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Hyd rated iron(lll) oxides were obtained by di sco ntinuolls precipitation of an iron(f1 ) sulfate 
solution with aqueous a mmonium - sat u rated wi th carbon dioxith: to dilferent CO 2 / NH] 
ratios. An additional thermal treatment of these oxides, Linder dilferent co nditions, pro vided 
ge ne tic seq uences of intermediates a nd their final products - cata lysts on a FeZO J / K 20 basis, 
with different promoters. The catalysts were studied by means of the microstru c tura l analysis, 
thermogravimetry, DTA, lR spectroscopy and further tested by the dehydrogenation of cthyl­
benzene to styrene. It was observed that by changing th e CO 2 / NH J ratio in the prec ipitation 
of the initi a l solutions one can influence so me of the properties, as well as, the nhlrphology and 
thermal stability of the initial intermediates of the preparation o f the ca talysts. The above men­
tioned properties become practica lly unified wi th the increasing number of the hea t treatment 
operations, with all the investigated catalysts - with the exception of the catalysts' behaviour 
during their reduction with hydrogen. The prese nce of iron oxides in various valency sta tes and 
the different phase composition of the catalysts during their reduction affect the final ac tivity a nd 

se lec tivity of the catalyst in the reaction under the st udy. 

The present industrial production of styrene is based on the gas phase ca ta lytica l dehydro­
genation of ethylben zene, which is carried out in the presence of overheated water vapour­
reducing the pa rtial pressures of the reaction componen ts, sup pl ying the necessary hea t to the 
sys tem and shifting the equilibrium in favour of the higher styrene concentrations amo ng the 
other reaction products. In addition to the standa rd cata lysts of dehydrogenation - e.g . A1 2 0 3 ; 

Cr2 0 3 / A1 2 0
3 

(ref.!), and to other types of catalysts tested in the pa!>t few years predomin a ntly 
on a labo ratory scale2 , in the industry mainly the catalysts based on Fe2 0 3 - using different 
promoters, are applied. The use of se lf-regenerat ive a lkali ne promoters3 enabled a continuous 
remova l of carboni za tion products by the carboll combustion to CO 2 or CO. The occurrellce of 
other side processes in the system increases the demands not only on the act ivity but a lso on the 
selectivity of the used cata lysts. For this reaso n, great attention has been paid to the conditions 
of preparation and activation of the catalysts4

, their composition and to the se lec tion of the 
pl"omoterss . So far, only single attempts have been made6 to correlate the physico-chemical 

para meters with the activity and selectivity of the styrene catalysts based on Fe2 0 3 · 

This paper is a study of the physico-chemical parameters of several catalysts which 
were prepared in different ways, as well as, of their genetic intermediates - with 
special concern to the catalytic properties of these catalysts for ethylbenzene dehydro­

genation. 

Collection Czechoslovak Chern. Commun. [Vol. 481 [1983j 



422 Pospisil , Spev<icek, Krys ka : 

EXPERIMENTAL 

Preparation of the Samples 

Two initial samp les of hydrated iron(ll/) oxides were prepared by discontinuous precipitation 
of a 20% ammonium bicarbonate solution (sample A) or a 12'5% a mmon ium solution (sample B), 
with the 30% solution of iron(lt) sulfate. In the first case, the a mmonium bicarbonate solution 
was obtained by the saturation o f aqueous ammonium with carbon dioxide up to a mass ratio 
CO2 / NHJ = 2· 58. The precipitation proceeded under permanent stirring at 50°C, for 15 minutes, 
until the pH values 7,2 - 7,5 (sample A) and 8' 5 (sample B) were reached. After a repeated de­
cantation a nd rinsing with di stilled water, the precipitate was filtered and dried in the air - a t 
first for 5 hours, at the temperature 60°C, a nd after for 2 hours, at 1I5°C. The genetic products 
were prepared from the both hydrated oxides in the following way: AI: the dried precipitate A was 
calcinated in the air for 1 hour, at 520ne. A2: the washed-out precipitate A was caIcinated directly, 
without preliminary drying, in the atmosphere of its own decomposition products - for 1 hour, 
a t 450°C and then for I hour, at S20D e. A3 : sample A2 was further heated in the air for 1 hour, 
at 700°C. In an analogous way - samples BI, B2 and B3 were obtained from the precipitate B. 
In the next step, the corresponding final catalysts were prepared from the iron(IlI) oxides A 1- A3 
and BI - 83. 

