
JOCRNAL OF CATALYSIS 31, 149-166 (1973) 

In a 

The Oxidative Demethylation of Toluene 

II. Kinetics of the Reduction of Bismuth Uranate by ToIuene* 

J. G. STEENHOF DE JONG,“” C. H. E. GUFFENS 
AND H. s. VAN DER BAAN”“’ 

Department of Chemical Technology, University of Technology, 
Eindhoven, The Netherlands 

Received December 21, 1972 

The kinetics of the reduction of bismuth uranate by toluene have been studied 
in micro-pulse and micro-flow reactors and in a thermobalance, at toluene mole 
fractions between 0.003 and 0.122 and temperatures between 455 and 527°C. During 
the reduction the BiLJOa is converted into metallic bismuth and UO,. In the overall 
reaction rate both the chemical reaction rate at the surface and the rate of oxygen 
diffusion through the lattice of the solid play a role. A kinetic model comprising 
these two steps is derived. 

It appears that BLUO, contains two types of lattice oxygen, viz, approximately 
2% of a nonselective oxygen with D = 3 X lo-*’ m’ see-’ and a diffusion energy of 
activation E = 26 kcal mole-l, and a more selective oxygen with D = 3 X lo-“’ m2 
set-’ and E = 63 kcal mole-’ (at 470°C). Some evidence is found for bismuth uranate 
having a shear structure, the small amount of nonselective oxygen occupying posi- 
tions in the shear planes. 

INTRODUCTION 

previous paper (I), we described 
how toluene can be demethylated oxida- 
tively, using bismuth uranate as oxidant. 
From kinetic data obtained in micro-pulse 
and micro-flow reactors and in a therm?- 
balance we concluded that in the pulse 
system the reaction rates are determined by 
the chemical reaction at the surface of the 
bismuth uranate, while under continuous 
flow conditions the rate of oxygen diffusion 
through the lattice also plays an important 
part. In the present paper we offer further 
evidence for this conclusion, on the basis of 
a detailed analysis of the kinetics of the 
reduction of bismuth uranate by toluene. 
First, we shall discuss a number of kinetic 
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models that might hold for the reduction of 
a solid oxide by a gas. In the second part 
we shall consider to what extent the infor- 
mation obtained is applicable to the reduc- 
tion of bismuth uranate. 

THEORY OF THE REDUCTION OF OXIDES 

In the literature (1, 2) the rate of reduc- 
tion of an oxide by a gas is usually de- 
scribed by the so-called shrinking-core re- 
lation, which is based on the assumption 
that reaction takes place at the surface of a 
gradually shrinking core of unreacted ma- 
terial, and that the chemical reaction is the 
rate-determining step. Sometimes, the dif- 
fusion of gas through the layer of product 
formed around the unreacted core is sup- 
posed to be rate-determining (3, 4). How- 
ever, for the reduction of bismuth uranate 
by toluene these models appeared to be 
inadequate. Instead, we suppose that the 
reaction proceeds via a chemical reaction 
at the surface, leading to a reduction of 
the surface layer, followed by diffusion of 
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oxygen ions from the interior to the surface 
of the particle. In such a process, both the 
rate of chemical reaction and diffusion play 
a role. Assuming that the chemical reaction 
is first order in reducing agent concentra- 
tion (T) , and independent of the concen- 
tration of oxygen atoms of the surface (0) 
if (0) is high, we obtain : 

4(j) - __- 
clt 

= k(T) or: (Y = k(T)t. (1) 

The case that (0) is high will occur if the 
diffusion coefficient for the oxygen diffusion 
through the lattice has such a value that 
only a small gradient in the oxygen con- 
centration is required to maintain an oxy- 
gen diffusion rate of the same order of 
magnitude as the chemical reaction rate. 

For the case that an appreciable oxygen 
concentration gradient is required, a model 
has been derived by Batist et al. (5) for 
the reduction of bismuth molybdate by 
I-butene. The authors make the following 
assumptions : 

1. The physical properties of the solid 
(surface area, particle size, diffusion co- 
efficients) do not change during the reaction. 

