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Metal-support interaction: titania-supported nickel-iron catalysts 

J. van de Loosdrecht  a,1, A.M. van der Kraan  b, A.J. van Dillen a and J.W. Geus a 

a Utrecht University, Department of Inorganic Chemistry, Sorbonnelaan 16, 3584 CA Utrecht, The Netherlands 
b Delft University of Technology, Interfacultair Reactor Instituut, Mekelweg 15, 2629 JB Delft, The Netherlands 

Received 1 April 1996; accepted 1 July 1996 

The influence of the titania support and metal particle size on the performance of nickel-iron catalysts in the Fischer-Tropsch 
synthesis has been studied by varying the nickel-iron loading and, consequently, varying the nickel-iron particle size. Low-loaded 
titania-supported nickel-iron catalysts (2 wt%) turned out to be more selective towards higher hydrocarbons than high-loaded 
nickel-iron catalysts (20 wt%), which produce much more methane. From temperature-programmed hydrogenation experiments, 
magnetic measurements and MiSssbauer spectroscopy it followed that different types of carbon are present on the catalysts depend- 
ing on the metal loading. These types of carbon could be related to the selectivity in Fischer-Tropsch synthesis and to the deactiva- 
tion of the catalysts with time on stream. These differences in catalytic behaviour are most likely due to the presence of TiOx species 
on the surface of the active phase, which species decrease the CO and H2 adsorption properties of the catalyst, but increase the disso- 
ciation of CO. 
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1. I n t r o d u c t i o n  

The activity and selectivity of  supported catalysts in 
Fischer-Tropsch synthesis can be affected by many fac- 
tors. It  has been shown that  alloying iron with nickel can 
increase the CO conversion drastically, whereas the 
selectivity towards higher hydrocarbons remains the 
same or decreases slightly [1,2]. Also the deactivation 
and the carbidization of  supported iron catalysts are 
influenced by the presence of  nickel. The effects on activ- 
ity and selectivity are due to changes in the adsorption of  
carbon monoxide and hydrogen and to changes in the 
ability of  the active phase to dissociatively adsorb car- 
bon monoxide. 

The performance of a catalyst can also be influenced 
by varying the particle size of  the supported active phase 
[3,4]. The activity of  supported cobalt catalysts in 
Fischer-Tropsch synthesis has been found to depend on 
the dispersion. However,  the selectivity did not change 
as a function of  the metal particle size [3]. Carbon 
deposition and graphite formation on supported cat- 
alysts exposed to carbon containing gas mixtures are 
more pronounced on large metal particles than on small 
particles. This difference can affect the catalytic perfor- 
mance and the deactivation of  the catalysts with time on 
stream [41. 

In previous research [1,2] it has been shown that the 
titania support  can have a very large effect on the cat- 
alytic performance of  supported nickel catalysts in the 
Fischer-Tropsch synthesis. It was shown that depending 
on the reduction temperature and the nickel loading, 
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which determines the size of  the nickel particles, the 
selectivity towards higher hydrocarbons could increase 
drastically. Tauster et al. [5,6] denominated the effect of  
the reduction temperature on t i tania-supported metal 
catalysts "strong meta l -suppor t  interaction" (SMSI). 
Presently it is generally believed that the changes in the 
catalytic properties of  t i tania-supported catalysts are 
caused by the presence ofTiOx (x < 2) species on the sur- 
face of  the active phase [6,7]. 

Therefore, we will in this study deal with the influence 
of  the titania support and of the metal particle size on the 
catalytic behaviour of  nickel-iron catalysts in the 
Fischer-Tropsch synthesis by varying the nickel-iron 
loading and, consequently, varying the nickel-iron par- 
ticle size. 

