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Potassium promotion of iron oxide catalysts supported on magnesium oxide results in consider- 
ably more active and selective l-butene dehydrogenation catalysts. Upon promotion the activation 
energy was found to decrease from 194 to 156 kJ/mol. KFeOz appeared to be the active phase under 
dehydrogenation conditions. No reduction of KFeO2 was observed. KFeOz shows high 1-butene 
dehydrogenation activity, yet it is not sufficiently effective to suppress coking entirely. For that 
purpose the presence of highly dispersed potassium carbonate at the catalyst surface is a prerequi- 
site. Under identical dehydrogenation conditions, a commercial unsupported catalyst, S-105, which 
contains the more easily reducible KFellOr7, is reduced to Fe304 . Compared with this unsupported 
S-105 catalyst, the supported catalysts show significantly higher 1,3-butadiene selectivities at com- 
parable conversion levels, which is to be attributed to the different natures of their respective active 
phases. © 1992 Academic Press, Inc. 

I N T R O D U C T I O N  

Part 1 of  this work  (1) has dealt with the 
structural aspects  of  potass ium promot ion 
of  iron oxide catalysts supported on magne- 
sium oxide. This paper  is devoted to the 
catalytic per formance  and the phase  compo-  
sitions of  the po tass ium-promoted  sup- 
por ted catalysts  in the dehydrogenat ion of 
1-butene. The MgO-suppor ted  catalyst  
should have the merit  of  maintaining the 
mechanical  strength during operat ion (2, 3). 

Unpromoted  iron oxide catalysts deacti- 
vate due to carbon deposit ion (4), but this 
is suppressed  by the presence  of  potass ium 
as KzCO 3 (5-7). K2CO 3 is a good catalyst  
for gasification of  carbon (8) because  of its 
ability to wet the carbon surface (9). The 
mechanism of  the gasification in the pres- 
ence of  alkali is nevertheless  still contro- 
versial. One proposed  mechanism is that 
gasification proceeds  via alkali metal  inter- 
calates (10, 11). Others dispute reduction 
of  the alkali metal  ions and attribute the 
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catalytic action to the presence  of  surface 
structures containing alkali oxide on the 
carbon (12). 

Fur thermore ,  potass ium is also repor ted 
to have a strong promot ing effect on the 
dehydrogenat ion reaction itself (13). Ac- 
cording to Lee  (14), potass ium increases the 
activity of  unsupported iron oxide catalysts  
by more than an order  of  magnitude.  For  a 
bet ter  understanding, we should touch on 
the mechanism of  the dehydrogenat ion reac- 
tion. In the past ,  relatively few kinetic and 
mechanist ic  studies have been devoted  to 
catalytic dehydrogenat ion over  iron oxide 
catalysts (15-20). The studies were mainly 
concerned with e thylbenzene- to-s tyrene  de- 
hydrogenation.  Generally,  a L a n g m u i r -  
Hinselwood mechanism is p roposed  to be 
applicable to the dehydrogenat ion reaction.  
This implies that a surface reaction,  e.g.,  
hydrogen abstract ion f rom the reactant ,  is 
the rate-determining step. Accordingly,  ad- 
and desorption of both reactants  and prod- 
ucts must  be relatively fast. As Krause  (21) 
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argues, both so-called latent cationic elec- 
tron donor and latent anionic electron ac- 
ceptor sites are present on the iron oxide 
surface. The hydrocarbon reactant, e.g., bu- 
tene or ethylbenzene, would be rapidly ad- 
sorbed onto the cationic donor site by 
n'-bonding of the unsaturated group (22). 
Next, hydrogen abstraction as the rate- 
determining step requires electron donation 
from the electron donor site to the a-H atom 
on the alkyl chain (21, 22). Potassium is 
considered to promote the reaction by facili- 
tating the electron transfer from the electron 
donor site to the reactant molecule (13, 23). 
Potassium is also supposed to neutralize the 
acidic acceptor sites, which are responsible 
for the formation of side products (13). The 
effect of potassium promotion is demon- 
strated by a higher dehydrogenation activity 
associated with a lower activation energy 
(19). 

To account for the promoter effect, Lee 
(14) and Lee and Holmes (23) tried to corre- 
late the activity of iron oxide, promoted with 
different alkali metal oxides, to the elec- 
tronic properties of the promoter atom, such 
as its first ionization potential. This ap- 
proach, however, is only appropriate when 
the potassium promoter is present as alkali 
metal atoms and not as potassium ions. 
Vijh (24) showed a correlation to exist 
between the ionicity of various alkali metal 
oxides, on the one hand, and the activity 
and selectivity of promoted iron oxides, 
on the other hand. The active sites were 
considered to be located at or around 
points on the catalyst surface where the 
promoter ions are embedded. Other work, 
such as that of Mross (13) and others 
(25-33) cited in the Introduction to Part 
1 (1), considers the phases likely to be 
present. 

The present paper deals with the 1-butene 
to 1,3-butadiene dehydrogenation activity 
of the potassium-promoted supported iron 
oxide catalysts. The phase composition of 
the catalyst before and after dehydrogena- 
tion has been studied magnetically (34- 
36). 

TABLE 1 

l-Butene Dehydrogenation Test Conditions 

Isothermal experiments 
Pressure 1 bar 
Feed rate 50 ml/min 
WHSV 0.35 g 1-butene • g/catalyst/h 
Feed 5 vol% l-butene 

30 vol% water 
65 vol% nitrogen 

Water/l-butene 6 tool/tool 
Temperature 873 K 

Temperature-programmed experiments 
Feed 3.6 vol% l-butene 

30 vol% water 
66.4 vol% nitrogen 

Water/1-butene 8.2 tool/tool 
Temperature range 723-898 K 

EXPERIMENTAL 

Catalyst Preparation 

Magnesia-supported iron oxide catalysts 
promoted with potassium were prepared by 
either consecutive or simultaneous impreg- 
nation of a preshaped magnesium oxide sup- 
port with an iron complex and potassium 
carbonate, as fully detailed in Part 1 (1) and 
elsewhere (37). 

