air flow rate was controlled by a regulator (A) and 

was bubbled through o..xyleme before entering• a tub, reactor (H). 

The reactor ha. connections (R) at both ends for convenience of re- 

packing the catalyst into the tubs. o-Xylens and the gaseous products 

were analysed by a ercin-2mer flame ionization detector (L) and 

gas ohrctograph 'r:). The peak areas were integrated by a Kent 

Chromalog interator (N). The sample valve (K) had dual sample 

loops. The carrier can was nitrogen at a pressure of 2.0 kg/cm2 . 

Both CO 834 CO2  contents were analysed (c02 was  measured by Grubb 

Parsons Infrared Gas Analyzer). The calibration curves were 

obtained by standard gas samples and checked oocaaictially. 

The tube from the o-lens bubbler to the gas chromatograph was 

heated with thermocord and lagged with asbestos taps (T) in order 

to prevent deposition of phthalic anhydride or other higher melting 

point products inside the tube. The temperature of the line was 

controlled to minimse any reactions which nay occur. It was 

periodically washed with acetone once a week to remove deposits and 

prevent choking. 
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0 	N 	M 	0 	G 	 C 

Regulator for compressed air 

Rotamotar 

Thermostat 

o-Xylono bubbler 

Thermometer 

F, Manometer 

G. Thermostat for a reactor 

H, Tube reactor 

Valve 

Valve for inlet and outlet 

gas analyses 

Sample valve  
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The reactor tube was contained in a thermostat (a) which could 

be set to any desired temperature. A thermocouple (u) was inserted 

in the thermostat ai1 positioned at the center of the coiled tube 

reactor "as ehoin). The tube reactor is made of ali1i1um and its 

length is 90cm, inner diameter 7mae 

o-lene liquid in a bubbler was held at a constant temperature 

Of 30°C throughout the experiment by a thermostat • Its vapor pressure, 

therefore, was always constant. 

Themical ltd.) was employed. 

A laboratory reagent grade (BIH  

Ten k1nA  of catalysts were employed with V2C 5  as active 

component. Six catalysts were supported with TIC 2 , one with ? 1203, 

one with corundum and the other two were cornuercial. The composition 

of the catalysts employed in shown in Table I together with the 

conditions of preparation. 

The method of preparing V205-T1.02  catalyst. (IQ, B5, ET, CI, C2 

and c3) was as follows:- 7205  powder (laboratory reagent grad., B] 

Chemicals Ltd.) was hoated in a porcelain crucible in an electric 

furnace for forty minutes at 8000C and completely melted. Then half 

of the required amount of TiO powder was added and stirred. Because 

of the increase in viscosity, it was heated further. Forty minutes 

later, the remaining T102  powder was added and the temperature raised 

to £O0°C. The mixture was stirred every hour to promote homogeneity. 

•fter heating for GOVc ral hours (the time depending on the catalyst 

as shown in th : table) and cooling, the lumps were crushed and the 

product was sieved. The diameter of catalyst employed in each 

experiment was between 3-5mm.. 
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For V20  57A 2o3 
and V205  - corundum catalysts (33 and B4), v205  

powder was mixed together with At 203  spheres in a crucible. 

During heating for one and a half hours, the mixture was stirred twice 

and the support was coated with the melted V205  uniformly and shoved 

a black glees appearnnoe. ..ftor heating, the surface became brown 

and dry, indicating that V205  had penetrated into the support. 

Cylindrical V205  - corundum catalyst was prepared by the same method. 

The characteristics of Ti02 employed B7 and Cl are shown in 

Table 2. 

Calculation of elotivity 

The tendency of a catalyst to produce a particular product my 

be expressed in 	ways. Selectivity, however, is a convenient 

measure of this tendency. 

The selectivity for production of desired component may be defined 

as, 

Selectivity 	
[R] 

where (P) is the quantity of product P when (RJ of reactant It is 

oonauesd. The selectivity in this report refers to phthalio 

anhydride, phthalide and o-tolualdebyde, so [P] is the qntity Of 

these products znaly;od by the gas obromatograph. [RJ is the quantity 

of o-xylene reaching, which is found by subtraction of inlet and outlet 

values to and from the reactor. Correction factors are necessary 

to calculate the selectivity and carbon balance from the data of the 

gas chrosatograph, because the integrated peek area of the gas 

chrosatograph for each mole of product and reactant are not the ease. 
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The correction factors are shown in Table 3. Each factor is 

given by the integrated peek area for phthalio anhydride (e.g. mole 

) divided b ly the integrated peak area of the same molar  concentration 

of the corresponding substance (imole %), These factors are determined 

by the following procedure. 

Pure material (e.g. ou.xyi.ne ) was placed in a bubler in a. 

thermostat and held at a constant set teaporatur.. Air at a 

constant flow rate was passed through the bubbler to a gas obrceatograph. 

