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The rate of oxidation of o-xylene was studied in a differential bed reactor over 
the following ranges of conditions: 290 to 31O”C, (0.5 to 3.0) X lo-’ g-mole o-xylene/ 
I, (5 to 100) X 10m4 g-mole oxygen/l. The catalyst used was a vanadium oxide/potas- 
sium sulfate-promoted/silica, which had been used in previous kinetic studies. 

The data provide further support for the steady-state adsorption model proposed 
previously to describe the oxidation of naphthalene, toluene, and bensene. Particular 
attention was paid to the low oxygen concentration region, but no evidence was 
found to support the second order model proposed by Ioffe and Lyubarskii. 

Beginning with the work of Calderbank 
on naphthalene in 1952 (1)) several studies 
have been reported in the literature which 
have the common aim of establishing a 
technological basis for the industrially 
important oxidation processes carried out 
over vanadium catalysts. The rates of 
oxidation of the main industrial raw 
materials have been determined, viz. 
naphthalene, benzene, and more recently 
o-xylene, and the rate data have been 
interpreted by a variety of kinetic models. 

Two models now appear to be gathering 
support, either directly or in slightly 
modified form. These are the steady-state 
oxidation-reduction model proposed by 
Mars and van Krevelen (2) and the steady- 
state adsorption model proposed by 
Shelstad, Downie, and Graydon (3). Since 
the catalyst is known to reach a steady- 
state composition with a range of vanadium 
valency states (4) and since chemisorption 
of oxygen is involved in the adsorption 
model, it may be impossible to distinguish 
between them. They both yield the same 
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rate equation, and hence support for one 
kinetically is also support for the other. 

There has been a certain amount of 
confusion over the assumptions of the 
models, and this has led to modifications 
being proposed and to spurious distinctions 
being made. For example, Vrbaski (5) ap- 
pears to be confused on the point that the 
first order dependence on oxygen and on 
the hydrocarbon is assumed in the develop- 
ment of the adsorption model, but this does 
not mean that the resulting equation is first 
order in the reactants. In fact, the rate 
equation is “changing order” in the re- 
actants. It is possible that Vrbaski’s modi- 
fication of the model is therefore un- 
necessary. Another example of minor 
confusion is in the work of Bhattacharyya 
et al. (6) in which a distinction between 
the models is made by saying that the 
hydrocarbon is chemisorbed in the Mars 
and van Krevelen model and not in the 
other model. In fact the hydrocarbon is 
assumed to behave in the same way in both 
models; i.e., Mars and van Krevelen’s 
adsorption is equivalent to collision with 
the “oxidized” surface. 

The supporting evidence is accumulating, 
but it should be noted that a number of 
weak assumptions have been made in data 
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interpretation. Mars and van Krevelen had 
to assume that their small fluidized bed 
reactor behaved as an ideal plug flow re- 
actor for analysis. They also assumed that 
the integrat,ed form of the rate equation 
could be obtained directly from the differ- 
ential form and used with high conversion 
rate data t’o test the model. This is only 
true in the special case where series re- 
actions do not occur to a significant extent. 
Otherwise, t’he reaction of intermediates 
must be included in the steady-state 
equation, since these reactions contribute 
to the disappearance of oxygen from the 
surface by chemical reaction. The rate 
equation when series react,ions are con- 
sidered becomes 

k,,k,*C,,Cn1 
-I’R1 = li:,C,, + ZZiRi’“riCRi’ (1) 

This equation does not give the integral 
form used by Mars and van Krevelen. In a 
recent paper, Herten and Froment (7) 
tested the Mars and van Krevelen Model 
by using high conversion data for the 
oxidation of o-xylene. This oxidation 
involves a number of series reactions, and 
therefore Herten and Froment’s treatment 
using the integrated form of the initial 
rate equation does not appear t’o be valid. 
-Another type of difficulty arises in assess- 
ing the support for the adsorption model 
offered by Vrbaski (5) based on data 
reported by Vrbaski and Mathews (8). The 
reaction rate is plotted against the initial 
concentration of reactant despite the high 
conversions involved. The differential form 
of the rate equation appears to have been 
used t,o interpret int.egral data. 

The present work concludes a series of 
studies carried out using a catalyst from a 
single batch (3, 9, 10, 11, 12). The diffi- 
culties noted above have been avoided by 
using a differential bed reactor and con- 
ducting an initial rate study. New data are 
present,ed on the oxidation of o-xylene. The 
complete set of data on this catalyst are 
interpreted by the steady-state adsorption 
model. However, as stated above, the sup- 
port offered applies equally well to the 
steady- ;tate oxidation-reduction model. 