2. The solid is semi-infinite with one 
boundary plane at which the reaction takes 
place. 

3. The diffusion occurs in one direction 
only, perpendicular to the boundary plane. 

4. The rate of the chemical reaction at 
the surface is equal to that of the diffusion 
from the bulk to-the surface. 

They found the following 

j = g {r.erfc tg) - 1 

expression : 

in which f is the degree of conversion of 
the solid, 5’ the specific surface area 
(cm* g-l), p the density (g cm-“), k; a rate 
constant (see-l), X a so-called jump dis- 
tance (cm), of the order of the lattice con- 
stant, ZJ the diffusion coefficient of oxygen 
in the lattice (cm2 secl), and t the reac- 
tion time (set). Furthermore, e.erfc .2: is 
equal to ezz (1 - erf 5). 

Equation (2) can be solved numerically. 
Between certain limits of t, it can be writ- 
ten in the approximate form: 

j = --A + BP, 

in which 4 ‘ = ‘%?!? and B = 2spD”” -. 
kX nllz 

With t,hese expressions the aut,hors cal- 
culatcd k. and I) for the reduction of his- 
muth molybdate. 

In the following we shall derive a some- 
what more general version of Eq. (2). For 
this we will replace the assumptions 2, 3 
and 4 respect’ively , by : 

2a. The solid consists of spherical 
particles. 

3a. The diffusion occurs radially from 
the bulk of the solid to the surface. 

4a. The reaction takes place in a thin 
surface layer, over which the oxygen gradi- 
ent is negligible. 

This last replacement means that we no 
longer require the rat’es of diffusion and 
chemical react,ion to be equal. Consequently 
we will consider a spherical particle with 
radius n and surface layer thickness d, d 
being small compared to a. The concen- 
tration of removable oxygen in the sphere 
is a function of the distance to the centre r 
and the t)ime t, and will be named c or 
c (r,t) Oxygen atoms arc removed from 
the surface layer by chemical reaction and 
replenished by diffusion from the bulk. The 
number of oxygen atoms M, removed per 
unit of time At from the surface layer is 
given by: 

ilr, = 4ra2di?cocAt, (4) 

in which c,, is the concentration of reducing 
agent, kept constant during the process, and 
Ic’ a rate c.onstant. The number of atoms 
M, transferred from the sphere to the layer 
is equal to: 

iic 
X2 = -hra”D G At, 

0 
(5) 

“T=n 

in which D is the diffusion coefficient. For 
the net oxygen transport we obtain: 

= -4,&D s” 
0 67” T=a - laa2dkc, 

with I? = lc’c”. 
The boundary conditions now become 
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- kc at T = a and t > 0. u = Ae-qr + 1 + Be+qr 

P 

For a spherical particle: 

(6) since for r = 0, u = 0 it follows that A + 
B = 0 and: 

@=Oatr=Oandt>O 
6r / . (7) 

u = AeqT - Ae-9’ + d = Q sinh qr + r, 
P 

We assume c (r,O) to be equal to 1 and solve 
hence : 

Fick’s second law for a spherically sym- 
metrical system: 

E=Q (13) 

;=D($+g) 
By substitution of (13) in (11) for r = a it 

0 < r < a, (3) follows that: 

with boundary conditions (6) and (7) _ ; Qq co’: qa Q sint2qa 
and initial condition c(r,O) = 1 by the > 
Laplace transform method. Introducing the 
notation : = PQ 

sini qa I k& sinL qa I i or: 

C(T,P) = m e-%(r,t) dt, q+@-sy) 

Eq. (8) becomes: 
~- ~ =- 

pE- l=D(E”+qi’) O<r<U, (10) ,.,,,-,,,Zl%:~s: ksln’qa’ ’ 

Q= 
ka 

p( [(D/da) - Dq2 - k] sinh qa - (Dq/d) cash qa 1. 

where c’ and c” are the first and second Q substituted in (13) gives for r = a: 

.T(a,p) = - 
k sinh qa 

~1 [(D/da) - Dq2 - kl sinh qa - (Dq/d) cash qa j + ;. 

derivatives to r of c(r,t), respectively. Equation (14) represents the Laplace 
Equation (6) becomes: transform of the concentration c at the 

D - --2’ surface of the sphere. By inversion of the 

d 
= pZ - 1 + ICE r = a. (11) Laplace transform it follows that: 

m 

c(a,t) = 2c(r,O) 
c 

(kad/D)emD@nzt 
a2d2fln4 + ~?&~[l + (3d/a) - (2kd2/D)] - (kad/D)[l - @ad/D)] (15) 

n=l 

Substituting C = u/r in Eq. (10) we in which Pn are the roots of: 
obtain: 

4 
pu - r = Du”. (12) tan a@ = 1 - (kad/D) + ad/-j2’ (16) 

The solution of (12) with Q = (p/D)l/* is: Equation (15) gives the concentration of 
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removable oxygen at the surface of the 
particle, t > 0. The amount of oxygen 9(t) 
present in the sphere at t > 0 is given by: 

4(t) = 6” 47r?c(~,t) dr. 