The integrated peak area corresponding to the concentration of the 

material in the air stream was measured, The latter may be 

determined from the vapor pressure of material in the bubbler and 

the temperature. W changing those conditions, the factor at all 

other concentrations may be found. Pq this means, it was confirmed 

that the integrated peak area of each material varies linearly with 

the concentration. 



Table I. Conditions of Preparation and e1ectivitiee of Catalysts Ip1oyed 

Preparation Perf'oraanoe 

Catalyst Support V205  Temperature Heating Beet Corresponding 
of Furnace Period Selectivity Conversion 

[wt . I [°c) [hi') [si  

31 sic °.0 ... 71 95 
(3-6 each) 

Tb 2  61.0 900 5 74 96 

33 At203  23.4 850 4 74 >54 
(4m sphere) 

34 Corundw 18.0 800 5 62 >30 
(4a cylinder) 

Ti02  60.0 900 4.5 75 >95 

36 .ilica gel ... ... ... 68 >30 
(5cim cylinder) 

B? T102  6.6 900 6 69 >20 

(Iuti1.) 
Cl ?102  37.5 900 6 76 >70 

(Rutil.) 

C2 Ti02  56.4 900 5 74 99 

C3 T102  69.9 900 3 45 98 

41- 
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Table 2, 3peoificatIona of Ti02  employed in Catalysts 37 and Cl 

material 
	

ruflie 	98.9% 
	

rutils 	99.9% 

Impurities 	 5i021At 203  isse than 0.1 

Primary crystal size greater then 0.5it 

BT surface area 	2 a2/g 

... 

• .. 

2 I a /g 

Sample No. 	 OLD 746/2 	 CLI) 746/5 

Made by British Titan Products 
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Table 3. Correction Tactore for Integrated Peek Areas in Gas 

Chromatograph  

Material 	 Factor 

o-xylene 
	

0.75 

Pbtb&lic anhydride 	 1100 

)Ialsic anhydride 	 1,25 

0.403ualdebyds 	 0.86 

Pbth 14 de 	 0.75 
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81  Results and Discussion 

CQflVeraiofl and 3electivft7 

Experimental conditions and results are shown in Table 6. 

Selectivities are shown in Figure 4. Mean selectivities to 8C 

products (phthalio arihydride • phtlialide and o-tolualdehyd.) for all 

catalysts are listed in Table 1. 

In all cases studied, the concentration of o-xylne in air 

was 1 • 1 mole and all runs were made at the same contact time, so 

that the conversion of o-xyleme increased with increase of temperature. 

The variation of products composition and yields with the conversion 

might be some whet different than if studies were made at constant 

temperature but with varying flow rates. 

3everal catalysts show a maximum selectivity near to 400 0C. 

If the temperature is too high, the conversion becomes near complete 

but the selectivity begins to fall. 

Catalyst C3(v205..Ti02 ) showed the lowest selectivity in Table 1, 

compared with the other vanadium pentomide catalysts (4 to 5 hours). 

If this is so the selectivity can be improved by extending the heating 

period. 
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Brookes et al (ii 4) shoved an influence of the calcination 

temperatures on t;c selectivity. When V 205-.T102  catalyst (Bib 

III; V2  0 59  10.5 mole 	02' 89.5) was calcined at a temperature 

of 7200C from 500°C the selectivity was improved, i.e. - a 

selectivity of 55,'at 5000C, 60 at 720°C (a gas flow rate of 0.25 i/sin, 

a conversion of 6o(). However, when the calcination temperature 

was 1000 0  C g   the activity of the catalyst was reduced. 

Although the highest amount of V205  (69.9 wt) was present in 

catalyst Q, the selectivity was the lowest. Ehattachary7a and 

Gulati (8) found that the selectivity of T 205 	selguhr catalyst 

become indspenlent Of V 2 C 
5 
 concentration above 31','. It is apparent 

from this and Tables I and 6 that increasing the amount pf V205  in 

the catalyst does not always increase the value of selectivity. 

The kind of catalysts supported with Ti0 2  (..g. B7 and C2) 

investigated contains nearly 50,rt % of V205  and other catalysts more 

than 60wt. except Cl. 

It is very,  difficult to obtain fused catalyst with less than 

50 wt V205  by the present method of manufacture. This some to be 

a disadvantage. 

Figure 4 shows the trend selectivity with changing reactor 

temperature, and Figure 6 also shows selectivity and conversion based 

on the former figures • As can be seen from these figures, the 

highest selectivity in obtained when the conversion is nearly 1 0O. 

All catalysts except C3 have selectivities to phthalic anbydride of 

above 5O and to BC products of approximately 75,. 



Catalysts B2 and 2 show selectivities of 74, • These are 

supported with the e. T1029  and were prepared at the eam 

temperature of 900°C and 5 hours heating in the furnace. However, 

the composition of the catalysts as regard. V2C5  is slightly different, 

that is, 61 vt in 32, 56.4 wt in C2. Therefore, these catalysts 

are very similar. The mean contact time was 0.58 eec in the both 

oases. Catalyst 32 shove a constant selectivity of 74 over 410 0C, 

as shown in Figure 4 • However, C2 shows a maximum value at 3909C, 

and a slightly deoreriing selectivity over 390°C. 