The oxides were mixed in a laboratory mixer with a potassium solution containing also Ti02 
er03 and KYO J . The quantities of these components were selected in such a way that the resulting 
catalyst contained 15% K 20 , 2% Cr203, 2% Ti02 and 2% Y 205' The formed paste was shaped 
by means of an extruder into small rods which were dried for 2 hours at 110°C and then caIcinated 
for I hour at 750°C in the air. In this way, samples KI- K3 and K4- K6 of the final catalysts were 
obtained from the corresponding oxides AI- A3 and BI- B3. 

Testing of the Cata lysts 

The catalytic properties were tested by the dehydrogenation of ethyl benzene in an isotherma l 
integral flow reactor. Inside an aluminium bronze block, heated by two automatically controlled 
heating elements, six stainless steel tubes of 22 mm i.d. and 1 700 mm length were inserted. 
In this way it was possible to test simultaneously six samples under comparable conditions. 
50 ml of a catalyst were placed on each of the supports located in the centres of the tubes. To make 
sure that the reaction will proceed in a kinetic region, the catalyst was crushed and the fraction 
with the grain size between 1,0-1 '4 mm has been separated by sieving. Water and ethylbenzene 
(99 ' 87%) were dosed by means of micropumps (with the rates 65 ml /hour of water and 25 ml /hour 
of ethyl benzene), then mixed and finally heated up to a reaction temperature - on a layer of 
steat ite beads placed in the tube above the catalyst. The temperature was measured by means of 
a thermocouple probe, with the accuracy ± 2°C along the entire length of a catalytic bed . The 
reac tion products leaving the reactor were cooled down in a water condenser. After separation 
of the water layer, the hydrocarbon layer was weighed and analyzed using a gas-chromatograph 
with a thermal conductivity detector. The amount of the uncondensed gas was also measured and 
analyzed. The dehydrogenation reaction was measured at 540, 560 and 585°e. After stabilizing 
the reaction conditions (for 24 hours), the catalysts were tested for 10 hours at each of the above 
temperatures. The activity and selectivity were calculated from the mass balance of all the reaction 
products. After the end of testing, the catalysts were gradually cooled down in an inert nitrogen 
atmosphere to the laboratory temperature and finally removed from the reactor. In this way, two 
new sets of samples - catalysts after the process (i.e. spent catalysts) KAI- KA3 were obtained 
from the catalysts K 1-K3 (similarly KBI - KB3 from K4- K6) . 
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FIG. 1 

Morphology of sample A. A micrograph 

taken by electron scanning microscope; 

magnification I04 x ; line segment above the 
number equals 2 J.Im 

FIG,2 

Morphology of sample B. A micrograph 

taken by electron scanning microscope; 
I04 x ; line segment above the number equals 

2J.1m 
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Measurement of the Phys ico-chemical Pa rameters 

T he qua lit ative phase composition was determined from the X-ray diffraction patterns, obta ined 
in focusation c hambers of a 57·3 mm di amete r, using the Cr K~ iine . T he mixture of phases in the 
final ca ta lys ts KI - K 6 was evaluated a lso qua ntit ative ly. In o rde r to determine the size of the 
coherent regions, se lected reflections wen: ana lyzed o n a Dl"O n diffrac tograp h with direct regis tra ­
tion , us ing the FeK ~ line. The spec ific surfa ces of a ll samp les were measured applying the dynamic 
method of se lec tive nitrogen adsorption from a binary mixture N 2 / H z at liquid nitroge n te mpera­

ture. 

The morphology of the intermedia tes, as well as of the fresh a nd spent catalysts was studied by 
means of the e lectro n sca nnin g mic roscope lSM A (l Eal). The powder samples were a na lyzed 
after the previo us vacuum deposition of a ca rbo n and a Pd-A u layer . 

The kinetics of the reduction with hydl"Ogen and the dehydration of intermed iates A a nd B in 
an inert argon a tmosphere was in ves tiga ted by mcans of ther mogravimetry o n thc ear lie r dcscribed 
apparat us 7. The isothermal reduct ion was mcas ured a t 520"C a nd 470"C, using hyd rogen fl ow 
rates 56 ml / min a nd a standard sa mple weigt h 50 mg. The the rma l trea tment in dry argon flow 
was carried out in the temperature range 20 - 520 )C, applyi ng linear heating ra te 60°C/min . 
The DTA-diagrams were registered o n a simult a neous thermoa na lyzer (Netzsch ), for a tempera ­
ture ra nge 20 - j OOO°C, in the a ir. The samples with the standard weight of abo ut 200 mg, in 
a powder-form , were placed in a platinum c rucible a nd hea ted up a t the ra fe lOoC / min . 

