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Activity-structure relationships have been studied in the low temperature liquid phase cumene oxidation over Fe-O/Zr&, 
Fe-O/TiO? and Fe-0/A1203 complex oxides obtained by sol-gel methods. The study has been carried out by the measurements 
of overall kinetics, product distribution and by X-ray diffraction and MCissbauer spectroscopic methods. Kinetic study in the 
presence of homogeneous initiator (azo-bis-diazobutyrorkile) has led to the conclusion that the active surface of complex 
oxides participates in chain initiation most probably via R--H bond rupture. Three groups of complex oxides are described: ( 1) 
two-phase polycrystalline zirconia-based catalysts showing high activity at low iron loading; (2) one-phase pokrystalline 
zirconia- and titania-based catalysts exhibiting either activity drop at some critical iron content (zirconia) or monotonic activity 
dependence (Mania) on iron loading; (3) amorphous alumina-based catalysts containing y-fenic oxide clusters and showing 
monotone activity dependence. Electronically excited terminal Fe=0 groups related to the surface FeO, polyhedra and iron- 
containing species located at the interface have been suggested as active centers acquiring the anion-radical behavior. When 
comparing thermodynamically stable titania (anatase) with metastable one-phase zirconia (cubic or tetragonal) as host matrices, 
the suggestion was introduced that greater activity of zirconia-based catalysts is due to more energy transfer from the host matrix 
to the particular active center. 
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ously. The study of structure-activity relation- 
3 complex oxides in low 

temperature hexadecane oxidation has led to the 
conclusion that active catalysts were composed of 
substituted y-alumina and small y-ferric oxide 
clusters [4] while the overall rate of hexadecane 
oxidation increased with an increase in the relative 
content of magnetic clusters. The electronically 
excited terminal oxygen of the spine1 clusters pos- 
sessing anion-radical properties was suggested as 
the active center partaking in free radical genera- 
ion, most probably via breakage of R- 
nch.tsion of nonmagnetic Al’+ ions in 

ferric oxide lattice reduced the amount of terminal 
Fe=0 groups and overall catalytic activity. 

The present work deals with low temperature 
cumene oxidation over the surfaces of Fe-O/ 

oxides, obtained 
kinetics and product distribution in the presence 
of ho eous initiator (azo-bis-diazobutyron- 
itrile, ) and catalysts were studied in order 
to elucidate the role of complex oxides in the reac- 
tion mechanism. Activity-structure relationships 
were obtained by ki c measurements, X-ray 
diffraction and spct.Sroscopic 
methods. 

2. i. initiai muierids 

Ai? oxidizing gas (air) was purified by 
through a molecular sieve trap kept at 77 
purification oi cumene from peroxides and chem- 
ical stabilizers was carried out as described in the 

paper [ 5 1. Chlorobenzene (Aldrich, 
9 99.9% purity 1, was used as the solvent for 

the oxidation re ’ n. Acetyhcetohe, the SO~WYI, 

acac )S, was suLjected to mul- 
mogeneous initiator azo-bis- 

diazobutyro~itri~e (9~98% put+ ;y, GLC ) , was 

carefully purified by successive oouble recrysial- 
hzation from ethanol and benze, e. 

2.2. Catalyst preparation 

Fe-O/Zr@ (catalysts 
) and Fe-O/Al@ 

were obtained by hydrolysis of Zr(Q’Pr),, 
Q”Bu)~ and Al( 0’Pr)3 in benzene solution 

containing different amounts of iron acetylaceton- 
ate [ 61. Fe( acac), was prepared by electrochem- 
ical anodic dissolution of metallic Fe in 
acetylacetone [ 71. The ratio Fe( acac),/M( OR)., 
(M = Zr, Ti, Al; x= 3, 4) in gel-precursors was 
varied in order to obtain s with 

iron loading. Catalysts and 
obtained by annealing the gel-precursors at 5OO”C, 
5 h. and contained 0.2, 0.5,0.7, 1.5, 2.3, 3.2, 7.8 
and 1 I .8 wt.% Fe ( -1);0.5, 1.0,2.0,5.Oand 10.0 
wt.% Fe ( and 1.0, 2.3, 6.3, 13.6 and 20.0 
wt.% Fe ( respectively. Zirconia-based cat- 