Catalyst 35 which was prepared under similar conditions • showed 

a relatively high selectivity of W. 

Aba at a]. (26) investigated the oxidation of o-xylens over 

vanadium oxide-potaium catalyst supported with titanium aside in the 

temperature rans between 370 and 4100C using a 2 inch inner diameter 

fluidised bed reactor. They obtained a aaziimmi selectivity of 71 • 6 

to phthalic anbytride at an o-xylsn. conversion 99.5, j, which is 

almost the same value as this data. 

In Figure 5, the yield curve shows that catalyst 32 produces 

relatively small amount of aide products in relation to phthalic 

anbydride at large 0-xylem. conversions. At 99.7' conversion, the 

only side product (apart from combustion products) is malsic anhydride 

(3.5). At W .  conversion, yield of o-tolualdebyds is nearly 9 

phthRlid is 7;. 

Catalyst B3 which consists of 4m At203  spheres as support 

requires a higher temperature compared with catalyst 34 to achieve 

complete conversion of c-xylem.. This might be due to the presence 

of internal diffusion limiting the reaction rates. Inspection of the 

catalyst indicated that V203  had penetrated to the centre of the 
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spherical sup ort. 

The yield of o-tolualdsbyde at 50. conversion is about I Oql  

the same as for catalysts B2 and C2. 

3srnardini and Rainacci (28) Obtained a yield of 53.7 of 

phthalic anhydrido from o-lans oxidation in their work using 

vanadium pentoxids catalyst supported with oormtha, kaolin and 

silica as promoter. At 5000C and a contast tin. of 0. 07..c, o-xylene 

conversion was 62.7 and other yields were malsic anhydride, 1.00,; 

phtlmlid., 1,00; o-tolualdehyde, I .45 and benzoic acid, O.W. The 

value of o-tolualdehyde, 1. :' 5, in muoh lover than for catalyst B4. 

Catalyst B4 Bu;: oiled on corundum above a low yield of phthlio 

anhydride, approximately 4(Y;' only in this experiment. Since this 

catalyst and that of Berriedini and Rasacci showed only moderate 

selectivity, in spite of the use of promoters in the latter work, 

it is probably necessary to look for another way of nakdflg the catalyst 

when using corundum as support. 

"Alu4 supported" vanadium pentoxide catalyst (alt-4n& 

V205  15%) showed a 44ri ma y 4om yield of phthalic anhydride and 

10% of malsic anhydride at 3300C in the work of Costa Novella et *3. 

(30). They also investigated three other catalysts supported with 

alumina of slightly different ocaposition. Hove,-sr, they all showed 

lover yields of phth*lio anhydride. Two silica-supported catalysts 

(silica 57% and 55, v205  I o) were also tested by Costa Novella et al. 
with yields  of phthalic anbydrid. of 52 and nalaic anhydride of 

15% at 510°C. 

-, 

\, rG4J 
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The.e results are similar to the present work in the oaae of 

catalyst B4 which is supported with alumina. This catalyst show. 

49 yield of phthalia anhydride but a lower yield of maleic anhydride 

(2%) compared with their data, and it requires a higher temperature 

of 4900C. Below 400°C 9  the conversion of -rylene was i.ee than 

WO-- 

Blanchard and vanhove (102) studied the cidaticn of o-ryien. 

employing V20çT1O 2  catalysts. They used various emoimte of Ti02  

to V205  in the catalyst. from 0 to 100% to study the influence on 

the selectivity, and obtained interesting result.. The selectivity 

depended on the amount of T10 2  in the catalyst, that is • T102  Of 

35;L showed a selectivity of 605' and TiO 2  of 25 to W1,  and 10O showed 

the lowest selectivity. Good selectivity of 74 was obtained at 

12.5.5 TiC2  and the highest of 75.5 at 9Q' T10 2 0 

TiC2  supported catalysts such as B2, B5, B7, Cl and C2 were 

compared with their results. However, there are some differences 

in methods of preparation and experimental conditions between this 

and their experiment.. Their result, showed selectivities of 68 

at 41 T102  and 71.5 at 54.5, but catalyst. 32, 35 and C2 show 

selectivities of 74, 75 and 74 at 39, 40 and 43.6 T10 2  respectively, 

and C2 show. 76 at 62.W. These value, are higher than their values 

by about 5 1 . In the case of catalyst 37, the selectivity is 691 

at 53.4 Ti020  which is rood coincidence with their result.. 

Two kinds of cotirercial catalyst. (American and German) have 

also been investigated. The American catalyst 31 (Catalyst and 

Chca1s Inc.) ban a relatively high selectivity of 71 at 99% 

conversion and over 410°C. Thin value is the same as in Brooke*' 
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report (ii 4). The yield of phthalide at this conversion is 8.1. 