With Fick’s second law it follows that: 

(17) 

and with boundary condition (6) : 

4’(t) = -4ra”d st a,t 
0 

- 4aa2dkc(a,t). (18) 

By integration of Eq. (18) we obtain: 

fs=l-c&. 
, 

These relations are applicable to gas- 
solid reactions involving a chemical reac- 
Con step followed by internal diffusion of 
a reacting species through the lattice of the 
solid. Examples are the reduction of oxides 
by various gases, the reduction of chlorides 
by hydrogen, but also the isotopic exchange 
of oxides. For the latter process a rela- 
tion, similar to ours, was derived by 
Klier and Kui?era (G), valid for the case 
that oxygen in an oxide is exchanged 
with a given quantity of labeled gaseous 
oxygen. Our model would describe such 
exchange experiments if the concentration 

4(t) = %a2dc(r,0) 
c- 

kad/D 
a2dzPn4 + a2/3,,2[1 + 3(dja) - 2(kd2/D)] - (karl/D)[l - (kad/D)] 

n=l 

(&- l)e-"p.Q+A, 

in which A is a constant. Since at t = M, of the labeled oxygen in the gas phase was 
+(t) = 0, it follows that A = 0. At t = kept constant. 
0, $ (0) = 4/37ra”c(r,O). 

The degree of conversion f is defined as: EXPERIMENTAL PART 

f = 4(O) - q The apparatus, the experimental proce- 

cp(O) dures, and details on the preparation and 
properties of bismuth uranate have already 

and therefore: been given in our previous paper. 

,=l-$[&-l] 
n=1 

kad/D 
&l&4 + u2/3,‘[1 + 3(d/a) - 2(k@/D)] - (kud/D)[l - (hd/D)] e-oB”“t’ (“) 

Relation (19) represents the degree of 
conversion of the solid as a function of 
time. It can be solved numerically, provided 
that the values of k, a, d and D are avail- 
able. The values of the roots Pn of Eq. (16) 
can be found using t,he computer procedure 
known as REGULA FALSI. 

In a similar way the degree of reduction 
at. the surface can be found: 

RESULTS 

a. Phases Present in Reduced Ri,LrO,; 

Bismuth uranate was reduced in the 
pulse and in the flow systems. Partly re- 
duced samples were removed from the re- 
actor mlder N, and examined by X-ray dif- 
fract’ion. The only phases detectable were 
bismuth metal and BXO,. ,4 sample, 
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completely reduced by H, at 800°C for 
several hours consisted of bismuth metal 
and UO,. The changes in d-values of 
Bi,UO,, with increasing degree of reduction 
a were within experimental error. Bi metal 
was present in all samples, even in those 
with a degree of reduction of a mere 4%. 
The intensities of the bismuth lines in- 
creased with LY. It was established that 
some bismuth metal particles has a diam- 
eter as large as 10 to 50 pm. The conclusion 
was drawn that during reduction bismuth 
uranate disintegrates; metallic bismuth is 
separated and forms large conglomerates, 
while the remaining uranium oxide phase 
remains dispersed in the bismuth uranate 
lattice. 

b. Reduction Kinetics in the Pulse System 

When bismuth uranate is reduced in a 
pulse system, and the reaction rates are 
plotted against the degree of reduction, 
curves are obtained of which Fig. 1 is a 
t,ypical example. Three regions can be 
clearly distinguished. We already demon- 
strated (1) that the fast and nonselective 
oxidation in the A-region is due to the 
presence of a small percentage (2%) of a 
special kind of lattice oxygen that we called 
A-oxygen. In region B the reaction rates 
are independent of (Y (zero order in oxygen) 
and first order in toluene. The activation 
energy for the rate of reduction is 30 kcal 
mole-‘. 