-2 were’prepared by calcination at 500°C 
g&precursors produced by hydrolysis of 

ZrOCl, and Fe( N03) 3 - 8 [ 8,9]. Catalysts 

contained 0.5,0.7, 1 .O and 

Ail synthesized catalysts wdre dispersed pow- 
ders with granulometric size 5-50 ,s. Elemental 
analysis of the catalysts was carried out using a 
Perkm Eimer spectrometer AS-460. The V&U oi; 

specific surface area were obtained by BET meas- 
urements with benzene as an absorbate DRQN- 
3 14 and Philips PW 1700 devices with filtered 
CuK,, radiation were used for X-ray diffraction 
analysis. The average size of microcrystallites was 
estimated from the half-vidth of the diffraction 
peaks usrng the Scherrer eyuaiiou i ioj. The 

Mkissbarler spectra we*e recorizd on an etectro- 
dynamic type of eqipment with “‘Co in chro- 
mium as a source. IIsorner shifts (IS) are reported 
relative to cu-Fe at rooih tempera . The spectra 
were co~~p~t~r-analyzed using common fit 
procedure for a series of ~~re~tia~s [4]. 
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2.4. Catalytic experiments 

Liquid phase cumene oxidation in the presence 
of AIBN and complex oxides was carried out at 
T== 90 + 0. I”@, atmospheric pressure in a mano- 
metric, closed, temperature-controlled gasometric 
device with a magnetic stirrer. No ‘blank’ reaction 
was observed in the absence of initiator or catalyst. 
The distinctive feature of the device used is thin- 
walled capillaries (dim = 8.3-0.4 mm) as rate con- 
trolling measuring elements and capacity 
compensator whose volume is less than 20 times 
greater than that of a glass reactor. The O2 uptake 
was measured in a calibrated gas burette. Specially 
purified n-decane was used as manometric liquid. 
Reaction volume, cumenelsxygen ratio an 
amount of powdered catalyst were 6 ml, 1/ 10 and 
0.02 g, respectively. The overall rate of oxygen 
uptake was evaluated from the slope of second 
quasi-linear part of the S-like kinetic curve ]4]. 
Each measured rate was the mean value from at 
least tbree runs. Qther experiments showed that 
the oxidation rzte was independent of the mixing 
rate. The sensitivity of oxidation rate measure- 
ment was - lo-’ mol/l - s. Kinetic measurements 
were performed at cumene conversion not exceed- 
ing l-2%. 

2.5. Reuction products 

The products ofthe reaction were 
from chlorobenzene and then analyzed chromat- 
ographically on a C -5 thermoprogramm- 
able device supplied with fame-i~~izati~~ 
detector and 6% polyethylene glycol sebacinate 
on zeolite 545 packed * a glass column (l= 3 m, 
d=0.3 mm) [ 111. E analysis was conducted 
at cumene conversion not less tkan 10-I 2%. 

3. I. Kinetic study 

Fig. I presents kinetic data of oxygen uptake in 
the presence of hetercgeneous initiators (catalysts 

and csntaining 5 wt.% Fe) or 
omogeneous ini r ( AIBN). We suggest that 

the stages of heterogeneous and homogeneous 
chain initiation proceed by the reactions ( 1) an 

(2) 

respectively. The stages of chain 
branching and termination are realiz 
uid phase, i.e. homogeneously: 

1 

Q 5 -to 15 act 25 

Tl 

Fig. I. Kinetic data on cumene oxidation ,,, L1.C in +* presence of heterogeneous initiators+omplex oxides (5 wt.9 Fe) and homogeneous initiator 

AIBN ~5~10~Zmol/l) at T=90°C.P=0.1 MPa. (I) Fe-O/TiQ,, (2) Fc-O/ZrOz (I-2). (3) Fe-O/Zr(P? (I-i). (4) Fe-0/Al@~. (5) AIBN. 
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(3) 

(4) 

(5) 

* and RO; are hydrocarbon, alkyd and 
peroxide radicals, respectively. For th 
mination effected by (51, small value 
high concentra+‘-- * rl~ll iJf diSStilV& CXjigtX Gid :Oiig 

chains, the ov&ralI oxidation rates in the presence 
of only catalysts ( Vv,,,) or AIBN ( Who,) are 

he, = \j? y.’ . k4 . k, o.s , [ 

and 

(7) 

ous presence of cat- 
te of oxygen uptake 

(8) 

c t iL11 + tet PS (9) 

The results presented in Table I confirm that 

an active surface of complex oxides participates 
mainly in chain initiation most 
bond rupture just as it takes place over an active 