RESULTS AND DISCUSSION 

As can be seen from the data in Table I , the initial ox ides o f both genetic seq uences A 
and B consist of the majority phase - orlho-rhombic goethite ex-Fe20 J . x HzO , which 
after the first heati ng is transformed into dehydrated iron ox id es - present in different 
relative amounts (samples A 1 a nd B I). The min ority phase in the first genetic sequence 
is formed by the y-modification of FeZO J - while in the second sequence it consists 
mainly of magnetite FeJ0 4 a nd to a lesser extent al so ofy-FezO J. The presence of the 
last form was proved by the DT A method only. A high temperature calcination in the 
a ir (yielding samples A3 and B3), in both sequences results in unification of the 
structure of all the studied oxides - giving a stable rhombohedric ex-Fe20J (haema­
tite). In general , in both sequences the d ispersity of the given phase decreases - with 
the increasing temperature of heat treatment and with the number of such heat 
treatment operations, In these operations, a fte r the primary dehydrat ion - the 
crystallites are gradually sintered , which consequently results in the decrease of the 
surface ar·ea. For both hyd rated oxides, the surface area va lues can be very well 
correlated with the dispersity of the majority phase. The initial hydrates differ in 
both of the mentioned parameters. Un li ke the first sequence, the first heat ing of the 

precipitate prepared with pure ammonium (sample Bl) is not connected with a change 

of the specific surface, 

The final catalysts of both sequences contain large excess of a-Fe20 J - with the 
exception of samples K2 and K5 - which were both prepared without preliminary 

dryi ng, by direct heating of the precipitation products in the atmosphere of their 
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own decomposition products. Both catalysts show higher contents of y-FeZ0 3. The 

increase in size of the coherent regions of the majority phase - observed with the 

increasing temperature of the heat treatment - is also found for the group of the 

final catalysts, only the differences between the sizes of the specific surfaces of both 
sequences are smaller. In the course of the dehydrogenation, all catalysts are partially 

reduced . The average size of microcrystallites of the majority phase of the spent 

catalysts - the magnetite - varies within a very narrow range between 54·8 to 

61·2 nm. Also the crystallochemical transformation FeZ0 3 -> Fe304 during the 

reaction does not lead to any surface changes. Different morphology is found especially 
in the two initial hydrated oxides. As follows from Fig. 1 *, sample A consists of 

larger, relatively well separated aggregates with a porous structure, which explains 

its large surface. On the other hand , sample B (obtained by precipitation with the 

ammonium solution) forms well developed flat agglomerates in close interaction 

(Fig. 2*). In both genetic sequences it is possible to see clear substantial morphological 
changes resulting from the heat treatment. The higher lesistivity of the oxides derived 

from sample B, to sintering, is probably connected with the existence of two opposite 

processes during the heat treatment: the disintegration of macro aggregates and surface 

sintering of microaggregates. With the oxides of the first sequence - only the 
aggregation, connected with continuous decrease of the surface size, was observed. 

With the final and the spent catalysts, the morphological differences which are due 

4,0 

FIG. 3 

Kinetics of dehydration of the hydrated iron 
oxides: 1 sample B, 2 sample A 

See insert opposite p. 422. 

mg 

FIG. 4 

Time courses of the reduction of oxides 
AI-A3, at 520°C, Al 0 , A z ., A3 () 
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to their different genetic origin disappear. On the basis of the thermogravimetry 
measurements, the sample A can be characterized as Fe20 3 • .1 ·9 H 20 (a dihydrate), 
whi le the corresponding initia l sample of the second sequence as a monohydrate 
(Fe20 3 . 0·95 H 20). The kinetics of the dehydration of both samples is shown in 
Fig. 3. In both cases, the dehydration of the constitutionally bonded water is practically 
completed at 410 0c. The remain ing genetic samples contai n only the physically 
sorbed water - with the average amount 0·2 - 1'4 weight % in the oxides of both 
sequences and 0·2 - 5% in the final catalysts K 1- K6 and all the spent catalysts. 