A = 
c, = 
CR = 

E = 
k, = 

K, = 

led = 

ii, = 

KR = 

n = 

R = 
‘t-R = 

T = 
P = 

i = 

NOMENCLATURE 

Arrhenius frequency factor 
concentration of oxygen, moles/liter 
concentration of hydrocarbon, 
moles/liter 
activation energy, Cal/mole 
specific rate of oxygen adsorption, 
liter/g catalyst set (in Model 1) 
oxygen equilibrium adsorption 
constant 
specific rate of oxygen desorption, 
liter/g catalyst see 
reaction rate constant, liter/g 
catalyst set 
hydrocarbon equilibrium adsorption 
constant 
stoichiometric number, moles oxygen 
required/mole hydrocarbon reacted 
gas constant, Cal/g-mole OK 
rate of hydrocarbon reaction, moles/g 
catalyst set 
temperature, “K 
Mars and van Krevelen’s stoichio- 
metric number (,2), moles oxygen 
required/moles hydrocarbon reacted 
subscript denoting an intermediate in 
the series reaction of R to products 

EXPERIMENTAL 

A different’ial bed reactor was used in the 
present study to facilitate the analysis of 
the results. Reaction rates of o-xylene were 
determined as a function of oxygen and 
o-xylene concentration for three temper- 
atures. 

The apparatus used was similar to that 
of previous investigators (9, 13) ; where 
there are minor differences, they are noted 
below. Capillary resistance flowmeters were 
used to measure nitrogen and oxygen flows. 
The concentration of o-xylene was deter- 
mined by the temperature of the water 
bat,h and the amount of nitrogen metered 
through the carburetor containing o-xylene. 
The reactants were preheated prior to enter- 
ing the reactor. 

The reactor consisted of an 8- by s/,-in.- 
diameter stainless steel 304 tube. This tube 
was encased in a split aluminum block 
heated by four cartridge heaters embedded 
in the block. The aluminum thus provided 
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uniform heating to the reactor. This design 
permitted reactor tubes of different 
materials to be tested in the system, The 
stainless steel 304 reactor was found to be 
superior to either glass or aluminum in the 
reduction of blank reactions. The catalyst 
was supported in the reactor tube on a 
stainless steel screen. Temperature was 
controlled by a thermocouple touching 
the reactor wall adjacent to the catalyst 
bed. The temperatures of the inlet and out- 
let gases were measured by thermocouples 
inserted into these streams. The reaction 
products were collected in glass traps im- 
mersed in Dry Ice. The effluent from the 
traps was fed directly into the gas chro- 
matograph for carbon dioxide analysis. 

Details of the catalyst used have been 
reported elsewhere (3). The catalyst is a 
sample of the potassium sulfate-promoted 
vanadium pentoxide on silica carrier 
catalyst used in previous studies (S, 9, 10, 
11, 1%‘). The surface area is 52 m”/g. 

PROCEDURE 

After the reactor, carburetor, constant 
temperature bath, and preheating line had 
attained their operating temperatures, the 
oxygen and nitrogen flows were adjusted 
to give predetermined concentrations for 
t,he run. Approximately 2 hr were allowed 
for the system to achieve steady-state con- 
ditions before starting a run. Tests showed 
that the period of unsteady-state operation 
was less than 1 hr. 

The product was collected in the Dry 
Ice traps for periods ranging M to 2 hr. 
During the run, the exit gases from the 
traps were periodically analyzed for carbon 
dioxide by gas chromatography. The 
analysis was carried out on a lo-ft Poro- 
pak-Q column operated isothermally at 
room temperature. At the end of a run, the 
product was weighed and then diluted to a 
standard volume. This solution was ana- 
lyzed quantitatively for o-tolualdehyde 
and p-benzoquinone. 

o-Tolualdehyde analysis was carried out 
on an 8-ft, 6% silicone gum rubber SE-52 
on So/SO diatoport S column. The column 
was temperature programmed from 75°C at 

10°C per minute to give good separation 
of o-tolualdehyde from o-xylene and p- 
benzoquinone. Peak areas were used for 
calibration purposes and subsequent quan- 
titative determinations of both o-tolualde- 
hyde and carbon dioxide. 

Analysis for p-benzoquinone was by ab- 
sorbance measurements on a spectropho- 
tometer. Measurements were made at 450, 
460, and 470 rnp. 