c. Reduction. Kinetics in the Flow System, 

The results of a typical experiment are 
given in Fig, 2. A division into three defi- 
nite regions is now impossible. There is a 
continuing decrease in toluene conversion 
rate, while the rate of benzene formation 
has a maximum at higher degree of reduc- 
tion of the bulk than during pulse experi- 
ments. Regions with constant activity are 
absent. Furthermore, the reaction rates are 
considerably lower. The reproducibi1it.y of 
the flow experiments is not too good. This 
may be due to incomplete reoxidation of 
the bismuth uranate between the experi- 
mental runs. When bismuth uranate is 
strongly reduced, the bismuth metal 
formed fuses to large conglomerates which 
are difficult to reoxidize. As a result, the 
regenerated sample may still contain free 
bismuth metal or bismuth oxide, resulting 
in an error in the calculated degree of re- 
duction. Furthermore, incomplete reoxida- 
tion of Bi metal implies that the Bi/U 
ratio in the bismuth uranate has become 
smaller than 2, which affects the selectivity, 
as shown in (1). This effect is absent in the 
experiments carried out with the pulse sys- 
tem or the thermobalance, since in these 
systems we performed every run with a new 
sample of the same batch of bismuth 
uranate. 

A systematic decrease in activity or se- 
lectivity with the number of reaction cycles 

Benzene format~an 
I 

--._.._ 
I 
I 

A--- 
0 5 10 % 

FIG. 1. Iteact,ion rates as a function of the degree of reduction. 
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~VKll~S 

min 

0.5 

0 

FIG. 2. Reaction rates as a function of the degree of reduction of BillJO in t,he flow react,or. 

could not be observed. Although the form Figure 4 shows the influence of the 
of the curves of which Fig. 2 gives an ex- toluene concentration on the conversion 
ample is not straightforward, it appears rate of toluene. It is seen that the conver- 
that if the degree of reduction of the oxi- sion rate becomes zero order in toluene at 
dant is plotted against the square root of a mole fraction zT > 0.07. Figure 5 gives the 
the reaction time, a straight line is ob- rate of formation of benzene. The selectivi- 
tained (Fig. 3). ties are represented in Fig. 6. In Fig. 7 the 

All kinetic data to be discussed in the degree of reduction 01 has been plotted 
following were obtained at gas flows higher against the square root of the time for 
than ,40 cm3 min-I, where the influence of various toluene mole fractions. Straight 
the gas flow on the reaction rates is negli- lines passing through the origin are 
gible. Within the experimental error, no obtained. Thus it appears that Eq. (3) is 
influence on the reaction rates was ob- obeyed, indicating that under these condi- 
served when the particle size was reduced tions the chemical-reaction-plus-diffusion 
tenfold. model holds. 

0 0.10 0.20 0.30 

+c( 



OXII~STIVE DERIETHYLATIOZT OF TOLUENE 

0 5 10 

t: min : 

FIG. 3. I)egree of redtlction of bismllth Ixanate as a flulction of the square root of time; flow react,or. 

30 

wales 
min 

20 

10 

d(T) -- 
dt 

0 

--_ d XT = 0.022 

-._.. l 0.031 

-- 0 0.049 

0 0.076 

A 0.122 

0.50 g Bi2U06 470% 

0 . a 0.10 0.20 

FIG. 4. Rate of tohlene conversion as a function of the degree of reduction; flow reactor, 
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d(B) 
dt 

0.50 g Bi2UO6 470% 

= 0.022 

0.031 

0.049 

0.076 

0.122 

FIG. 5. Rate of benzene formation as a function of therdegree of reduction; flow reactor. 

WlLhin the experimental conditions the 
effect of the temperature on the selectivity 
is small. There is a slight tendency towards 
a higher selectivity at higher temperatures. 
The effect of the temperature is investi- 
gated in more detail in the thermobalance 
experiments. 

d. Reduction Kinetics in the 
Thermobalance 

Since the relations for -d (O)/dt are 
much less ambiguous than those for 
-d(T)/dt or d(B)/dt, we devoted particu- 
lar attention to the former reaction rate. To 

investigate -d (0) /dt, the thermobalance 
is more suited than the flow reactor system. 
The degree and the rate of reduction of 
Bi,UO, can be measured accurately and 
continuously, both at the high toluene con- 
centration required in the flow apparatus 
and at. the lower concentrations used during 
pulse experiments. Under the conditions 
ueed, no physical limitations occur, while 
also the adsorption of hydrocarbons or the 
formation of L’coke” appeared to be 
negligible. 