In the cas* of the German catalyst B6 (Kctttakt ho), the selectivity 

is 68c, ,  at a conversion of o..lene of 24 to 87.. 

ftattacharyya and Gulati (8), who studied vanadium pontozids 

catalyst supported with silica gel (v20çeilioa gel, 20 s 100) 

Similar to the German catalyst (B6), found a relatively poor selectivity 

for oxidation to phthklic anhydride of 42.9i"  at a contact time of 

0.58 sec and 52.2c at 0.84 sec. In the case of V2054ieeelguhr 

catalyst (kiee.lguhr contains silica), vanadium pentoxide 

concentrations above 51 do not lead to any improvement in phth 1io 

enhyd.rid. yield. 

Both catalysts B'? and Cl employed similar rutile supports (TiO 2 s 

British Titan Products) as shown in Table 2. Catalyst Cl showed 

the highest selectivity of 76 of all the catalysts in this experiments, 

but catalyst B7 showed a lower value of 69 1,'selectivity. 

larks and J.lard (94) found that & fused vanadium pentoside 

catalyst was ieee active for oxidising mixed (0'-, 	and p-) 

zyl.nes than the iLlfrax.-Bupported vanadium pentoxide catalyst. 

attaoharyya aM Gulati (a) reported that while various vanRdate., 

as well as molybdic oxide and phoephomolybdia acid, were poor 

catalysts, the activity of vanadium pentozid.-ki..elguhr was appreciable. 

This catalyst gevs a maximum yield of 42.71, to phth.lto anhydride 

and 11.3 to rnaleic anhydride at 400°C. The fused vanadium pentoxide 

catalyst., in general, give considerably improved conversion and 

selectivity. Horton and ?roment (29) obtained a high selectivity 

of 76 at 3250C and only 3 maleic anhydride yield. However, the 

precise composition of the catalyst was not given. 
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Addition of some *odifiere to a catalyst may improve the 

selectivity. In the patent survey in Chapter 6, ther. are a 

number of kinds of modifier, reported. Brookes et al (114) obtained 

a high selectivity of 84,  using catalyst Bib. I. (v205z2.9 1, Ti02 1 

•,, Sb 293 81,80 1205:1.8, SO:2.2mo].. '. from .U. Grace and Co. 

Patent (149D. 

The surface areas of the catalysts used bere were not measured, 

but it may be ons of the factors influencing the conversion. 

Bhattaoharyya and Oulati (a), however, showed that comparison of 

surface areas with data on efficiency of o.-xylene oxidation to 

phth*1lo azthydride did not show any correlation. One example showed 

that while univa.d vanadium p.ntoxide-kiaelguhr catalyst had a 

surface area of 22.19&2/g. fused unsupported  vanadium pentoxide 

catalyst, which exhibited the highest activity had the lowest surface 

area of 0.457Th 21g. 

We most now consider the effect of diffusion on heterogeneous 

catalytic reactions. ?irst, the problem of diffusion mass transfer 

to the external surface of the catalyst, and second the problem of 

in-pore diffusion in the catalyst. 

The absence of mass and heat transfer effect at the external film 

was established experimentally • Experimental ria were mad, a 

a constant contact time but with differing Sao feed  rates and catalyst 

volumes. Typical results from some runs are shown in Figure 7. 

Where the ma flow rate is over 11 om/e.c, mass and heat transfer 

appear to be un4portant. 

In order to check for the possibility of diffusion resistance 

in the pores of the catalyst, there is a useful criterion (110). 
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Fig- 7 	Determination of the Inf1uece of Mass and Heat Transfer on Reaction 
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For the isothermal came, a criterion for negligible resistance to 

in-pore diffusions is the following, 

h 	
FIDE<<1 

where R is the radius of the spherical catalyst pellet, k is the 

rate constant per unit volume, and D is the effective diffusivity 

in the p.1.1st. The following values were assumed for the 

estimation; Rs0.20cm, k=0.674/am (from Juusoia, Mann and Downie (1)) 

and 1urlcm2/ee0. 

a - 0.055 

From this, the ratio of the rate of in-pore diffusion to the 

rate of oxidation in the present experiments may well be negligible. 

-M IL7 NA 

The Arrbsnius plots from the data with each catalyst are shown 

in Figure 8. In the higher range of the temperatures (the minimum 

temperatures depended on the catalysts), rate studies lead to a 

paeudo-.firet order kinetic law for o-xylene consumption and overall 

activation energies were calculated there fran as shown in Table 7. 

Catalyst B2 has the maxim= activation energy of 37koal/g-4ols 

and catalyst B5 has the minimn value of I 5kcal/g-nole. 

Satterfield and LOZtUS (68) reported that the reaction rate was 

first order respect to o-.xylsne and had an activation energy of 
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2(koal/mol.. .right (12) found that the values of the activation 

energy in the temperature range 410 to 5500  C were 38,39 and 4Ckcal/ 

mole for o, a.- and p.-ry1ene respectively. It was shown that the 

order of relative ooze of oxidation is orthometapara. The kinetic. 

of inhibitor consumption in o-xylene was studied by Denisova and 

Deni.ov (13). They showed that chain initiation in o-xyl.ne proceeds 

by a bimolecular reaction: 0i4RH11021.  The  activationenergy  of 

chairk initiation was E'311 keel/sole, thus, the rat* equation is 

k-2.Oxi 08  exp(-31000/RT). The temperature range was between 1100C 

and 150°C. ¶1!heref re, it cannot he compared with the present data 

directly. 