The products found in the present study, 
with the approximate percentages of o-xy- 
lene reacted to each, were: 

80% to o-tolualdehyde 
1270 to p-benzoquinone 
8% to carbon dioxide 
trace to carbon monoxide. 

The product distribution remained essen- 
tially constant over the range of conditions 
studied. The average value of the stoichio- 
metric number, n, was 2.13. 

The products reported were identified by 
retention time on various columns in con- 
junction with chemical analysis. Some doubt 
existed as to whether the o-tolualdehyde 
peak might be composed of o-tolualdehyde 
and o-xylene oxide (IS). Through repeated 
extractions of the product solution with 
2,2’dinitrophenylhydrazine, the ‘o-tolualde- 
hyde peak’ was removed from a chroma- 
togram of the solution (14). Since o-xylene 
oxide does not react with 2,2’dinitrophenyl- 
hydrazine, it was concluded that the peak 
did not contain o-xylene oxide. 

The range of concentrations and tem- 
peratures at which the present work was 
carried out is shown in Table 1. 

TABLE 1 
REACTION CONDITIONS 

Reactor 
temperature Oxygen concn o-Xylene concn 

(“C) (moles/l) X lo4 (moles/l) X 10’ 

290 50 0 -5-3 0 
300 50 0.5-3.0 
310 50 0.5-3 0 
290 10-100 2 
300 .?-100 2 
310 10-100 2 
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RESULTS 

Certain factors may obscure reaction 
rate data obtained for gas/solid catalytic 
reactions. The effect of these factors must 
be reduced t,o a level of insignificance by 
the choice of conditions, or corrections to 
the rate data must be made. The factors 
considered in the present study were the 
influence of a blank reaction, catalyst aging, 
and diffusion resistance. 

A thorough examination was made of the 
temperature limits at which a noncatalytic 
or blank reaction becomes significant. It 
was found that at temperatures below 
315°C this reaction would be insignificant. 
Similar studies on a glass reactor revealed 
that at temperatures of 310°C the blank re- 
action was large enough to obscure any 
rate data on the catalyst. The present work 
was carried out in a 304 stainless steel re- 
actor at temperatures from 290 to 310°C. 

In order to obtain a meaningful and con- 
sistent set of data on a catalyst, experimen- 
tal runs should be carried out on a catalyst 
of constant activity. As the catalyst is on 
stream, however, its activity decreases and 
it, becomes necessary to correct reactions 
to some constant catalyst age. In order to 
determine the aging characteristics of the 
catalyst, various standard runs were period- 

i----j 

OXYGEN CONCENTRATION (MOLES/LITER) x 10~ 

FIG. 1. Rate of oxidation of o-xylene (moles/g 
of catalyst/set) as a function of oxygen concen- 
tration : o-xylene concent’ration = 2 X 10m4 mole/l. 
0. 310°C; 3, 300°C; A, 200°C. 

I I I I I I 
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0 .5 1.0 1.5 2.0 2.5 30 

CXYLENE CONCENTRATION (MOLES/LITER)X104 

FIG. 2. Rate of oxidation of o-xylene (molrs/g 
of catalyst/set) as a function of o-xylene conccn- 
tration; oxygen concentration = 50 X low4 molt/l. 
q ,310”C; ~0,300”C; A, 200°C. 

ically performed. These runs showed that 
there was a slow decline in activity over a 
period of 500 hr and that the aging be- 
havior was essentially the same for differ- 
ent temperatures and reactant concentra- 
tions. The rate data were corrected to a 
standard catalyst age of 200 hr. This correc- 
tion was less than 210% of the uncor- 
rected rate in all cases. 

Calculat’ions were made to determine the 
effects of diffusion resistance. These cal- 
culations showed that at the rate of reac- 
tion and conditions encountered in the 
study the effects of both external and pore 
diffusion were not significant. 

Figure 1 shows the rate of o-xylene reac- 
tion as a function of oxygen concentration 
for temperatures of 290, 300, and 310°C. 
The o-xylene concentration was approxi- 
mately constant at 2.0 X 10M4 mole/l. In 
Fig. 2, the react,ion rates are shown as a 
function of o-xylene concentration with 
oxygen concentration constant at 50.0 X 
1O-4 mole/l. The range of reaction rates 
shown gave conversions of o-xylene from 
0.5 to 6.3 mole %. 