1-Butene Dehydrogenation 
Activity Testing 

The activity for the dehydrogenation of 
1-butene was determined using an auto- 
mated flow apparatus, which has been de- 
scribed elsewhere (4). About 1 g of catalyst 
was packed into a quartz fixed-bed flow re- 
actor with an internal diameter of about 
8 ram. Previously, the catalyst pellets were 
fragmented into particles of sizes between 
0.5 and 0.85 ram. The test conditions gener- 
ally used are shown in Table 1. The activity 
of the catalysts was determined as a function 
of the temperature. Catalysts were also 
tested isothermally at 873 K and at a molar 
steam/1-butene ratio of 6 to determine the 
stability of the activity. Temperature- 
programmed experiments were performed 
at a slightly higher steam/l-butene of 8.2. 
This allows for the comparison of the kinetic 
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parameters derived from the temperature- 
programmed activity measurements with 
those obtained with the unpromoted cata- 
lysts• Under these conditions deactivation 
of unpromoted supported iron oxide cata- 
lysts due to coking is minimized (4). 

Under the conditions specified in Table 1, 
1-butene is, next to being dehydrogenated 
to 1,3-butadiene, also rapidly isomerized to 
c i s - 2 - b u t e n e  and t r a n s - 2 - b u t e n e .  Since the 
dehydrogenations of 1- and 2-butenes are 
comparable (38),  c i s - 2 - b u t e n e  and t rans -2-  

butene are not considered as products, but 
as reactants next to 1-butene. For reasons 
given elsewhere (4), the following defini- 
tions for the conversion, the selectivity to 
product (i),  and the yield of product (i) are 
used: 

Conversion (%) 
Y~ n(i)  . prod.(/) 

n(i)  • prod.(/) + butenes(after) 

• 1 0 0 %  (1)  

Selectivity i(%) = n ( i ) .  prod.(/) 
n(i)  . prod.(/) 

• 1 0 0 %  (2)  

Yield i (%) 

n(i)  . prod.(/) 
n(i)  • prod.(/) + butenes(after) 

• 1 0 0 %  (3)  

Prod.(/) refers to the concentration of prod- 
uct i expressed in mol/liter; n(i)  refers to the 
ratio between the number of carbon atoms 
in product i and the number of carbon atoms 
in butene. The term butenes(after) ex- 
presses the total amount of unreacted bu- 
tenes. The term (E n(i)  • prod.(/) ÷ butenes 
(after)) is equal to the concentration of bu- 
tene in the feed expressed in mol/liter. In 
these calculations carbon deposited on the 
catalyst is not considered. Unless specified 
otherwise, kinetic data are expressed per 
gram of catalyst. 

C a t a l y s t  C h a r a c t e r i z a t i o n  

The phase compositions of the catalysts 
before and after dehydrogenation were de- 

termined by means of high-field magnetic 
measurements using a modification of the 
Weiss extraction technique, as described by 
Selwood (35). The apparatus has been de- 
scribed elsewhere (36) .  In view of the sensi- 
tivity of KFeO 2 toward moisture and carbon 
dioxide, which causes decomposition of the 
mixed oxide (1), a reactor that allowed the 
treatment of a catalyst under 1-butene dehy- 
drogenation conditions, prior to the magne- 
tization measurements without intermediate 
exposure to air, was constructed. After pre- 
treatment in the 1-butene/steam feed, the 
reactor was purged with nitrogen at 673 K. 
Thermomagnetic analyses were performed 
at a field strength of 0.39 MA/m in helium. 
The magnetization was measured first at in- 
creasing temperature and subsequently at 
decreasing temperature. Before use helium 
was purified over activated carbon at liquid 
nitrogen temperature. The amounts of cata- 
lyst used were chosen so as to contain equal 
amounts of iron for each analysis. 

X-ray diffraction measurements were per- 
formed in a Philips powder diffractometer 
mounted on a Philips PW-1140 X-ray gener- 
ator with F e K a  1,2 radiation (X = 1 •93735 A). 

RESULTS AND DISCUSSION 

1 - B u t e n e  D e h y d r o g e n a t i o n  A c t i v i t y  

Nonoxidative dehydrogenation catalysts 
are commonly operated at temperatures be- 
tween 850 and 900 K. To determine the cata- 
lytic behavior of the potassium-promoted 
supported iron oxide catalysts as a function 
of time, the catalysts are operated under 
dehydrogenation conditions isothermally at 
873 K. Results for consecutively and simul- 
taneously impregnated catalysts do not dif- 
fer significantly. Since changes in the po- 
tassium loading are more easily established 
using the consecutive method, this paper 
presents the results measured for the con- 
secutively impregnated catalysts. 

Figure 1 shows the 1-butene dehydroge- 
nation activity of a 3.1 wt% Fe/MgO cata- 
lyst consecutively promoted with 6 wt% K. 
The l-butene conversion and the 1,3-butadi- 
ene selectivity have been plotted against 
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FIG. 1. l -Butene dehydrogenation activity of  a 3.1 
wt% Fe/MgO catalyst (A) before and (B) after promo- 
tion with 6 wt% K measured isothermally at 873 K 
at a steam/1-butene ratio of  6 (mol/mol). (I) I-butene 
conversion, (II) 1,3-butadiene selectivity. 
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FIG. 2. l-Butene dehydrogenation activity of a 3.1 
wt% Fe/MgO catalyst promoted with 6 wt% K mea- 
sured as a function of  the temperature at a s team/ 
l-butene ratio of  8.2 (mol/mol). (I) 1,3-butadiene yield, 
(II) l-butene conversion, (III) 1,3-butadiene selec- 
tivity. 

time. For comparison the 1-butene dehydro- 
genation activity of the unpromoted 3.1 wt% 
Fe/MgO catalyst is also shown. As dis- 
cussed earlier (4), and as shown in Fig. 1, 
unpromoted magnesia-supported iron oxide 
catalysts show a strong increase in the 1,3- 
butadiene selectivity during the first few 
hours of operation at 873 K. The increase is 
caused by reduction of the magnesium fer- 
rite phase in the unpromoted catalyst under 
the influence of the reaction feed. The cata- 
lyst is subjected to gradual deactivation due 
to coking. 