Juusola, Mann and Downie (i) studied the kinetics of o.-xylsne 

oxidation using a catalyst of "potassium sulfate-promoted" vanadium 

oxide on silica carrier, and found that the rate constant was 6.74xl 0 

t/g-catalyat. eec (310°c) and well correlated in the temperature range 

2900C and 31 0C by the Arrhanius relatiOnsUP- 

kr 

 

= 16.8 x 

The activation energy 2coal/mole is coincident with satalyat 

in the present work in spite of the difference in supports. 

Abo .t el (26) found the overall oxidation rate of o-xylers 

was proportional to the concentration of o'.xylene. The apparent 

activation energy was 1 Ckcal/mol. for a catalyst particle ii.. of 

0.nm, which is a smaller value than the present data and indeed any 

other literature values. There are same catalysts for which the 

slope, An Arrheniva plots are changed at a particular temperature. 
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Tabl• 7. 	The Rat. F*uatior. 

Catalyst 

31 	 k m 133x105 •17 

32 k - 1, 95z1 ol 
e °' 

33 k - 4.68x105  

34 k - 5.35x107  

35 ,-45100/RT 

136 k.1.09x104 •..15900/RT 

37 k - 4.80z107 •0'? 

Cl Ic - 8.592106 0724200/RT 

* - The first order rats ocistant (g-iaol./g-.catalyet.br .ata) 

R - 1.986 (oal/aole.°X) 

57 
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In Figure 9, the alope of the curve changes from 5cal/aole at a 

higb temperature to 2CkcalJeols at a low temperature. The reason 

could be a ohige in the oxidation wobanim in the catalyst. This 

p1menca is reserkable in the case of the larger sise suppts 

such as catalysts B3 and B4 'which are 4= alumina spheres and corundum 

cylinders respectively. 	osus* of the comparative large cross- 

sectional area of such a catalyst particle and the long distance from 

the center to the surface, there could be a considerable distribution 

of teaperature inside the catalyst and also some difficulty in 

product diffusion from the pores. 

The result can also be explained in tezs of internal diffusion. 

If the Thiele modulus is large, the Observed reaction rate depends 

an the square root of the true reaction rate constant. The observed 

activation energy for fast reactions in ei&1l pores is only 

we h1f  of the true yams in large pores where diffusion do.s not 

influence the rate (iii). 
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9, Conclusions 

Tea Wndp of catalyst for the oxidation of 0-xyleme to 

phthlio anhydride were employed. These were vanadium pentoxide 

catalysts supported on titanium dioxide, alumina and corundum, 

and included two COIT.orial ones. The activities on each catalyst 

were studied under several conditions. 

Catalyst Cl showed the maxistum Sc selectivity of 76 mole at 

a conversion of o-xylsm. of 70 to 99 in the temperature range 

between 400 and 44000.  Catalyst B5, which was supported on 

titanium dioxide and contained 6O) vanadium pentoxid., had a higher 

selectivity. 

The effect of method of preparation on the catalyst activity 

was considered. In the case of the catalyst which oapris.d 

vanadium pentoxide, and titanium dioxide as support, the highest 

activity was found using a heating period of 6 hours at 900 °C in the 

preparation. 

Rate equations for o-xylene disappearance were determined for 

each catalyst. 

The mec?tn(an, of o-xylene oxidation were discussed and the 

practical methods of preparation of the catalysts were cited from 

the recent literature. 
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* 
Table 6. 	ftperimental. Ounditiane and Results 

Catalyst Catalyst Apparent Flow Contact Tepeiature Convert5ian 
Yield fm.]a fl Selectivity Weight Volume of Rate Time 	of Reactor of o-Xylene 

Cataly5t 

.':r PA MA P1 TA CO CO2  to PA to PA,PI + TA  

[g
] 

[ca/.c3 [;) 

131 	12.007 11.59 20.0 0.58 	470 99.6 56.6 3.2 71 0.4 ... 16.5 57.0 64.5 

450 99.3 576 3.2 6.7 2.3 ... 17.1 50.1 67.3 

440 99.0 56.4 3.3 7.3 3.0 ... 16.6 57.1 67.6 

430 99.6 64.5 5.7 8.1 0.5 ... 16.1 64.8 73.5 
420 98.4 56.6 2.7 8.4 4.2 ... 15.5 57.6 70.5 