DISCUSSION 

The changing order form of the reaction 
rate data shown in Figs. 1 and 2 suggests 
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T-%BLE: 2 
SUMMARY OF REACTIOS RATE MODELS TESTED 

Model hssumptions 
Rate equation for 

initial rate conditions 

1 A steady-state adsorption model (SSAM)-a steady state 
is assumed between the rate of adsorption of oxygen on hk,COCR 
the surface and the rate of removal of oxygen by reac- 
tion with R from the gas phase 

‘ix = k,C, + nk,CR 

2 SSBM-additional assumption to Model 1 is made that k,k,CR(Cp 
oxygen dissociates rR = k,(C,)1’2 + nk,CIt 

3 SSAM-additional assumption to Model 1 is made that k&rCoCR 
the oxygen desorption rate is not negligible rR = kd+kaCo + nk,CR 

4 Rideal mechanism-equilibrium concentration of oxygen 
is assumed established on the surface, with reaction oc- krKaC,Cn 
curring between adsorbed oxygen and gas phase hydro- 
carbon 

rR = 1 + K*C, 

5 Langmuir-Hinshelwood model-equilibrium concentra- 
tions of oxygen and hydrocarbon are assumed estab- k&KRCoCR 
lished on the surface, with reaction occurring between 
adsorbed reactants 

rR = (1 + KAC, + KRCR)~ 

various possible kinetic models to describe 
the data. Five different models were tested 
on o-xylene, benzene (Id), and toluene (9) 
data on the same catalyst. The models 
tested are summarized in Table 2, which 
shows the main assumptions involved and 
the resulting rate equations. 

The development of the steady-state ad- 
sorption model has been fully described 
previously (S, 9). The resulting rate equa- 
tions for Model 2 and Model 3 follow in a 
similar manner to the development of 
Model 1. In Model 2, with dissociation of 
oxygen considered, the adsorption step has 
been assumed to involve the interaction of a 
single surface site and an atom of oxygen. 
This does not seem to be a particularly 
practical case, but it has been used and is 
included here for interest. Consideration 
was given to the more interesting case in 
which interaction occurs between molecular 
oxygen and two adjacent surface sites, re- 
sulting in oxygen dissociation on the sur- 
face. The resulting rate equation, however, 
did not conform to the changing order be- 
havior of the data and was rejected on this 
basis. Models 4 and 5 are the familiar 
Rideal and Langmuir-Hinshelwood rate 
expressions obtained when equilibrium ad- 
sorption of reactant is assumed. All models 
are restricted to initial rate conditions. 

Three criteria are available for discrim- 
ination among these models: 

(1) The rate equation for the model 
should correlate the data. 

(2) Values of the rate parameters for a 
particular hydrocarbon should be capable of 
correlation on an Arrhenius plot. 

(3) For models based on the assumption 
of a steady state between adsorption of 
oxygen onto the catalyst surface and reac- 
tion with gas phase hydrocarbon, a third 
criterion should be satisfied. Values of k, 
obtained at various temperatures and for 
various hydrocarbons should correlate on 
an Arrhenius plot, and an activation energy 
of adsorption describing the chemisorption 
of oxygen on a particular catalyst lattice 
should result. 

Data on o-xylene, benzene (IL), and 
toluene (9) were correlated by nonlinear 
least squares regression analysis. The re- 
sulting correlations and rate parameters 
obtained for the five models were then ex- 
amined in terms of the criteria given above. 
The results for these tests are summarized 
in Table 3. 

In general, values of rate constants and 
equilibrium constants were scattered, with 
no specific trends for any of these models. 
Values of kd, the desorption rate constant 
in Model 3, were negative in certain cases. 
Discrimination between Models 1 and 2 
was on the basis of criterion 3. Values of 
h-a in Model 2 for different hydrocarbon 



CATALYTIC OXIDATION OF 0-XYLENE 111 

TABLE 3 
SUMMARY OF WORK DONE ON 

MODEL DISCRIMINATIONS 

Critjerion 

Model 1 2 3 

1 4 
2 d s 

4 
X 

3 d x X 
4 X 
:i ,x X 

U d\/--satisfies criterion 
X-does not satisfy criterion. 

Model 1 provided the best correlation of 
the data, criterion 1, although a distinction between 
the models on this basis could not be made. The 
correlation provided by Model 4 was, however, 
definitely not as good as for any of the other models. 
Rate parameters obtained for Models 3, 4, and 5 
failed to satisfy criterion 2 since the rate parameters 
obtained provided no meaningful correlations on 
Arrhenius-type plots. 

systems failed to correlate on an Arrhenius- 
type plot, although values of rate param- 
eters for a specific hydrocarbon did cor- 
relate on such a plot. Thus of the models 
tested, Model 1 provided the best descrip- 
tion of the data on the basis of the criteria. 