As can be seen in Fig. 1, potassium pro- 
motion of a 3.1 wt% Fe/MgO catalyst with 
6 wt% K results in a substantial increase of 
both the 1-butene conversion and the 1,3- 
butadiene selectivity. Neither the iron oxide 
nor the potassium carbonate separately 
shows such a high conversion and selectiv- 
ity. Potassium carbonate supported on MgO 
is even completely inactive as far as the 
dehydrogenation of 1-butene is concerned. 
Remarkably, after promotion with potas- 
sium the initial increase in selectivity is ab- 
sent. Deactivation of the catalyst with time 
is still present in spite of the presence of 6 
wt% K. Although it is not apparent from 
Fig. 1, deactivation is generally observed to 

be less severe after promotion with po- 
tassium. 

The dehydrogenation activity of the 3.1 
wt% Fe/MgO catalyst promoted with 6 wt% 
K has also been determined as a function of 
temperature at a steam/1-butene ratio of 8.2 
mol/mol. The 1-butene conversion, the 1,3- 
butadiene selectivity, and the !,3-butadiene 
yield are shown in Fig. 2. In Fig. 3 the prod- 
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FIG. 3. Product distribution of  1-butene dehydroge- 
nation over a 3. l wt% Fe/MgO catalyst promoted with 
6 wt% K measured as a function of the temperature at 
a s team/l -butene ratio of  8.2 (mol/mol). (l) methane,  
(2) ethene,  (3) propene, (4) CO 2, (5) 1,3-butadiene. 



552 STOBBE ET AL. 

-4 

-5 
1.15e-3 1.20e-3 1.25e-3 1.30e-3 1.35e,-3 1.40e-3 

lfr O/K) - -~  

FIG. 4. Arrhenius plot of a 3.1 wt% Fe/MgO catalyst 
(ex citrate). (A) Unpromoted, (B) promoted with 6 
wt% K. 

uct distribution is shown. Catalytic dehy- 
drogenation sets in at about 723 K with 
100% selectivity. With increasing tempera- 
ture the l-butene conversion rises, whereas 
the 1,3-butadiene selectivity gradually de- 
creases. At 873 K a 1-butene conversion of 
45% at a selectivity of 78% is displayed. 
Accordingly, the 1,3-butadiene yield is 35%, 
which is far from equilibrium. For compari- 
son, the thermodynamic equilibrium lies at 
a 62% yield of 1,3-butadiene at 873 K (39). 
At 873 K the main side products are propene 
and carbon dioxide. In smaller amounts 
methane and ethene are also formed. The 
formation of ethane is negligible. Oligomer- 
ization products, i.e., products heavier than 
C4 (C~-), were not observable with our anal- 
ysis equipment. However, if they were 
formed, it would only be in negligible 
amounts (38). 

The Arrhenius plot shown in Fig. 4 has 
been constructed from these data. The loga- 
rithmic reaction rate, In R, is plotted against 
the reciprocal reaction temperature. The re- 
action rate is defined as Y. Pl-butene" 7-1, in 
which Y expresses the 1,3-butadiene yield, 
Pl-buten~ the partial pressure of  l-butene in 
the feed, and ~" the residence time in the 
catalyst bed. For comparison, the Arrhenius 
plot of the unpromoted 3.1 wt% Fe/MgO 
catalyst is also shown. To establish whether 
catalyst deactivation occurred, the activity 
at each temperature has been measured 

twice. For both catalysts no systematic de- 
activation was observed between two mea- 
surements at the same temperature. In fact, 
for the promoted catalyst (B) no deactiva- 
tion was observed between curves obtained 
by successively increasing and decreasing 
the temperature. Although not shown here 
this was not the case for the unpromoted 
catalyst (A). The most striking difference 
between the potassium-promoted and the 
unpromoted catalyst is the much higher de- 
hydrogenation activity of the former. This 
was already concluded from the isothermal 
experiments shown in Fig. 1. However, in 
Fig. 4 the higher activity is even more evi- 
dent. At low reaction rates, i.e., under dif- 
ferential conditions, both Arrhenius plots 
are straight. From the slopes, it can be cal- 
culated that the activation energy, Eac t , for 
the promoted catalyst is lower than that of 
the unpromoted catalyst. As seen pre- 
viously (4), the activation energy of the un- 
promoted catalyst is 194 kJ/mol. The same 
catalyst promoted with 6 wt% K shows an 
activation energy of 156 kJ/mol. It can thus 
be concluded that potassium promotion re- 
suits in a lowering of the activation energy 
by about 38 kJ/mol. The kinetic data are 
summarized in Table 2. Additionally, the 
activation energies and the corresponding 
preexponential factors of a 3.1 wt% Fe/MgO 
catalyst promoted with various amounts of 
potassium are shown. The average activa- 
tion energy of the potassium promoted cata- 
lysts (ex citrate) is 156 kJ/mol. The experi- 

T A B L E  2 

K i n e t i c  D a t a  o f  S u p p o r t e d  I r o n  O x i d e  C a t a l y s t s  

Catalyst wt% Fe wt% K Eact In ko a'b 
(k J/too|) 

Fe/MgO 3, l - -  194 25,6 
K,Fe/MgO (citrate) 3,1 1.0 157 21.7 
K,Fe/MgO (citrate) 3,1 3.0 156 21.7 
K,Fe/MgO (citrate) 3.1 6.0 156 21.6 
K,Fe/MgO (EDTA) 2,8 3.0 158 21.7 
K,Fe/MgO (EDTA)-air c 2,8 3.0 155 21.4 

" [k0} = atmJmin/g cat. 
t, For K,Fe/MgO catalysts, In k 0 was calculated with Ea¢ t = 156 kJ/moL 
¢ Exposed to atmospheric air. 
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mental error in this value is estimated to be 
about 1 kJ/mol. The activation energy does 
not depend on the amount of promoting po- 
tassium. Remarkably, the logarithmic pre- 
exponential factors are also independent of 
the amount of potassium. Using the value 
of 156 kJ/mol for the calculation, values of 
21.7 are found for the logarithmic preexpo- 
nential factors. The estimated error in each 
of the values is about 0.1. The independence 
of the potassium loading will be explained 
later on. 