410 93.7 51.2 2.7 11.1 6.6 ... 15.5 54.6 73.5 

4()0 83.2 27.5 1.7 6.2 8.2 ... 14.4 33.1 50.6 

35 81.4 28.3 1.7 5.2 8.3 ... 14.4 34.8 51.3 

390 33.7 3.5 0.0 0.0 6.8 ... ... 10.5 30.6 

380 20.8 0.0 0.0 0.0 3.5 ... ... 0.0 14.7 

370 10.4 0.0 0.0 0.0 1.5 ... ... 0.0 14.6 

* Molar o-xylene/air ratio of inlet go to a reactor: 0.0110 (at 30.0 °c) 
PA: }+.)vL11p  anI!th'jd. 
PtA: Maleic anhydride 

P1: Phthalids 
TA: o.4'olualdehyde 



Catalyat weight volme now C*tact Tesratin's Conversion 
Rate Ties  

PA NA 

Yield 

P1 	TA CO CO2  

Selectivity 

to PA 

B2 	13.240 	6.35 	11.0 	0.58 	450 99.7 70.8 3.5 0.0 0.5 ... ... 71.1 71.5 
440 99.7 70.1 3.5 0.0 0.7 ... ... 69.9 70.6 
430 99.8 72.7 3.0 0.0 1.2 ... ... 72.9 74.1 
420 99.5 71.1 2.7 0.0 1.8 ... ... 71.3 73.2 
41C 98.4 70.4 2.6 4.1 3.1 ... ... 71.5 78.9 
400 90.3 46. 2.0 7.1 7.0 ... ... 51.9 67.4 
396 75.5 34.1 1.5 4.9 8.8 ... ... 45.3 63.4 
390 44.2 14.0 0.4 4.2 7.4 ... ... 30.2 57.9 
380 38.7 5.7 0.2 2.1 5.0 ... ... 6.7 33.1 
370 26.7 2.6 0.0 1.2 3.9 ... ... 9.7 28.8 



Catalyst IWIgbt Vol* Flow contact Tmperatuie Conversion 
Rate 	Tim. held Selectivity 

PA MA P1 TA CO CO2 
	to PA  

BY 	14.848 	12.71 	21.9 	0.58 	490 92.0 53.1 3.2 7.7 9.0 ... ... 	 48.7 77.1 
470 84.5 44.3 2.6 7.2 11.2 ... ... 	 52.4 74.2 
450 67.6 32.9 2.0 6.1 13.1 ... ... 	 48.7 77.1 
442 67.3 30.7 1.3 6.0 9.4 ... ... 	 45.6 68.5 
430 53.6 24.9 1.1 4.6 8.8 3.9 10.6 46.5 71.5 
426 48.2 21,2 1.0 3.7 7.9 35 10.04-4.0 68,0 
420 38.0 15.2 0.6 2.7 7.4 2.9 8.9 40.0 66.6 
410 24.5 7.7 3.1 1.9 6.0 2.0 7.1 31.4 63.7 
400 16.9 3.7 0.0 1.4 4.4 1.3 5.1 21.9 56.2 

390 9.6 1.4 0.0 0.0 3.3 0.8 3.6 14.6 49.0 
370 4.4 0.0 0.0 0.0 1.6 0.4 2.2 	0.0 36.4 

B4 	13.909 	10.09 	17.4 	0.58 	500 95.6 38.7 3.2 6.3 9.7 7.0 18.4 41.3 58.4 
480 82.9 31.9 2.4 5.4 12.6 5.9 14.7 38.5 60.2 
460 61.2 20.9 1.5 4.2 12.7 4.5 12.2 34.2 61.8 

450 49.1 19.1 1.0 4.1 11.4 3.4 11.0 39.0 70.4 
440 39.2 12.8 0.6 2.8 8.4 7.0 6.4 32.7 61.2 
430 26.8 7.8 0.3 1.9 6.8 1.9 7.0 29.1 61.6 
410 9.8 2.4 0.0 1.8 0.0 1.2 4.5 24.5 42.9 
380 6.1 0.0 0.0 0.0 1.5 0.4 2.3 	0.0 24.3 



Catalyst 1.ight Volume Flow Contact Temperature Conversion 	
Yield 	Selectivity Rate TIM  