The results for Model 1 are summarized 
in Table 4, which shows k, and k, values 
for naphthalene, toluene, benzene, and 
o-xylene on the same catalyst. The values 
of k, and k, obtained for o-xylene, as shown 

TABLE 4 
RATE CONSTANTS FOR MODEL 1 

Temp. 
Hydrocarbon (“C) kz kr 

Naphthalene 312 1.81 X 10d5 .i.40 X lo-” 

(a 335 6.17 X 1O-5 7.85 X 1OP 
Toluene 300 1.11 X 10m5 3.24 X 1OP 

(9) - 320 5.59 X 1OV 1.18 X 1O-4 
330 1.38 X lo-” 2.38 X 1O-4 

Benzene 3;io 5.48 x 10-5 1.42 X 1OP 
(1% 375 1.10 x 10-4 3.07 x 10-5 

400 2.49 x 10-h .5.50 x 10-b 
o-Xylene 290 8.66 X 1OV 2.88 X 1O-4 
(present 300 1.26 X 1O-5 4.39 X 1O-4 

study) 310 1.91 X 1O-5 6.74 X lo-* 
- 

FIG. 3. Arrhenius plot of rate constants (k, and 
k,) from present study. A, k,; 0. k. 

in Fig. 3, are well correlated in the tem- 
perature range 290 to 310°C by the Ar- 
rhenius relationships, 

In Ic, = 11.8 - 26,000/H 
Ink, = 16.8 - 28,00O/RT 

I/T,(oK)-’ X IO3 

FIG. 4. Arrhenius plots of k, from naphthalene 
(5), toluene (9), benzene (IS), and o-xylene 
(present study). 0, naphthalene; 0, toluene; 
n , benzene; A, o-xylene. 
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t I I I I I I 1 
1.50 1.55 1.60 1.65 I.70 1.75 

I/T, (OKI-’ X IO3 

FIG. 5. Arrhenius plots of k. from naphthalene 
(S), t,oluene (O), benzene (IS), and o-xylene 
(present study). 0, naphthalene; 0, toluene; 
n , benzene; A, o-xylene. 

It should be noted that the relationships 
were used with the rate equations to pro- 
duce the solid lines shown in Figs. 1 and 2. 
This produces a general correlation which 
is satisfactory. Note that the general cor- 
relation line will not fit an individual set 
of data quite as well as the line based on 
that set alone. 

Table 4 shows the rate constants ob- 
tained for Model 1 for t’oluene (9), naph- 
thalene (5), benzene (I.%‘), and o-xylene 
oxidation on the same catalyst. These 
values are plotted in Figs. 4 and 5 as Ar- 
rhenius plots. The k, values for different 
hydrocarbons have a lOOO-fold range. The 
agreement in k, values as shown in Fig. 5 
supports criterion 3, showing that the 
specific rate of oxygen adsorption onto the 
catalyst surface is independent of the hy- 
drocarbon being oxidized. 

A second order dependence of benzene 
reaction rate on oxygen at low concentra- 
tion has been reported by Ioffe and Lyubar- 
skii (15). This order dependence would be 
evidence against the steady-state model as 
presented. The work of Ioffe and Lyubar- 
skii, however, appears to have an internal 
inconsistency, Figure 7 (Ref. 15) shows that 

the rate dependence on oxygen concentra- 
tion is second order. However, the data 
from Fig. 8 (Ref. 15) show an approxi- 
mately first order dependence. In the pres- 
ent study on o-xylene, reaction rates were 
determined at low oxygen concentrations, 
certainly within the range at which Ioffe 
and Lyubarskii found a second order rate 
dependence, although the comparison for 
different catalysts may not be valid. How- 
ever, there is no evidence of a second order 
rate dependence in this region in the present 
work on o-xylene. 

CONCLUSIONS 

Various kinetic models have been tested 
on data for o-xylene, benzene, and toluene 
oxidation on the same vanadium oxide cat- 
alyst. The steady-state model provided the 
best description of the data. Values of k, 
obtained for o-xylene in the present work 
agree favorably with those obtained pre- 
viously for naphthalene, toluene, and ben- 
zene oxidation on the same catalyst, thus 
providing further support for the model. In 
addition, reaction rates were obtained at 
low oxygen concentrations and showed no 
tendency to a second order rate dependence. 
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