Table 1 
The overall rates of cumene oxidation measured in the presence of 

heterogeneous initiators-catalysts n 

Data AIBN I-l 1-2 11x 

Fe, wt.% Fe, wt.% Fc. wt.% 

OS 5 5 2.3 6.3 

W h‘ml 16.2 - - 

Wk., 13.4 10.0 8.3 13.6 13.1 
WXlqll - 20.0 18.5 20. I 22.0 19.5 

W,IL,,\ ) - 21 .o 19.0 18.2 21.X 21.Y 
--P._ 

-1. I-2). Fe-O/A&O3 (III) (W,,,,. IOh mol/l.s), 
homsgeneous initiator= AIBN ( WI,,,,, IO” mol/l . s: or in the simul- 

Gmeous presence of catalyst and AlBN ( Wx,rxpb. 10” mol/l s); 
T=91 c. [RHl = 1.2 mol/l. [AEN] ==S. IO-.’ molll. The values 

(If W LC iCj are the overall rates of Lumene oxidation calculated by 
‘Eq. ( IO). 

surface of simple oxides 
formed on the catalyst su 
liquid phase and take part in chain propagation, 
termination, etc. l’his explanation seems to be 
borne out by the data on product distribution dis- 
cussed below. 

3.2. Activity-structure relationships 

Table 2 presents the data on iron content, spe- 
cific surface area (S,,)) catalyst structure, overall 
activity over the crystalline samples ( Whet) and 
reduced activity of crystalline samples (A) nor- 
malized by total surface area. Independent of prep- 
aration, unloaded ZrO, is inactive in hydrocarbon 
oxidation, whiie surfaces of TiC& and Al& 
exhibit small activation. Iron-loaded systems 
show peculiar behavior. 

Consider catalysts I. Unloaded polycrystal- 
line ZrO, is a hete eneous composition of 
tetragonal and monoclinic crystals with unit cell 
parameters a = 0.506 nm, c =0.515 nm and 
~1=0.515 urn, b=0.530 nm, c=O.531 nm, 
8= 99” 23’ respectively, which are close to table 
values [ i 21. Loading of 0.2-0.7 wt.% Fe dramat- 

hanges the zirconia structure. Thus, at 0.5 
the catalyst is 90% cubic (a = 0.509 nm) 

am temperature iiss- 
oublet of high-spin octa- 

sites (IS = O.,?? f !I03 EE/C, 
= 1 .OO &IO.03 mm/s and I’= 0.75 mm/s), in 

w hich significant line broadening indicates the 
dispersion in local electronic parameters. Thus, a 
small amount of iron facilitates cubic phase for- 
[nation but the zirconia-based catalyst is still het- 
erogeneous. The high catalytic ability of the 
sample seems to be due to the presence of iron- 
containing specimens (e.g. distorted Fe& poly- 
hedra) located in the vicinity of the interface, 

Inclusion of 1.5 alid 2.3 wt.% Fe causes the 
striking effect of one+hase cubic zirconia for- 

mean values of unit cell parameter 
= 0.507 nm and (a> - 23-25 

6ssbauer data indicate that the 
(IS = 0.36 + 0.03 
m/s and r==O,55 m 
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Table 2 

IrOn content, specific surface area (S,,), structure, overall ( W,,,) 
and reduced activity (A) of Fe-OIZrO, (I- 1, B-2), Fe-O/TQ (II) 
and Fe-O/AI,OJ (III) catalysts in cumene oxidation 

Catalyst Iron ,C,r Structure Experimental A ’ 
content rate 
wt.% m’lg w,,, * 1 O6 

mol/l.s 

FeO/ZrO? 0 

(I-1) 
0.2 

0.5 

0.7 

1.5 
2.3 
3.1 
5.0 
7.0 

11.7 

FeO/ZrQ 0 

(T-2) 
0.5 

0.7 

I .o 
5.0 

FeO/TiOz O 
0.5 

1.0 
2.0 
5.0 

10.0 

FeO/AI,O> 0 
1.0 

2.3 
6.3 

13.4 
20.0 

24 tetragon. 
monocl. 

24 cubic 0.4 
monocl. 
0.6 

24 cubic 0.9 
monocl. 
0.1 

24 cubic 0.95 
monocl. 
0.05 

24 cubic 
24 cubrc 
24 cubic 
22 cubic 
20 cubic 
18 amorph. 

15 monocl. 
tetragon. 

15 monocl. 
0.7 
tetragon. 
0.3 

I5 monocl. 
0.7 
tetragon. 
0.3 

I5 tetragon. 
I5 tetragon. 

64 tetragon. 
64 tetragoc. 
64 tetragon. 

64 tetragon. 
60 tetragon. 
55 tetragon. 

300 y-A1203 
3OO amorph. 
300 amorph. 
295 amorph. 
29’1 amorph. 
2yj amorph. 