The effect of the toluene concentration is 
shown in Fig. 8. At toluene mole fractions 
of 0.0030 and 0.0055 three regions are dis- 
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0.50 g Bi2U06 4709 

0 

---- 0 XT = 0.022 

-.-.- 0 0.031 

-- 0 0.049 

0 0.076 

-A 0.122 

FIG. 6. Selectivity as a functjion of the degree of reduction of bismut,h uranate; flow reactor. 

tinguished just as during pulse experiments: 
a rapid decline in reduction rate at low CY 
resembling region A of the pulse experi- 
ment, followed by a region in which the 
rate remains constant, and a final region 
in which the rate declines once again. At 
XT > 0.02 the rate of oxygen depletion de- 
clines continuously, the curve with xT = 
0.0084 being an intermediate case. 

The curves of a plotted versus t1j2 are 
depicted in Fig. 9. Evidently the relation 
(Y = k tljs is obeyed up to 01 N 0.30 at 
higher toluene concentration, but at lower 
toluene mole fraction the expression holds 
good only to N = 0.10. 

The effect of the reaction temperature 
was studied at toluene mole fract.ions of 
0.0030 and 0.030. In Fig. 10 the rates are 
given as a function of T for the lower 
toluenr concentration. The three regions are 
clearly distinguished, and the region of 
constant activity appears to extend to a 
higher degree of reduction at the higher 
reaction temperature. At all temperature 
levels shown in Fig. 10 Eq. (3) holds for 

the lower toluene concentration up to (Y ‘v 
0.10 and for the higher concentration up to 
cr N 0.30. 

The effect of the specific surface area of 
the solid was studied at XT = 0.0030 only. 
Results are represented in Fig. 11. It is 
clear that the reaction rates in the constant 
activity region expressed per square meter 
of bismuth uranate surface area are ap- 
proximately equal, However, this region 
extends to (Y =0.40 with the samples having 
a high specific surface area, while it ends 
at about 0.12 with the sample having a low 
area. 

The results obtained for the reduction of 

TABLE 1 
REDUCTION OF BISMUTH URANATE HY TOLUE:NK 

UNDM FLOW CONDITIONS 

hlole 
fraction 

<0.005 

>0.02 

Degree of 
reduction 

(Y < 0.10 
(Y > 0.10 
a < 0.30 

Kinetic 
model 

01 = &l/Z 

a = kt 
a = &l/Z 
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0.15 

0.50 g B12UOs 470% 

FIG. 7. Degree of reduction of bismuth uranate as a function of the square root of time; flow reactor. 

bismuth uranate by toluene have been sum- 
marized in Table 1. 

e. Oxida.tion of Benzene 

The oxidation of benzene was studied to 
investigate the consecutive oxidation of 
benzene formed from toluene. Under pulse 
conditions the oxidation of benzene is negli- 
gible at CY > 27%. However, in the flow sys- 
tem the bismuth uranate behaves differ- 
ently, and some benzene is oxidized at a 
higher degree of reduction as well. Since 
the only reaction products are CO, and 
HZ0 the benzene reaction rate is always 

proportional to the rate of reduction of 
bismuth uranate. Therefore it is sufficient 
to investigate the latter reaction rate in the 
thermobalance. 

Figure 12 gives the degree of reduction 
as a function of P for a number of tem- 
peratures. Equation (3) is obeyed up to 
CY = 0.05. After that the reduction rate 
declines and at 01 > 0.10 a region follows 
in which 01 = k F2 + C. 

Our toluene oxidation experiments were 
carried out under differential conditions. 
Therefore, the consecutive oxidation of ben- 
zene may be neglected. However, the results 
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0 

mole fraction 0.086 

.O '0 20 30 
% 

FIG. 8. Reduction rates as a function of the degree of reduction; thermobalance. 

obtained for the oxidation of benzene indi- tion of bismuth uranate by toluene can be 
cate that the consecutive reactions must be visualized in the following way: 
taken into account when large conversions a. Under pulse conditions the small 
are used. quantity of oxygen removed during a pulse 

DISCUSSION 
can be replenished in the time interval be- 
tween the pulses. The oxygen diffusion does 

If we review our experiment,al data in not play a role in the reaction kinetics, and 
the light of the models derived, the reduc- the concentration of oxygen at the surface 

0.30 

~~ 

O**O- ~ 

/ 

455 % 

n 

0.10 i / 

XT = 0.0030 

0.0055 

0.0084 

0.0210 

0.0300 

0.0860 

0 10 
+t : min 4 

FIG. 9. Degree of reduct,ion as a function of the square root of time; t,hermobalance. 
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FIG. 10. Reduction rates as a funct.ion of the degree of reduction; thermobalance. 