TABLE I 

Phase composition, size of coherent regions L and specific surfaces S of styre ne cata lysts and of the 
in termediate products of their preparation 

Sample 

A 
Al 
A2 

A3 
B 

BI 

B2 

B3 

KI 
K2 
K3 
K4 
K5 
K6 
KAI 
KA2 
KA3 

KBI 
KB2 
KB3 

P hase composition 
(for K I -K6 catalysts in %) 

diffuse line <x-Fe203 . H 20 
<x-Fe20 3 
majority <x-Fe20 3 
minority y-Fe20 3 
<x-Fe20 3 
majori ty <x-Fe203 . H 20 
minority Fe304 
majority <x-Fe203 
minority Fe304 + y-Fe20 3 
majority 0:-Fe203 
mi nority Fe304 + y-Fe20 3 

<x- Fe203 

<x-Fe2 0 3 (91'1), y-Fe203 (8'9) 
0:-Fe20 3 (62'7), y-Fe203 (37' 3) 
<x-Fe203 (90'2), y-Fe203 (9'8) 
0:-Fe203 (80'1), y-Fe203 (19'9) 
0:-Fe2 0 3 (72'0), y-Fe203 (28 '0) 
0:-Fe203 (82'1), y-Fe203 (17 '9) 

Fe304 
Fe3 0 4 

Fe30 4 

L 
nm 

< 20 
37·7 

167'7 
102-5 
182·4 
54·8 
72-8 
30 

116·3 
96·6 

118·3 

63·1 (0:), 111 ·3 (1') 
89·5 (0:), 

153·0 (<Xl , 
56·9 (0:), 

108·0 (0:), 

J 19·5 (<Xl, 
60·4 
56'3 
61·2 

55·2 
54·9 
54·8 

49'5 (1') 
71·6 (1') 

53·0 (1') 

57·8 (1') 
50·8 (1') 

S 
m 2/g 

92 
36·7 
i3'0 

9·8 
24·4 

27·8 

14·6 

9·5 

3·6 
5·7 
3·3 
7·0 

4' 8 
3-4 
6'5 
6·0 
3·8 

6·1 

4'8 
4·1 

-------- --------_. __ ._---
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From Fig. 4 and Fig. 5 one can say that the course of isothermalleduction of the 
oxides of both series, at 520°C is different. On the samples A1- A3 - which are 
reduced at the initial and medium stages at a lower rate than their corresponding 
counterparts - one can see the effect of the preceding thermal activation. The sample 
heated at 700°C (the surface of which is rather low due to the sintering processes -
Table 1) is reduced at the highest rate (Fig. 4). The reduction rate of the intermediates 
derived from the oxide B, on the o ther hand , decreases with the increasing temperat ure 
of calcination. The maximum reduction degree of the oxides of both sequences is 
practically identical and corresponds - under given conditions - to the gradual 
reduction of the oxides to metallic iron. Similarly, differences were observed in the 
kinetics of reduction of the both initial oxides A and B (after their previous dehydra­
tion) - as well as - differences in the rate and degree of reduction of the final -
and especially of the spent catalysts. It is evident from the integral kinetic curves that 
the catalysts K4- K6 (derived from the B1- 83 intermediates) are reduced , under 
comparable conditions, at a higher rate and to a higher reduction degree than the 
corresponding samples of the first sequence. The reduction kinetics of the final ca­
talysts of both sequences is affected by the presence of other components, which under 
given conditions, are not reduced for thermodynamic reasons (Cr Z0 3 , Ti0 2) or, 
they are reduced to lower oxidation states only (V zOs). From the DT A diagrams of 

1r-·-·---~-~~~--r-~~ 

mg l ! 

t 

FIG. 

Time courses of the reduction of oxides 
Bl - B3, at 520°C 

t 
o 
~ 
o 
'0 
C 

'" 

20 

FIG. 6 

TG 

DTA 

min 100 

DTA-diagra m of a spent catalyst - sample 
KBI 
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the spent catalysts (Fig. 6) it follows - in agreement with X-ray ana lysis - that the 

majority component of the system is formed by the Fe J 0 4 phase (magnetite) and 

that its content differs in the samples of both sequences. Two exothermic effects 

registered at temperatures 410 and 830°C correspond to the transfo rmations Fe30 4 -+ 

-+ y-Fe203 and y-Fe20 3 -, CY.-Fe 2 0 3 (haematite). An endoeffect at 200°C and weight 

deficit due to dehydration of the catalyst were also observed. The diO'erences in the 

kinetics and in the degree of reduction of the spent catalysts of both sequences are 

similar to those described for the genetically preceding fresh catalysts. 