PA r, 	Pt 	TA CO CO2  to PA 

15 	16.367 	8.28 	14.3 	0.58 	460 99.7 53.0 4.0 2.3 0.4 9.6 20.3 53.2 55.8 

450 99,1 56.5 2.9 6.4 2.4 6.9 19.5 57.0 66.9 

440 98.8 65.0 3.0 7.7 3.3 6.8 18.1 65.8 76.9 

430 97.9 60.6 2.5 7.4 4.7 6.3 17.0 61.9 74.2 

420 95.2 55.8 2.3 8.9 6.7 6.0 17.5 58.6 75.0 

420 90.8 51.4 3.8 7.8 7.4 5.7 17.0 56.6 73.4 

406 91.3 45.4 2.3 5.9 6.9 5.9 15.8 49.7 63.7 

405 87.7 45.2 2.0 6.0 7.4 5.7 17.0 51.5 66.9 

400 34.3 9.5 0.0 0.0 8.1 3.2 11.3 27.7 51.3 

390 19.9 0.0 0.0 0.0 4.9 2.2 8.3 0.0 24.4 

370 10.0 0.0 0.0 0.0 0.0 0.9 4.5 0.0 0.0 

15.374 11.55 	20,0 	0.58 	460 87.4 34.9 0.8 10.0 13.8 ... 18.7 39.0 67.0 

450 87.6 36.1 1.3 10.7 13.6 ... 17.5 41.3 69.0 

440 84.9 36.1 2.1 10.3 11.3 ... 18.7 42.5 67.9 

430 79.8 33.8 1.3 6.9 9.6 ... 14.0 42.4 63.1 

'20 72.1 35.3 1.3 7.6 8.8 ... 11.7 48.9 71.6 

410 65.5 30.8 1.2 5.6 7.2 ... 9.6 47.0 66.6 

400 30.8 13.5 0.0 3.0 9.1 1.5 6.5 38.3 77.6 

390 28.5 9.2 0.0 2.1 7.3 1.0 6.4 32.3 65.3 

380 23.5 7.6 0.0 2.0 6.5 0.7 5.3 32.3 67.7 



Catalyst Weight Volume Flow Contact Temperature Conversion 
Rate 	Time Yield Selectivity 

PA MA P1 TA CO CO  to PA 

B7 	15.097 	9.43 	9.95 	0.95 	450 96.8 56.5 2.9 6.4 3.4 6.9 19.5 53.8 68.5 

440 96,8 44,9 2.0 8.2 6.5 ... 13.4 46.4 60.6 

430 94.7 50.0 3.0 8.9 7.8 ... 15.8 52.8 70.5 

430 94.5 44.1 1.7 10.2 8.1 ... 12.0 46.7 66.0 

430 95.1 48.1 2.2 9.6 7.5 ... 15.8 50.5 68.4 

420 88.3 39.6 1.4 9.6 10.2 ... 15.2 44.9 67.3 

415 87.7 41.2 1.8 7.9 10.4 5.5 15.8 46.9 67.4 

410 76.0 42.6 1.3 10.0 11.7 4.6 6.3 56.4 85.0 

410 66.7 28.8 0.5 8.3 10.4 ... •.. 43.2 71.2 

407 71.3 38.2 1.2 10.4 11.3 4.1 13.4 53.6 83.6 

403 57.7 23.1 0.9 7.0 11.4 3.7 12.2 40.4 72.0 

400 33.8 12.2 5.2 4.6 10.4 2.6 2.9 36.1 80.5 

397 34.4 10.1 4.5 3.9 9.1 2.2 10.0 29.4 67.2 

393 28.2 6.4 2.9 2.5 7.8 1.9 7.6 22.7 59.2 

390 18.3 4.0 2.0 1.5 7.1 1.4 3.0 21.9 68.9 

380 8.0 1.1 0.0 0.0 5.2 1.0 1.5 14.0 78.8 

370 4.9 0.0 0.0 0.0 3.5 0.6 1.3 0.0 70.6 



Catalyst Weight Volume Plow Contact Temperature Conversion  
Rate Time Yield Selectivity  

PA }J P1 TA CO CO2  to PA 

Cl 	15.815 	11.17 	19.4 	0.58 	440 969 58.8 4.2 5.9 4.2 ... 15.7 61.1 76.9 
430 98.1 59.2 4.2 8.9 6.4 ... 12.0 59.9 70.2 

430 95.2 56.4 3.9 10.1 7.7 ... 12.0 58.4 77.9 
420 93.2 53.8 2.8 10.8 8.1 ... 8.5 57.7 77.9 
420 96.6 60.6 3.8 7.8 5.5 ... 10.9 62.7 73.9 

410 89.7 53.2 2.6 9.9 8.7 ... 8.0 59.3 80.0 

40C 72.2 44.5 1.5 9.6 1.1 ... 8.5 61.6 76.4 

398 61.1 30.5 1.3 3.0 11.5 ... 8.9 50.0 73.8 

395 14.2 1.9 0.0 1.2 5.6 ... 2.4 13.4 64.9 
390 14.7 3.1 0.0 2.0 5.5 ... 2.5 21.1 72.1 

380 6.7 0.6 0.0 0.2 3.1 ... 1.4 9.0 58.2 
370 5.2 0.3 0.0 0.0 2.1 ... 1.1 5.8 46.2 

Cl 	15.815 	11.17 	11.17 	0.95 	450 99.5 64.0 4.8 4.1 0.4 9.1 16.0 64.3 68.8 

440 99.2 58.3 3.7 5.6 2.1 8.9 17.6 58.8 66.5 

430 97.9 59.3 3.2  9.6 4.2 ... 11.4 60.6 74.7 
425 99.7 59.3 3.4 0.0 0.6 ... 29.8 59• 5 60.1 

05 95.2 44.1 1.8 9.7 6.2 ... 20.6 46.3 63.0 



Catalyst Weight Volow Flow 1,14ontact Temperature Civeraic 
Rat. Time Yield Selectivi tz  