is equal to or only slightly lower than in 
the bulk. First, the nonselective A-oxygen 
is rapidly consumed. Then the B-oxygen, 
participating in the more selective reaction, 
is removed, and Eq. (1) is operative. A 
region of constant activity (region B) is 
observed, under condit.ions where in the 
flow system and the thermobalance a con- 
tinuous decrease in activity is observed, 
with much lower reaction rates than in the 
pulse system. Thus the kinetics in this 
region B of the pulse experiments are those 
of the chemical reaction at the surface and 
are unaffected by the diffusion. When the 
surface oxygen concentration has decreased 
too much, Eq. (1) loses its applicability 
and the reaction rates decline (region C) . 

b. Under continuous flow conditions at 
low toluene concentration, the rate of diffu- 
sion is of the same order of magnitude as 
the chemical reaction rat,e. After removal 
of the A-oxygen, which follows Eq. (3), the 
activity is constant [Eq. (I) 1. Eventually, 
the oxygen concentration becomes too low, 
and the observed rate of reaction declines. 
When the temperature is increased, the 
oxygen diffusion is accelerated more rapidly 
than the chemical reaction, which explains 
why the region of constant activity extends 
further at the higher temperature. 

c. Under flow conditions at high toluene 
concentration the chemical reaction is en- 

hanced, and now the diffusion rate enters 
the picture. Equation (1) holds no longer, 
and the chemical-reaction-plus-diffusion 
model becomes operative [Eq. (3) 1. The 
concentration of oxygen at the surface is 
considerably lowered, and the reaction rate 
declines continuously. If we assume that 
the diffusion of the A-oxygen through the 
lattice is slower than that of the B-oxygen, 
although the former reacts more rapidly, 
we can also understand why at high toluene 
concentration, i.e., in the diffusion con- 
trolled regime, a definite A-region cannot 
be observed. Then the A-oxygen is con- 
sumed more slowly than the B-oxygen, and 
the regions A and B overlap. On the other 
hand, at low toluene concentration the rate 
of reduction of these A-oxygen atoms also 
follow the chemical-reaction-plus-diffusion 
model [Eq. (3) 1. When the particle size of 
the crystallites is reduced by using a bis- 
muth uranate having a higher specific sur- 
face area, the region of constant activity 
extends up to a higher value of LY, which 
is not surprising since now the oxygen 
atoms have to move a shorter distance to 
the surface, and the diffusion plays a minor 
role in the process. 

With the above results, it should be pos- 
sible to calculate the value of D for the 
two types of oxygen. The most accurate 
value is obtained by using Eq. (19). To fit 



OXIDATIVE DEMETHYLATION OF TOLUENE 161 



STEENHOF DE JONG, GUFFENS AND VAN DER BAAN 162 

0.30 

0.20 

i 

0.10 

O- 

0 2 4 6 

tf min 4 

I 

-I 

FIG. 12. Degree of reduction of bismuth uranate 
as a function of the square root of time; thermo- 
balance. 

this equation to the experimental data, four 
variables must be known, viz, the chemical 
reaction rate constant k, the particle radius 
a, the diffusion coefficient D and the thick- 
ness of the surface layer d. It is evident 
that with four variables a great number of 
experimental curves can be simulated. 
Therefore it is essential to estimate the 
parameters beforehand, preferably from 
other sources. Since under flow conditions 
at toluene mole fractions higher than 0.02 
the reduction of bismuth uranate follows 
relation (3) (Figs. 3, 7, and 9) we used the 
procedure described by Batist et al. (5) in 
order to find provisional values of Ic and D 
for the B-oxygen. In our case the constant 

A proved to be too small to determine k 
accurately. 

The diffusion coefficient which follows 
from B in Eq. (3) is 0.5 X lo-*O m2 set-l 
at 473°C. The energy of activation for the 
diffusion coefficient as determined from Eq. 
(3) follows from Fig. 3 (circles) and has 
a value of 63 kcal mole-l. The average 
crystallite radius is 15OK. For the layer 
thickness d we chose a value of 5 K, this 
being the smallest cell parameter of Bi,UO,. 

With these values for a, d and D we 
calculated the degree of conversion f as a 
function of the time t for various values of 
k with Eq. (19). The final values of k, a, 
d and D were obtained by an iterative 
method. In Fig. 14 some experimental 
curves are given together with the cal- 
culated points. Agreement is excellent. It 
can be seen that at low f the simulated 
curve hardly deviates from the relation 
f = ICY. The energy of activation for D 
as obtained from the best fit is 63 kcal 
mole-l (Fig. 13, dots). 