At higher rates the Arrhenius curve of 
the promoted catalyst deflects. This is not 
caused by diffusion phenomena. The influ- 
ence of diffusion of 1-butene within the cata- 
lyst bodies has been calculated using the 
Thiele modulus, as described by Satterfield 
(40). For an effective diffusion coefficient of 
0.2078 cm2/s at a temperature of 873 K, the 
Thiele modulus has been found to be 0.0047. 
The effectiveness factor is equal to unity for 
such small values of the Thiele modulus. It 
can thus be asserted that internal diffusion 
does not influence the reaction rate. To es- 
tablish intraparticle diffusion phenomena 
experimentally, the use of smaller catalyst 
particles should render a higher apparent 
dehydrogenation activity. However, no dif- 
ference in dehydrogenation activity has 
been observed using catalyst particles be- 
tween 0.15 and 0.425 mm in diameter, which 
confirms the conclusions based on the theo- 
retical calculation. 

If the deflection of the Arrhenius plot is 
not related to diffusion phenomena, it 
should be caused by a gradual lowering of 
the selectivity at increasing temperatures. 
As shown in Fig. 3, especially methane, pro- 
pene, and carbon dioxide are formed at high 
temperatures at the expense of 1,3-butadi- 
ene. Ultimately, the 1,3-butadiene yield will 
even decrease with temperature due to in- 
creasing contribution of nonselective reac- 
tions. As an indication, the gas phase conver- 
sion of 1-butene at 873 K is about 4% at a 
1,3-butadiene selectivity of only about 40%. 

Thus far we have seen that potassium pro- 
motion of iron oxide catalysts supported on 

magnesium oxide, which leads to the forma- 
tion of potassium ferrite (1), results in con- 
siderably more active and more selective 
1-butene dehydrogenation catalysts. It is 
therefore of great interest to determine the 
active phase of this catalyst, which is re- 
sponsible for the increased catalytic activ- 
ity, under dehydrogenation conditions. 

Phase Composition in 
l-Butene Dehydrogenation 

The phase composition under 1-butene 
dehydrogenation conditions of a potassium- 
promoted iron oxide catalyst supported on 
magnesium oxide has been studied magneti- 
cally using a modified Weiss extraction tech- 
nique (35, 36). A study into the phase com- 
position of potassium-promoted iron oxide 
catalysts requires special provisions to pre- 
vent undesired phase transformations. 
Thus, potassium ferrite has been found to 
decompose at room temperature in contact 
with carbon dioxide and water vapor (l). 
Even contact with atmospheric air has ap- 
peared to affect the potassium ferrite. This 
induced the development of a special reac- 
tor to allow for the treatment of a catalyst 
under 1-butene dehydrogenation condi- 
tions, prior to the magnetization measure- 
ments without intermediate exposure to air. 

In a previous study the phase composition 
under dehydrogenation conditions of an un- 
promoted supported iron oxide catalyst has 
been determined (4). The magnesium ferrite 
phase in the unpromoted catalyst was re- 
duced mainly to antiferromagnetic FeO sta- 
bilized in the magnesium oxide support. 
However, at the surface the stabilization of 
FeO was less strong and consequently the 
magnesium ferrite reduced only to Fe304. 
Evidently, Fe304 provided the dehydroge- 
nation activity of the unpromoted catalyst. 
For convenience, the thermomagnetic anal- 
ysis diagrams of an unpromoted 5.6 wt% 
Fe/MgO catalyst, which have been dis- 
cussed previously (4), are shown in Figs. 
5A and 5B. The Curie temperatures are indi- 
cated by the vertical dashed lines. The solid 
curve indicates the signal of the empty reac- 
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FIG. 5. Thermomagnetic analysis (TMA) diagrams in helium of magnesium oxide supported iron 
oxide catalysts before and after 4 h use in 1-butene dehydrogenation at 873 K at a steam/1-butene ratio 
of 6 (mol/mol). The solid curve in the figures indicates the signal of the empty reactor. The vertical 
dashed line indicates the Curie temperature. (A) 5.6 wt% Fe/MgO catalyst, fresh; (B) 5.6 wt% Fe/MgO 
catalyst, used; (C) 3.1 wt% Fe/MgO catalyst promoted with 3.0 wt% K, fresh; (D) 3.1 wt% Fe/MgO 
catalyst promoted with 3.0 wt% K, used. 

tor. Figure 5A clearly shows the presence 
of magnesium ferrite with a Curie tempera- 
ture at 595 K within the fresh calcined un- 
promoted catalyst. After dehydrogenation 
at 873 K, as shown in Fig. 5B, the magne- 
sium ferrite disappeared. The Curie temper- 
ature of 790 K is indicative of the presence 
of Fe304. 

Upon impregnation of a fresh unpromoted 
supported iron oxide catalyst with potas- 
sium carbonate, followed by calcination at 
973 K, the magnesium ferrite phase was 
converted into antiferromagnetic potassium 
ferrite, KFeOz (1). In the thermomagnetic 
analysis diagram of the fresh 3.1 wt% 
Fe/MgO catalyst promoted with 3 wt% K 
shown in Fig. 5C, the magnetization accord- 
ingly decreased to values close to those 
measured for the empty reactor. The re- 
maining signal of about 400 a.u. originated 
from a slight amount of unreacted ferrimag- 

netic magnesium ferrite. Due to the low 
magnetization, the Curie temperature at 
595 K was no longer clearly perceptible. 
The formation of KFeO2 from MgFe204 
upon impregnation with potassium has been 
discussed previously (1). 

Next, the promoted catalyst has been sub- 
jected to 5 vol% 1-butene and 30 vol% steam 
in nitrogen at 873 K for 4 h. After this period 
of time the catalyst was cooled to 673 K 
and purged with nitrogen. With on-line GC 
analysis the l-butene and the water content 
of the purge gas behind the reactor were 
monitored. After 1 h all butene and steam 
had been removed from the gas flow through 
the reactor. Next, the reactor was cooled 
to room temperature and transferred to the 
modified Weiss extraction apparatus. Fi- 
nally, the thermomagnetic analysis repre- 
sented in Fig. 5D was performed in helium. 
By the use of an inert gas, such as helium, 
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undesired redox phase transformations dur- 
ing the TMA will be prevented at best. After 
dehydrogenation the magnetization of the 
promoted catalyst became equal to the sig- 
nal of the empty reactor. From the absence 
of Fe304 and metallic iron, it must be con- 
cluded that the potassium ferrite phase was 
not reduced under the dehydrogenation con- 
ditions used here. Reduction of KFeO2 to 
antiferromagnetic FeO can be excluded, 
since a stabilizing effect of magnesium oxide 
on FeO, as has been observed in the unpro- 
rooted catalyst, was absent here. Stabiliza- 
tion of FeO would require a practically im- 
possible redissolution of FeO in MgO. The 
disappearance of the low magnetization of 
about 400 a.u. observed with the fresh cata- 
lyst can be explained by reduction of the 
remaining magnesium ferrite to antiferro- 
magnetic FeO. 