0 

7.3 

0 

0.54 

13.4 1 

9.2 0.69 

0 0 
0 0 
5.6 0.42 

10.0 0.82 
9.4 0.84 
5.0 - 

0 0 

7.3 1.1 

6.; 0.9 

O 

8.3 

2.6 

2.9 
3.1 
4.7 

6.5 
6.0 

5.7 
6.6 

13.6 

13.7 
14.2 
14.5 

(1 

0.9 

0.07 

0.08 
0.09 
0.13 
0.19 

0.20 

0.01 
- 

._ 
. 
:, 1 = 
-- 

a Overall activity normalized by total surface area, in relative units. 
’ Estimated value (see text). 

charactetized by narrower distribution in local 
eEectr0mic parameters compared lo the samples 

with 0.2-0.7 wt.% of iron T 
are inactive in cumene 0 
be explained that Zr4+ io 
Fe” + ions in prc-surface 1 
occupy surface positions. At furtber iron loading 
zirconia-based catalysts remain cubic but s 
ever growing crystallinity loss. Thus, at 5 wt.% 

e value of the mean crystal size is (d) = 9- 
10 nm. The indexes Whet increase, reac!-&g mlax- 
imum values at 5-7 wt.% Fe 
data suggest that iron ions 

s of zirconia crystallites re.stricting 
1. 

At maximum iron 1 ding (Fe= 11.7 wt.%) 
zirconia-based catalyst 1 becomes X-ray amor- 
phous and overall activity decreases. According 
to magnetic data 163, the catalyst contains mag- 
netic clusters. Thus, if one compares activity of 
this sample with that of other catalysts 
should normalize an overall activity not by total 
surface area but the area of ferric o:Gde clusters 

141. 
Except for similarity between catalysts 

-2 (heterogeneity, concentration depend 
activity, etc.) the difference in phase composition 
is of significance. Initial sample I-2 is mainly 
monoclinic (a = 0.5 1.5 ram, b = 0.520 nm, 
c=O.532 nm, 8=99’ 23’) and contains a small 
amount of tetragonal structure. IIntroduction of 
0.5-0.7 wt.% Fe causes 70% monochnic and 30% 
tetragonal (a =0.509 nm, c = 0.518 nm) phase 
composition, This is accompanied by a significant 
activity increase. Octahedral complex of high- 
spin Fe3+ shows parameters I[$ = 0.39 _L 0.03 
mm/s, QS =0.58 +0.03 and r=O.78 mm/s. At 
some critical iron loading (ca. 1 .O wt.% Fe) zir- 
coma beco_mes one-phase; tetragonal (a = 0.509 
urn, c = 0.5 I8 nm) and completely inactive. Two 
-, ‘, O6 polyhedra with parameters of high-spin 
IQ + 1S( 1) =0.3410.03 tlliN/S, 

QS( 1) = 0.68 + 0.03 mm/s, r( 1) = 0.50 rl: 0.03 
IIlrn s 

qS:2) = I” 
k§l(I!) =0.35*0.03 

10.03 mm/s, r(2) = 
s bave relative content 7 1% and 29%, respec- 
. Furtber iron loading preserves t 



increases. Parameters of unique Fe& take values 
I”: ~0.38 20.03 mm/s, QS- 1.01 kO.03 mm/s 
and F= 0.46 + 0.03 mm/s. 

Ur.loaded Ti@t posse.,__., ccpc tetragonal strwture 

(anatase, a = 0.376 nm, c = O.Q43 n 
its a small oxidation rate. The indexes 
increase with iron loading reachi 
- 5 wt.% Fe. Each iron-containing sample pre- 
serves the anatase structure and contains two Fe& 
polyhedra of high spin Fe3 + ( IS ( 1) = 0.35 1- 0.03 

S( 1) =O.85 kO.03 mm/s, 

nia-based samples, the mean crystal size oftitania- 
based catalysts decreases with iron loading. In 
fact, samples with 0.5 and 1 wt.% Fe show mean 
crystal size (d) = B 5-20 n and 7-9 nm, respec- 
tively. One can see from Table 2 that normalized 
activities of titania-based catalysts, calculated per 
total surface area, are 3-4 times smaller than that 
of zirconia-based samples. This fact indicates sur- 
face and structure sensitivity of the reaction of 
liquid phase cumeae oxi ation. It should 
that according to magneti susceptibility meas- 
urements taken at 77-300 , all crystallize cata- 
lysts exhibit ‘paramagnetic’ behavior obeyin 
Curie-Weiss law with a negative Weiss constant, 
0, which absolute indexes increase with iron Boad- 
ing [4,6]. Thus, activity of crystalline complex 
oxides may be connected with “paramagnetic’ 

‘+ sites entering surface or pre-surface layers 
forming, most probably, dimers and trimers 

with dipoL=dipole exchange interaction. How- 
ever, ferric ions seem stil: to be not iirvdved in 
magnetic superexchange interaction. 