The particle radius a and the surface 
layer thickness d that we used in our simu- 
lations are not known exactly. For that 
reason we also tried to fit the experimental 
curve with other values of a and d. It ap- 
peared that when d is increased at constant 
a and D, the rate constant k has to be 
reduced. The particle radius a and the dif- 
fusion coefficient D are related similarly. 
The model is much more sensitive to 
changes in a or D than in k or d. However, 
with a = 2OOK we again obtained for D 
an energy of activation of 63 kcal mole-l. 
The fact that at higher toluene concentra- 
tions co, changes in this concentration have 
little effect on the overall reaction rate (as 
follows from Figs. 7 and 10) is in agree- 
ment with the observation that changes in 
k, which is proportional to co, hardly in- 
fluences the simulated curve. 

It must be noted that the reduction of 
Bi,UO, follows Eqs. (3) and (19) in spite 
of the fact that the process is actually the 
sum of a nonselective and a selective reac- 
tion, while the ratio between these reac- 
tions varies with time. For the reduction 
rate it appears to be unimportant whether 
an oxygen atom reacts selectively or not, 
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FIG. 13. Arrheniw plot. for t.he diffusion coefficient of oxygen in bismuth uranate. 

although in t,he latter case far less toluene models is reasonably good as long as the 
will be converted per atom of oxygen. Let degree of conversion remains low. Further- 
us now compare the results as obtained with more, the same energy of activation for D 
Eqs. (2)) (3) and (19). Except for very low is found. 
values of f, Eq. (2) yields the same curve With these relations we also determined 
as Eq. (3). In Fig. 15 one of the experi- the diffusion coefficient of the A-site oxy- 
mental curves (solid line) is plotted against gen: (a) from toluene oxidation experi- 
tl/*, toget.hcr with the data simulated ac- ments; toluene mole fraction 0.0030; (b) 
cording to Eq. (2) with I) = 3.4 X lo-*” m2 from benzene oxidation experiments at a < 
XX-~ (dots), to Eq. (19) with D = 3.4 X 55%; benzene mole fraction 0.0307. At 
10 20 (circles) and to Eq. (2) with D = 47O”C, D is 3 X 10mZ2 m2 set-I. The activa- 
1.6 x 10mzo (triangles). Apart from the fact tion energy is 26 kcal mole-l in both cases. 
that the use of Eq. (2) results in a lower When the activat’ion energy of IJ was de- 
value of D than Eq. (19)) as was already termined from benzene oxidation runs at 
noted, the agreement between the two high CY, 63 kcal mole1 was found, just, as in 

According to: 

a-.-- q. (19) 

o- q.(3) 
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FIG. 14. Reduction of bismuth uranate; comparison between simulated and experimental data. 

. -._._ E¶. (321, D = 3.4.1o*D 

0 -?.(53), D = 3.4.1ti2' 

A --__ eq. (321, U = 1.G.1ti2' 
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Fro. 15. ReducGon of bismuth urana.te; comparison between experimental and simulated dat,a. 
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FIG. 16. Calculated degree of surface conversion as a function of the degree of bulk conversion. 

the toluene oxidation experiments. This il- 
lustrates that indeed two kinds of lattice 
oxygen exist, the reactive ,4-type with low 
D, and the less reactive but more selective 
B-type with high D and a high energy of 
activation for D. 

The concept of two types of oxygen has 
also been brought forward by Grasselli and 
Sure& (rj for the antimony/uranium oxide 
catalyst, and by Boreskov, Ven’yaminov 
and Pankrat’ev (8) for the iron/antimony 
oxide catalyst. During reduction in a pulse 
system t.he latter catalyst. behaves similarly 
t.o bismuth uranate. Boreskov, Ven’yaminov 
and Pankrat’ev attribute this to the pres- 
ence of a surface layer of nonselective oxy- 
gen. Grassclli and Suresh found that their 
catalyst contains 0.65% of selective oxygen, 
further rcduct’ion leading to total combus- 
tion of the reductant. He states that one of 
the four types of oxygen of the unit cell is 
responsible for the selective oxidation; 
however, this cannot be brought into agree- 
ment, with the unit cell he proposes. 