The main conclusion that can be drawn 
from these experiments is that KFeO2 is not 
reduced, whereas magnesium ferrite is re- 
duced to FeO and Fe304 under the dehydro- 
genation conditions applied here. Evi- 
dently, KFeO2 is the active phase in the 
dehydrogenation of 1-butene to 1,3-butadi- 
ene. KFeO2 is thus responsible for the high 
dehydrogenation activity which is associ- 
ated with the lowering of the activation en- 
ergy. The absence of reduction of KFeO2 is 
also in agreement with the results of temper- 
ature-programmed reduction experiments 
(1). In a 10% H2/Ar flow potassium ferrite 
appears to be reduced only at much higher 
temperatures than magnesium ferrite. 

When KFeO2 is supposed to be the active 
phase, the lack of an activation period, as is 
observed for the 3.1 wt% Fe/MgO catalyst 
promoted with 6 wt% K in Fig. I, can be 
accounted for. The promoted catalyst does 
not require reduction in order to become 
active. Consequently, a 3.1 wt% Fe/MgO 
catalyst promoted with only ! wt% K should 
still show an activation period due to reduc- 
tion of remaining magnesium ferrite. It has 
been established earlier (1) that 1 wt% K 
is insufficient to convert magnesium ferrite 
completely into potassium ferrite. Indeed, 
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Fro. 6. CO~ yield of a 3.1 wt% Fe/MgO catalyst 
promoted with various amounts of potassium during 
isothermal operation at 873 K at s team/ l -bu tene  ratio 
of 6 (tool/tool). (I) 1 wt% K, (II) 3 wt% K, ( l i d  6 
wt% K. 

increases of the 1,3-butadiene selectivity 
and the yield were observed during the first 
few hours of isothermal dehydrogenation at 
873 K. These increases are due to reduction 
of the magnesium ferrite by the hydrocarbon 
feed, which is confirmed by an initially high 
CO2 production rate. 

In Fig. 6 the CO2 yield as a function of 
time is plotted for 3.1 wt% Fe/MgO cata- 
lysts promoted with different amounts of 
potassium ranging between 1 and 6 wt% K. 
Indeed, the catalyst with only 1 wt% K ini- 
tially shows a high CO 2 yield of 3.3% due to 
catalyst reduction, which gradually de- 
creases with time to about 1.1%. The steady 
yield level of 1.1% CO2 is not related to 
catalyst reduction but to CO2 from gasifica- 
tion under steady operation. The catalyst 
containing 3 wt% K hardly shows an in- 
creased initial CO2 production, which is in- 
dicative of the absence of reduction of the 
iron species present in the catalyst. With 3 
wt% K the conversion of magnesium ferrite 
into potassium ferrite has been found to be 
already fairly complete (1). The CO 2 pro- 
duction therefore decreases only slightly 
further upon promotion with a large excess 
of potassium, i.e., 6 wt% K. The absence of 
CO2 production due to catalyst reduction 
confirms the conclusion drawn from the 
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TMA results that KFeO2 itself is the active 
phase in the catalyst under 1-butene dehy- 
drogenation conditions. 

Having established that KFeOz is the ac- 
tive phase, we return to the kinetic data 
summarized in Table 2. The logarithmic pre- 
exponential factors, which are related to the 
number of active sites, are found to be prac- 
tically independent of the potassium content 
in the catalysts. The 3.1 wt% Fe/MgO cata- 
lysts promoted with 1 wt% K or 3 wt% K 
show identical logarithmic preexponential 
factors of 21.7. Accordingly, the exposed 
KFeO2 surface area would have to be equal 
with both catalysts. It can thus be concluded 
that upon promotion with only 1 wt% K, 
first the surface of the magnesium ferrite 
particles is converted to form a surface layer 
of KFeO2. More potassium carbonate only 
brings about additional conversion of the 
bulk of the magnesium ferrite particles into 
potassium ferrite. The catalyst with 6 wt% 
K shows a slightly lower logarithmic preex- 
ponential factor of 21.6. This would point to 
the presence of excess potassium carbonate 
on the potassium ferrite surface and thus 
some blocking of active sites. However, the 
difference between the values of 21.6 and 
21.7 for the logarithmic preexponential fac- 
tors is hardly significant. 

Influence of Potassium 
Ferrite Decomposition 

Previously, potassium ferrite was found 
to decompose in atmospheric air at room 
temperature, due to reaction with carbon 
dioxide and water vapor to form (hydrated) 
iron oxide and both potassium carbonate 
and potassium hydrogen carbonate (1). The 
influence of this decomposition on the activ- 
ity and stability of the potassium-promoted 
supported catalysts has also been studied. 

In Fig. 7A 1-butene conversion, 1,3-buta- 
diene selectivity, and yield are shown as 
functions of time for a 4.4 wt% Fe/MgO 
catalyst promoted with 3 wt% K. The fresh 
catalyst has been calcined at 973 K followed 
by cooling to room temperature in dried air. 
Conversion, selectivity, and yield exhibit 

the usual behavior. First, reduction of unre- 
acted magnesium ferrite is observed, fol- 
lowed by deactivation due to coking. Evi- 
dently, potassium ferrite present in the 
freshly calcined catalysts is very active and 
selective in 1-butene dehydrogenation. Al- 
though coking is less if compared with the 
unpromoted supported catalysts, KFeO2 it 
is not sufficiently effective to suppress cok- 
ing completely. Obviously, the presence of 
potassium carbonate at the surface is re- 
quired. In accordance with this, potassium 
ferrite is reported to be much less active 
toward carbon gasification than potassium 
carbonate (5-7). In Fig. 7B the dehydroge- 
nation activity of the same catalyst is 
shown, but in this case after calcination at 
973 K followed by slowly cooling to room 
temperature in atmospheric air. After this 
treatment, the presence of KHCO3 has been 
established using temperature-programmed 
reduction (1). The catalyst now shows a 
somewhat lower 1-butene conversion at an 
almost equal 1,3-butadiene selectivity. 
However, the catalyst does not show deacti- 
vation due to coking. 