The results of testing of the cata lysts of both sequences by the dehydrogenation 

with ethylbenzene are summarized in Table I I. The catalysts of the first sequence 

exhibit higher activity - but lower selectivity in comparison with the catalysts derived 

from the B J - B3 oxides. The properties of thefinal catalysts can be therefore modified 

by the change of the CO 2/NH 3 ratio in precipitation of the initial intermediates. 

Since in the course of the dehydrogenation process the catalyst is always partially 

reduced:>, it can be assumed that the differences observed in the activity and selectivity 

can be connected with different reducibility of the catalysts of both genetic groups. 

]n agreement with the above assumption, the higher activity of the catalysts of the 

first group can be attributed to the presence of iron oxides in various valency states -

facilitating the electron transfer in the gas/solid interface. The higher selectivity of the 

catalysts of the second group is then connected with the reduction of these oxides to 

higher reduction degree. Similar conclusions were presented in paper8, according to 

which a slight prereduction of the catalyst increased its selectivity in the following 

reaction. The long term testing showed a gradual increase in the selectivity of the 

catalyst, depending on the increasing reduction degree of the catalyst during the 

dehydrogenation 3
. 

TABLE 11 

Activity A (mol s - 1 g - 1 108 of styrene) and selectivity Y (mol per cent of styrene) of the styrene 
catalysts KI- K6 for dehydrogenation of ethyl benzene, a t different temperatures 

540°C 560°C 585°C 

Catalyst --"- - --------- ------ -------- .-~--.----

A Y A Y A Y 
.- -~----------------

KI 31·0 94·2 42·6 93·6 54·6 91·3 

K2 29·2 92-6 39·2 91'4 48'3 88-7 

K3 25·9 93-7 37·0 93-9 49-9 92-2 

K4 28-1 94·7 403 94 ·9 54-I 92-8 

K5 27-3 95·3 39·2 95-0 53·8 93-4 

K6 25-8 95-6 38-1 95-3 53-6 94·0 
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In addition to the majority component FeJ 0 4 in the spent catalysts, the X-ray 
ana lysis showed some additional reflections, which could not have been identified 
because of their small number and low intensity. 

With respect to this fact - and in order to check the assumption according to 
which the course of the reaction is influenced both by the extent of reduction of the 
catalyst and by the crystallographic changes occurring during the reaction - two pure 
oxides differing in the CO 2/ NH 3 ratio of precipitation were prepared independently 
by the standard procedure. From these oxides, two simple catalysts on a Fe20 3 /K 20 
basis were prepared - without any additional promoters. In the former oxide, the 
CO2/ NH 3 ratio equalled 2·58 - which corresponds to the solution of ammonium 
bicarbonate (analogue of sample A) ; in the latter oxide, the above ratio equalled 1 -
which corresponds to the solution of ammonium carbonate with a 30% excess of NH 3 . 

The oxides consisted in both cases of ex-Fe20 3 . The infrared spectra of the two oxides, 
as well as, of the derived freshly prepared catalysts showed no differences. The iso­
thermal reduction with hydrogen was measured a t 470°C. The reduction of the first 
oxide and of the related final catalyst proceeded at a lower rate and to the lower 
reduction degree. In the corresponding spent catalyst, the X-ray analysis and IR 
spectroscopy showed a presence of Fe30 4 and a small amount of unreduced ex-Fe20 3 . 

The second oxide was, under comparable conditions, reduced at a higher rate 
through the following oxida tion states, totally to metallic iron 

FexO Fe. 

The reduction of the corresponding final catalyst (showing lower activity but higher 
selectivity in the dehydrogenation) proceeded in a similar way. Differences in the 
reduction behaviour (i .e. in the rate and extent of reduction) were observed also 
with the spent catalysts obtained from both initial oxides. The spent catalyst delived 
from the second oxide is formed by the magnetite phase only. 

On the basis of the results obtained from the model reduction it may be assumed 
that the catalysts which were prepared in different ways will be reduced with different 
kinetics and to different reduction degrees also in the dehydrogenation process 
itself. This fact , together with the phase transformation of the main component 
occurring during the reaction , affects the final activity and selectivity of the catalyst. 
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