Our experiments clearly indicate that the 
h-oxygen in bismuth uranate is a special 

kind of lattice oxygen. As with Grasselli 
and Suresh, the quantity is too small to 
correspond to a special position in the unit 
cell. A possibility is that bismuth and anti- 
mony uranates have so-called shear struc- 
tures (9). This means that the lattice is 
built up from blocks consisting of a small 
number of unit cells, regularly divided by 
shear planes. The oxygen atoms in these 
planes have a coordination different from 
that in the blocks and therefore may ex- 
hibit different oxidat’ion properties and dif- 
fusion cocffic.ients. Since it. seemed very 
interesting to compare the reduction ki- 
netics of bismuth uranate and antimony 
uranate, WC briefly studied the latter 
catalyst as well. It was found that when 
Sb/T! is reduced under the same conditions 
as described above, first about 0.5’7% of the 
available oxygen is removed. This process 
proceeds very rapidly, and is followed by 
a much slower reduction obeying Eq. (1 j 
Apparently the ratio of chemical reaction 
rate to oxygen diffusion rate is high for the 
A-oxygen, and low for t,he remaining B- 
oxygen. Thus we were unable to determine 
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the diffusion coefficient for the two types of 
oxygen. 

It was shown in Figs. 1 and 6 that the 
selectivity, i.e., the number of moles of ben- 
zene formed per mole of toluene converted, 
is a function of (Y. In pulse experiments 
there is a rapid and unselective oxidation 
at a < 0.02, attributed to A-oxygen, fol- 
lowed by a region in which the selectivity 
is about 70% up to (Y = 0.10. Thereafter 
the selectivity again declines. Under pulse 
conditions abulk = as,lrface, so that evidently 
the selectivity has a maximum bet,ween 2 
and 10% of surface reduction. No pulse 
experiment’s were carried out at, CY > 12%. 
In the flow system the selectivity at the 
very beginning of the process is higher than 
that in the pulse system, but it rises more 
slowly, and attains its maximum only at 
(Y = 0.10 (Fig. 6). If we now realize that in 
the flow reactor the degree of reduction of 
the bismuth uranate surface is greater than 
the overall degree of reduction, we see that 
the maximum selectivity under flow condi- 
tions corresponds to a much higher surface 
N than in the pulse system. The degree of 
surface conversion as a function of the 
degree of bulk conversion was calculated 
according to Eq. (20)) and the results are 
shown in Fig. 16. It follows that faurface 
differs considerably from f. At high toluene 
concentrations fsurfnce already has a value 
of at least la%, while f is a mere 1%. This 
proves that the selective region found under 
pulse conditions occurs at such very low 
levels of bulk reduction in the flow system 
that it will not be found in flow experi- 
ments. Instead, the degree of reduction at 

which the maximum selectivity was found 
in the flow system corresponds to 28% of 
surface reduction. Apparently the selectiv- 
ity has another maximum at this value of 
fSI1,.fiLCP. The high degree of surface reduc- 
tion under flow conditions also explains why 
the reaction rates in this system are sub- 
stantially lower than in the pulse system 
under identical conditions. 

ACKNOWLENMENTS 

Thanks are due to Mr. M. G. M. Steijns, for 
carrying out a considerable part of the experi- 
mental work, and to Mr. J. J. A. M. Brands 
and Dr. G. J. Viseer for their help with the 
mathematical derivations and the computer 
programming. 

REFERENCES 

1. STEENHOF DE JONG, J. G., GUFFENS, C. H. E., 
AND VAN DER BAAN, H. S., J. Catal. 26, 401 
(1972). 

2. LEVENSPIEL, O., ‘Chemical Reaction Engineer- 
ing.” Wiley, New York, 1962. 

3. MASSOTH, F. E., AND SCARPIELM, D. A., J. Catal. 
21, 225 (1971). 

4. SETH, B. B. L., AND Ross, H. U., Trans. AIME 
233, 180 (1965). 

5. BATIST, P. A., KAPTEIJNS, C. J., LIPPENS, B. C., 
AND SCHUIT, G. C. A., J. Catal. 7, 33 (1967). 

6. KLIER, K., AND KUCERA, E., J. Phys. Chem. 
Solids 27, 1087 (1966). 

7. GRASSELLI, R. K., AND SURESH, D. D., J. Catal. 
25, 273 (1972). 

8. BORESKOV, G. K., VEN’YAMINOV, S. A., AND 
PANKRAT’EV, Y., Doklady Chew 196, 55 
(1971). 

9. WADSLEY, A. D., AND ANDERSSON, S.> “Perspec- 
tives in Structural Chemistry,” Vol. 3. Wiley, 
New York, 1970. 