Only after more than 30 h does the cata- 
lyst in Fig. 7B start to show slight signs of 
deactivation. The deactivation can be as- 
cribed to migration of potassium out of the 
catalyst. The quartz wall of the reactor acts 
as a sink for potassium. Potassium is known 
to react extensively with SiO2 to form po- 
tassium silicates (41). KzSi205 and K2Si409 
deposits have been found in the reactor after 
use, as determined using X-ray diffraction. 

Application of an excess of potassium car- 
bonate afterward onto a freshly calcined 3 
wt% Fe/3 wt% K/MgO catalyst does not 
improve the stability. It is very difficult to 
apply potassium carbonate homogeneously 
throughout a porous catalyst body by im- 
pregnation (37, 42); however, it has been 
established previously using potassium Ka 
linescans that potassium is distributed ho- 
mogeneously throughout the catalyst pellets 
(1). Evidently, potassium carbonate is re- 
quired to be distributed homogeneously not 
only on a macroscopic scale, i.e., through- 
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FIG. 7. 1-Butene dehydrogenat ion  activity of  a 4.4 wt% Fe /MgO catalyst  promoted  with 3 wt% K 
measu red  isothermal ly  at 873 K at a s team/1-butene  ratio of  6 (mol/mol). (I) 1,3-butadiene yield, (II) 
1-butene convers ion ,  ( l i d  1,3-butadiene selectivity. (A) Calcined at 973 K in dried air, (B) calcined at 
973 K in a tmospher ic  air. 

40 

out the catalyst bodies, but also microscopi- 
cally, i.e., over the surface of the iron oxide 
particles, to prevent coking completely. Ob- 
viously, a homogeneous distribution over 
the surface of the iron oxide is accomplished 
only by decomposition of the potassium fer- 
rite phase, when the potassium comes out of 
the potassium ferrite lattice homogeneously 
as potassium carbonate. The same effect of 
decomposition on stability has been ob- 
served for catalysts containing 1.7 and 2.8 
wt% Fe/MgO promoted with 3 wt% K. 

The activation energy, Eact, of the po- 
tassium-promoted 2.8 wt% Fe/MgO cata- 
lyst after exposure to atmospheric air is 155 
kJ/mol, which is equal to the values found 
for the freshly calcined supported catalysts 
within experimental error. These kinetic 
data have been added to Table 2. Suppos- 
edly, KFeO 2 is still the active phase. How- 
ever, the logarithmic preexponential factor 
decreases from 21.7 to 21.4, which is indica- 
tive of a decrease of the number of active 
sites. This is in good agreement with a par- 
tial decomposition of the potassium ferrite 
surface layer. 

Comparison with an Unsupported Iron 
Oxide Catalyst, S-105 

A commercial unsupported iron oxide 
catalyst promoted with potassium, which is 
generally referred to in the literature, is the 
Shell catalyst, S-105. This catalyst has a 

nominal composition of 88.0 wt% Fe203 , 2.5 
wt% C r 2 0 3 ,  and 9.5 wt% KzO (43). Before 
use it has a BET surface area of 2 m2/g. 
The average pore radius is about 1500 ~,  
as determined using mercury intrusion. An 
X-ray diffraction pattern of the fresh cata- 
lyst is shown in Fig. 9A. In the fresh catalyst 
potassium is mainly present as potassium 
polyferrite, KFel]OlT. In the literature this 
compound is sometimes also referred to as 
K2Fe22034 , which is its unit cell formula 
(44). Next to this compound, o~-FezO 3 and 
also some K2CO 3 • ~H20 and K20 are pres- 
ent. The 1-butene dehydrogenation activity 
of this catalyst as a function of time at 873 K 
is shown in Fig. 8. Whereas the supported 
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FIG. 8. 1-Butene dehydrogenat ion  activity of  the 
S-105 catalyst  as a funct ion of  t ime at 873 K at a s team/  
1-butene ratio of  6 (mol/mol).  (I) 1,3-Butadiene yield, 
(II) 1-butene convers ion,  (III) 1,3-butadiene selec- 
tivity. 
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FIG. 9. X-ray diffractograms of the S-105 catalyst. 
(A) Fresh, (B) after dehydrogenation. (4,) KFe11OI7 , 
(*) a-Fe203, (G) Fe304, (+) K2CO3" ~H2 O, ([]) K20, 
(A)  K2CO3.  

potassium-promoted catalysts hardly ex- 
hibit an activation period, the S-105 catalyst 
requires about 35 h to reach a steady con- 
version level of about 36% at a 1,3-butadiene 
selectivity of 79%. Remarkably, after the 
initial activation the catalyst does not show 
signs of deactivation within the first 25 h. 
The activation period observed here is due 
to reduction of both o~-Fe203 and KFellOl7 
to Fe304 as established using X-ray diffrac- 
tion after dehydrogenation. The use of 
Weiss extraction magnetic measurements 
like those performed on the supported cata- 
lysts would not be meaningful, inasmuch as 
reduction of the antiferrimagnetic KFeHO~7 
(45) is obscured by the reduction of 
o~-Fe203. The X-ray diffraction pattern after 
dehydrogenation is shown in Fig. 9B. It 
clearly shows the presence of Fe304. Po- 
tassium is present both as hydrated and as 
anhydrous potassium carbonate. The acti- 
vation period being long in comparison with 
that of the supported catalyst can be ex- 
plained by the much higher iron oxide con- 
tent of the unsupported catalyst. It therefore 
takes longer before all iron oxide has been 
reduced. Whereas KFeO2 is not reducible 
under the dehydrogenation conditions used 

here, evidently, reduction of potassium 
polyferrites is much more facile and does 
proceed. According to Courty and Le Page 
(27), the long activation period cannot be 
fully accounted for by catalyst reduction, 
but progressive rebuilding of the catalyst 
surface is also invoked. 