Although amorphous y-P&Q posses 
ligible activity, X-ray amor@10~ lFeO/A 

dtly~ts, composed of spinel, Fe.,Alz _.rOZ, a 
y-ferric oxide clus 

the sampte with 20 wt.% Fe ;md total sdrfax aher? 

of magrretic clusters S = D-30 m*/g [4] gives 

Table 3 
Product dktrihution in liquid phase cumene oxidation 

Initiator, Reaction products, relative units ( 5~ 1%) 

catalyst RCOR’ * KCOH ‘I RCOOH * 

AlBN 28 
Fe-OIZQ (B-2) 28 
ye-O/TiO? 20 

Fe-OIALO, 2x 

51 13 
60 IO 
65 4 

57 s 

T=90 C: cumene conversion IO-12%. Fe=.5 wt.%. 
il RCOR’ = acetophenone: RCOH = phenyl carbinol: 
RCQOH = cl:mene hydropemxide. Other products rest& from com- 

plete oxidation. 

A > 1, whit is one of the hig 

(Table 2). 
Table 3 presents typical data on product distti- 

bution. One can see, that main reac 
are the same in the presence of AI 

ces. The significant decrease in the 
t of cumene hydroperoxide and cor- 

responding increase in phenylcarbinol yield, 
which occur over catalyst surface, may indicate 

osition of cumene hydroperoxide 
involving h0molgitiC scission of an oxygen to 
hydrogen bond. Thus, the overall mecka lism of 
the reaction of liquid phase cumcne oxidatjon does 

elude homogeneogrs-heterogeneous stages. 

Experimental results clearly indicate that the 
ility of complex oxides in liquid phase 
dation is determined by the presence 

of iron-containing surface centers. Qne can sug- 
gest and discuss at least two types of surface active 
centers related to FcC& polyhedron. The first 
active center is an oxygen of a termr.qal Fe=0 
group acquiring anion-radical behavior upon elec- 
tronic excitation, ht fact, the probability for 
radiationless transitions in b polyhedra of 
complex oxides (w e = Cr, V, Fe, Co, etc.) 
[4,13-151 is due 
curves for ground and lowest excited st 

ssible to suggest the rever 
nation’: i.e. 1 Ittice-induc 



excitation of a definite surface group. Electronic 
excitation of terminal oxygen may be treated as a 
‘thermal’ exchange process deriving from energy 
transfer from the lattice to the particular Fe=0 
surface group. The shift in the electron density 
from O2 - to Fe3 + , because of excitation, ensures 

the anion-radical property of surface oxygen. The 
second active center is interfacial defects of cata- 
lyst structure connected to the iron-containing 
specimens which are responsible for the high 
activity of Fe-O/ZrO, system at low iron loading 
( N 0.5 wt.% Fe). Terminal Fe=0 groups seem to 
play an important role in iron-containing one- 
phase zirconia and titania catalysts. The fact that 
metastable zirconia (cubic or tetragonal) carrying 
an excess of lattice energy shows greater catalytic 
ability than thermodynamically stable titania 
( anatase) , seems to testify to more energy tra:dsfer 
from Zr02 host matrix to a specific Fe=0 gro 
This phenomenon demonstrates the effect of 

(Fe-O j- support interaction. 
The participation of both centers in heteroge- 

neous activation may be expressed by the follow- 
ing scheme: 
Flc -CP- F&--O--- 

II + I-IR-- i t RB 

M*?L M 

(11) 

with the stage of active center regeneration as: 
Fe--O-II FC!==a 

I \ +RCXDH (ROH) 

1M 

(12) 

As to decomposition of cumene hydroperoxide 

over the catalyst surface (Table 3). it may take 
place on an active center [ 161: 

Fe--O*- Fg_ S---OH 

# + ROOII--> I t I 

IvI 

(13) 

followed by chain propagation: 

( 14) 

Thus, iron-containing zirconia-, titania- and 
alumina-based complex oxides, obtaine 
gel methods. show considcrabIe activity and struc- 
ture sensitivity in liquid phase cumene oxidation. 
Therefore this reaction can be used as a sensitive 
tool to study the peculiarities of complex oxide 
structure. 
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