PA HA Pt TA CO CO  to PA 

Cl 	15.815 	11.17 	11.7 	0.95 	415 89.2 50.3 2.7 10.5 9.2 ... 10.5 56.4 78.5 
410 81.2 47.8 2.2 12.1 9.0 ... 10.5 58.9 84.9 
406 96.9 60.3 3.5 7.1 4.3 ... 15.3 62.2 74.0 

408 71.9 41.5 2.0 7.3 7.8 ... 83 57.7 78.7 

405 79.0 43.7 1.4 10.5 9.7 ... 9.1 55.3 80.9 

405 72.2 26.5 1.2 9.4 10.5 6.0 18.3 36.7 64.3 
405 71.0 34.2 1.4 7.0 10.1 ... 9.8 48.2 72.3 
402 76.4 41.7 1.4 7.4 9.0 ... 10.1 54.7 76.1 
400 59,1 24.2 0.0 8.3 10.3 ... 9.2 40.9 72.4 
400 50.5 20.5 0.0 8.0 7.4 ... 8.1 40.6 71.1 

396 57.4 26.0 0.0 9.1 10.0 ... 5.8 45.3 78.6 
395 13.4 0.0 0.0 0.0 7.2 ... 4.6 0.0 53.7 
390 15.8 0.0 0.0 0.0 6.9 ... 5.2 0.0 43.7 
385 13.1 0.0 0.0 0.0 5.0 ... 3.6 0.0 38.2 

C2 	18.347 	8.86 	9.3 	0.95 	425 99.7 65.3 4.1 0.0 0.0 ... 16.8 69.5 69.5 
425 99.7 59.2 3.6 0.0 0.0 ... 25.2 59.4 59.4 
415 99.8 59.6 5.3 0.0 0.0 ... ... 59.7 59.7 



Catalyst beight Volume ?low Contact Temperature Conversion 
Rate 	Time selectivity  

PA MA P1 TA CO CO   to PA 

C2 	18.347 	8.86 	9.3 	0.95 	415 99.6 70.6 3.9 0.0 0.0 ... 14.4 70.9 70.9 

405 997 70.5 4.0 0.0 0.0 ... 14.5 70.6 70.6 

405 99.7 67.6 3.1 0.0 0.0 ... 15.3 67.6 67.9 

595 97.8 72.1 0.6 0.0 0.0 ... 12.9 73.7 73.7 

395 99.8 73.5 5.2 0.0 0.0 ... 14.9 73.6 73.6 

395 99.7 74.8 3.2 0.0 0.0 ... 14.2 75.1 75.1 

395 99.7 72.5 3.2 0.0 0.0 ... 15.5 72.7 72.7 

393 99.7 72.6 3.4 0.0 0.0 ... 15.3 72.8 72.8 

3'0 18.0 2.5 0.0 0.0 6.3 ... 4.7 13.9 48.9 

390 34.6 9.8 0.5 4.5 8.5 ... 6.9 28.4 65.7 

390 99.4 77.3 3.8 0.0 0.7 ... 	12.6 77.8 78.5 

385 23.8 6.5 0.0 0.0 4.7 ... 	7.0 27.3 47.1 

385 18.6 4.1 0.2 1.8 5.8 ... 	5.0 21.9 62.5 

380 12.6 0.0 0.0 0.0 3.9 ... 	4.2 0.0 31.0 

375 22.9 3.3 0.0 2.3 5.1 ... 	2.6 13.2 42.8 



Catalyit Weight Volvne Ploy Contact Temperature Conversion 
Rate Time 	 Yield 	 Selectivity 

PA 	MA Pt TA 	CO CO 	to PA 

C2 	18.347 8.86 15.4 0.58 435 99.6 75.2 3.9 0.0 0.0 10.2 10.2 75.5 755 

425 99.7 76.1 3.8 0.0 0.0 9.2 10.3 76.3 76.5 

415 99.8 76.7 3.0 0.0 0.0 8.3 11.0 76.9 76.9 

405 99,8 773 3.2 0.0 0.4 ... 11.3 7.4 70.8 

395 99.5 62.4 3.4 7.6 2.2 ... 15.5 62.8 72.6 

395 99.8 73.5 3.0 0.0 0.0 

392 99.7 71.5 6.7 0.0 0.0 

390 39.2 16.8 0.0 0.0 8.3 

390 48.5 17.3 0.0 7.3 7.9 

388 27.9 6.3 0.0 0.0 7.3 

... 	14.4 73.6 73.6 

... 	12.5 74.2 74.2 

... 	6.8 42.9 64.0 

... 	8.3 35.7 71.5 

... 	7.5 22.6 48.7 

386 32.1 11.3 11.2 0.0 0.0 ... 	6.9 35.2 25.2 

385 1318 0.0 0.0 0.0 6.0 ... 	6.4 0.0 43.5 

385 174 2.8 0.0 0.0 4.8 ... 	4.9 16.1 43.7 

385 15,8 2.6 0.0 1.1 3.8 ... 	3.9 16.4 47.5 
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