After 60 h of isothermal operation at 
873 K, the 1-butene dehydrogenation activ- 
ity of the S-105 catalyst has also been mea- 
sured as a function of the temperature at a 
steam/1-butene ratio of 8.2 (mol/mol). From 
these data the activation energy and the cor- 
responding logarithmic preexponential fac- 
tor for the unsupported S-105 catalyst are 
found to be 186 kJ/mol and 26.3, respec- 
tively. This activation energy is much higher 
than the value of 156 kJ/mol observed for 
the potassium-promoted supported cata- 
lyst. It is indicative of the presence of a 
different active phase, which agrees with the 
fact that in the unsupported S-I05 catalyst 
a-Fe203 and KFe 1 rO~7 are reduced to Fe304 , 
whereas in the supported catalyst reduction 
of KFeO2 does not proceed. 

The stability of the unsupported catalyst 
confirms the earlier conclusion that a stable 
catalyst would require the presence of 
highly dispersed potassium carbonate at its 
surface. As we have seen, the KFe~tOT7 
phase is reduced to Fe304 under dehydroge- 
nation conditions. Since Fe304 does not 
form a ternary phase with potassium ions 
(28), potassium must come out of the ferrite 
lattice and then cover the resulting iron ox- 
ide homogeneously as potassium oxide, 
which immediately reacts with the CO2 pro- 
duced by catalyst reduction and carbon gas- 
ification. 

The difference between the performances 
of the magnesium oxide-supported catalyst 
and the unsupported S-105 catalyst cannot 
be derived from the results shown thus far. 
In order to be able to compare the perfor- 
mances, 1-butene conversions should be 
compared at equal levels of 1,3-butadiene 
selectivity. For this purpose the 1,3-butadi- 
ene selectivities are plotted against 1-butene 
conversions in Fig. 10 for both the unsup- 
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FIG. 10. 1-Butene dehydrogenation performance 
plot. Data measured at increasing and decreasing tem- 
peratures at a steam/1-butene ratio of 8.2 (mol/mol). (I) 
S-105 catalyst; (II) 2.8 wt% Fe/MgO (EDTA) promoted 
with 3 wt% K; (III) same as (I1), calcined in atmo- 
spheric air. 

ported S-105 and a 2.8 wt% Fe/MgO catalyst 
(ex EDTA) consecutively promoted with 3 
wt% K. The performance of the supported 
catalyst after decomposition of KFeO2 in air 
is shown also. The data have been collected 
from the 1-butene dehydrogenation activi- 
ties measured as a function of temperature 
at a steam/oil ratio of 8.2 (mol/mol). The 
contact times are equal for all catalysts. 
Compared with the S-105 catalyst, the 
freshly calcined supported catalyst shows 
considerably higher 1,3-butadiene selectivi- 
ties over the whole range of conversions. 
The selectivity differences vary from about 
4% at low conversion to about 8% at 50% 
conversion of 1-butene. The curve of the 
supported catalyst calcined and slowly 
cooled in atmospheric air runs only slightly 
below that of the catalyst treated in dried 
air. This is in accordance with our earlier 
conclusion that the active phase in both cat- 
alysts is the same, i.e., KFeO 2. 

It is evident that compared with the un- 
supported S-105 catalyst the supported cata- 
lysts show much higher 1,3-butadiene selec- 
tivities at comparable 1-butene conversion 
levels. Figure 10, however, gives no indica- 
tion about the temperatures required to ob- 
tain those conversion levels. For that pur- 
pose the temperatures required to reach a 

40% l-butene conversion, which will be re- 
ferred to as T40, have been collected in Table 
3. 1,3-Butadiene selectivities at 40% 
1-butene conversion $40, are also given. The 
potassium-promoted supported catalysts, 
both prepared from ammonium iron(liD ci- 
trate and ammonium iron(Ill) EDTA, typi- 
cally require a temperature of 863 to 865 K 
to obtain 40% conversion of 1-butene. Com- 
pared with the supported catalysts, the 
S-105 catalyst clearly requires a tempera- 
ture about 8 K higher to reach the same 
conversion level. However, at the same 
time the S-105 shows a much poorer selec- 
tivity. The supported catalyst calcined in 
atmospheric air, which appears slightly less 
active based on the kinetic data displayed in 
Table 2, accordingly shows a considerably 
higher T40 value. In contrast to what is ob- 
served for the S-105 catalyst, this does not 
result in a much lower 1,3-butadiene selec- 
tivity, as has already been shown in Fig. 10. 
Finally, it seems that supported catalysts 
prepared from ammonium iron(Ill) citrate 
render somewhat lower 1,3-butadiene selec- 
tivities, viz., about 2% lower than catalysts 
prepared from ammonium iron(Ill) EDTA. 

Conclusions 

Potassium-promoted magnesia-sup- 
ported iron oxide catalysts show much 
higher 1-butene dehydrogenation activities 
and selectivities than the corresponding un- 
promoted supported catalysts. The activa- 
tion energy decreases from 194 to 156 
kJ/mol upon promotion with potassium, as 

TABLE 3 

Comparison of  Performance Data 

Catalyst Ta0 $40 
(K) ~ (%)~ 

S-105 872 78.6 
1 wt% K, 3.1 wt% Fe/MgO (citrate) 863 82.9 
6 wt% K, 3.1 wt% Fe/MgO (citrate) 865 82.0 
3 wt% K, 2.8 wt% Fe/MgO (EDTA) 864 84.9 
3 wt% K, 4.4 wt% Fe/MgO (EDTA) 863 84.9 
3 wt% K, 2.8 wt% Fe/MgO (EDTA)-air 876 83.9 

° For explanation of T4o and S4o, see text. 
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was earlier reported by Hirano (19). The 
drop of the activation energy indicates that 
the rate-determining step is facilitated by 
the presence of potassium. The active phase 
in the potassium-promoted supported cata- 
lysts was found to be a mixed oxide of iron 
and potassium, i.e., KFeO2, in agreement 
with others (30-32). The conclusion is based 
on the absence of catalyst reduction as es- 
tablished using thermomagnetic analysis 
and using CO2 monitoring during isothermal 
l-butene dehydrogenation at 873 K. These 
observations are in good agreement with the 
difficult reduction of KFeO2, as observed 
with TPR experiments (1). Whereas in a 
10% H2/Ar flow reduction of magnesium fer- 
rite already sets in at 600 K, reduction of 
potassium ferrite does not proceed until 
770 K. 

On the other hand, reduction is observed 
for the unsupported S-I05 catalyst. When 
fresh, this catalyst contains KFeHO17 next 
to ~-Fe203. Both KFeljO17 and a-Fe203 
were found to be reduced to Fe304 under 
dehydrogenation conditions. Analogously, 
Lichtner and Szalek (46) reported reduction 
of K2Fe~2019 under ethylbenzene dehydro- 
genation conditions. Obviously, potassium 
monoferrite, i.e., KFeO2, is much more dif- 
ficult to reduce than potassium polyferrites, 
as concluded by others (31, 33, 47, 48). Mol- 
chanov et al. (31) reported that the reduc- 
tion of KFeO 2 depended strongly on the 
steam/1-butene ratio. At high steam/ 
1-butene ratios reduction did not proceed. 
However, at low steam/1-butene ratios 
KFeO2 was found to be reduced to Fe304. 
This reduction led to a decrease of the dehy- 
drogenation activity, which indicates that 
the activity was due to KFeO2. 

The unsupported S-105 catalyst (activa- 
tion energy of 186 kJ/mol) presents a type 
of active phase different than that of the 
promoted magnesia-supported catalyst (ac- 
tivation energy 156 kJ/mol). The value of 
186 kJ/mol that we found for 1-butene dehy- 
drogenation is in remarkably good 
agreement with the values of 180-192 
kJ/mol reported by C~trra (16), Chrra and 

Forni (17), and Shibata and Kiyoura (29) for 
ethylbenzene-to-styrene dehydrogenation 
over the same type of unsupported catalyst. 
Values ranging from 96 to 142 kJ/mol are 
also reported in the literature (14, 19, 49, 
50). These values, however, were not ob- 
tained under so-called differential condi- 
tions, i.e., at relatively low conversion lev- 
els and temperatures. It was observed in 
Figs. 2 and 4 that above 820 K side reactions 
start influencing the 1,3-butadiene yields, 
causing a deflection of the Arrhenius plots. 
Accordingly, lower apparent activation en- 
ergies will be obtained. Lower activation 
energies are also expected when the activity 
is governed by intraparticle diffusion phe- 
nomena (40). As argued above, this was not 
the case with the experiments described 
here. However, it might be an additional 
explanation for some of the low activation 
energies reported in the literature. 

KFeO2 shows a high activity for the dehy- 
drogenation of 1-butene. Although coking is 
less than that for the unpromoted supported 
catalysts, KFeO: is not sufficiently effective 
to suppress coking completely. KFeO2 is 
much less active toward carbon gasification 
than K2CO 3 (5-7), and the latter appears 
to be required for effective suppression of 
carbon deposition. Mere impregnation with 
an excess of K2CO 3 does not result in distri- 
butions that are sufficiently homogeneous 
to suppress coking entirely, but this can be 
accomplished by either partial decomposi- 
tion of KFeO2 under influence of atmo- 
spheric air or reduction of the ternary phase 
to Fe304 . The latter was only observed for 
the unsupported S-105 catalyst containing 
easily reducible KFe11017. In both cases 
highly dispersed K2CO 3 is formed on the 
iron oxide surface, which is capable of pre- 
venting carbon accumulation on the iron ox- 
ide surface. Previously, it has been estab- 
lished that under the dehydrogenation 
conditions used here, i.e., at 873 K and a 
steam/1-butene ratio of 6 (mol/mol), carbon 
formation is thermodynamically feasible 
(4). Calculations are based on graphite as 
the stable carbon phase. Accordingly, car- 
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bon deposition on unpromoted iron oxide 
catalysts has been established (4). Although 
thermodynamically carbon deposition is 
also expected in the experiments described 
in this paper, it is suppressed in the presence 
of K2CO3. The reason is that carbon is as- 
sumed to be deposited via highly reactive 
intermediates, which are rapidly gasified 
with steam in the presence of K2CO 3. 

The effect of potassium sulfate in the mag- 
nesia-supported catalysts, as reported ear- 
lier (1), remains, as yet, unclear. However, 
the presence of potassium bound to sulfate 
is expected not to be beneficial for the stabil- 
ity of the catalytic activity. According to 
Lee (14), binding the potassium in a com- 
pound more stable than potassium carbon- 
ate lowers its effectiveness as a promoter. 
The presence of K2SO 4 might also account 
for the extensive reaction of the promoter 
with the quartz reactor wall. In reducing 
atmospheres K2SO 4 is reduced to potassium 
sulfides (I), several of which are known 
(51). Most of them have melting points far 
below 873 K, thus allowing rapid transport 
of potassium out of the catalyst bodies. For 
these reasons the presence of sulfate, which 
originates from the MgO support, seems un- 
desirable. 

Comparison of the performance of our 
MgO-supported catalysts with the unsup- 
ported S-105 catalyst shows that the former 
combines high 1-butene conversions with 
1,3-butadiene selectivities considerably 
higher than those of the latter. The differ- 
ence in performance cannot be attributed 
to differences between textures. Selective 
dehydrogenation requires relatively small 
catalyst bodies with relatively wide pores 
and a relatively small surface area in order 
to establish fast transport of reactants and 
products (14). Small pores are considered 
to be detrimental to the 1,3-butadiene selec- 
tivity (27). The S-105 catalyst contains 
wider pores than the magnesia-supported 
catalysts (37). As the difference in perfor- 
mance cannot be attributed to differences in 
textures, it should be ascribed to the differ- 
ent natures of their respective active phases. 

In summary, we have succeeded in pre- 
paring a K-promoted MgO-supported iron 
oxide catalyst with improved catalytic prop- 
erties. The catalyst combines high 1-butene 
conversions with higher 1,3-butadiene se- 
lectivities than a commonly used unsup- 
ported iron oxide catalyst, such as the S-105 
catalyst. After the proper treatment, as has 
been described, coking is suppressed also. 
Using a support, it is expected additionally, 
that, the catalyst will not exhibit a decreas- 
ing mechanical stability. Furthermore, we 
have been able to establish the effect of po- 
tassium promotion and clarify the nature of 
the active phase. 
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