2, Exper imenta l  

Cata lys t  preparat ion.  Titania-supported nickel-iron 
catalysts of a Ni / Fe ratio of  1.5 were prepared by deposi- 
t ion-precipitation of  bimetallic cyanide complexes [2,8]. 
After precipitation the catalyst precursors were dried 
and calcined at 573 K for 3 h. The rate at which the cat- 
alyst precursors were heated to 573 K was 3 K/min .  The 
total metal loading was varied between 2 and 20 wt%. A 
detailed description of the above preparat ion procedure 
is published elsewhere [2,8]. The catalysts code xNiFe /  
support means a supported nickel-iron catalyst of  a 
metal loading of x wt%. In the catalysts a small amount  
of  potassium is present due to the use of K3Fe(CN)6 in 
the precipitation method [8]. These amounts are 0.2, 0.1, 
0.05 and 0.02 wt% potassium in 20NiFe/TiO2, 10NiFe/  
TiO2, 5NiFe/TiO2 and 2NiFe/TiO2,  respectively. 
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Fischer-Tropsch synthesis. Fischer-Tropsch syn- 
thesis was carried out in a fully automated micro-flow 
apparatus with a quartz reactor, i.d. 10 ram, operated at 
atmospheric pressure. The reaction products were ana- 
lyzed by means of a Perkin Elmer 8700 gas chromato- 
graph equipped with a FID containing a methanizer. A 
Poropack Q column was used, which was operated 
between 353 and 473 K. Carbon monoxide, carbon diox- 
ide and hydrocarbons from methane up to heptane were 
measured. About 350 mg of catalyst was reduced in situ 
in a 10% hydrogen in helium gas flow of a flow rate of 
100 ml/min. During the reduction the temperature was 
linearly raised from 313 to 673 K at a rate of 1 K/rain 
and subsequently kept constant for 9 h at 673 K. Then 
the reactor was cooled down to 523 K and a synthesis gas 
mixture, with H2/CO --- 2 and a flow rate of 30 ml/min, 
was passed through the reactor for 6 h. The syngas con- 
centration in helium was slowly increased up to 100% in 
30 rain to prevent a sudden and large temperature 
increase in the catalyst bed due to the exothermic reac- 
tion. Schulz-Flory parameters were determined from 
propane to hexane. 

Magnetic measurements. The experiments were exe- 
cuted using a modification of the Weiss-extraction tech- 
nique as described by Selwood [9]. The apparatus, which 
has been described elsewhere [2], enabled us to perform 
in situ magnetization measurements in the temperature 
range of 295-850 K and at magnetic field strengths up to 
0.85 MAre -1 (1 MA m -1 = 1.26 • 104 Oe). 

Temperature-programmed hydrogenation (TPH). 
Temperature-programmed hydrogenation experiments 
were executed to determine the nature and the amount 
of carbon species present in the catalysts after Fischer- 
Tropsch synthesis. To do so, the catalyst was cooled 
down from the reaction temperature (525 K) to room 
temperature in a helium gas flow. Next, a 10% hydro- 
gen in helium gas flow was passed through the catalyst 
bed and the temperature was increased from 300 to 
873 K at a rate of 5 K/min. Carbon containing com- 
pounds in the gas flow beyond the reactor were meas- 
ured each minute with a Perkin Elmer 8700 gas 
chromatograph. 

X-ray photoelectron spectroscopy (XPS). X-ray 

photoelectron spectroscopic measurements were exe- 
cuted with a standard Vacuum Generators MT 500/ 
clam-2 spectrometer using Mg Ks radiation produced 
by a Mg/A1 anode. To calculate the particle sizes from 
the XPS data, a dispersion analysis program was used, 
based on a publication of Kuipers [10] and modified by 
Gijzeman [11]. 

X-ray diffraction (XRD). X-ray diffraction meas- 
urements were carried out with an Enraf Nonius 
PDS120 X-ray powder diffractometry system using Fe 
K~l,Z radiation (A = 1.93735) to determine the particle 
sizes of the calcined catalysts. To calculate the particle 
size from the diffractogram the Scherrer equation was 
used [12,13]. 

3. Results and discussion 

3.1. Determination of mean particle size 

The particle sizes of the cyanide catalyst precursors, 
the calcined catalysts and the catalysts after reduction as 
determined from different techniques are represented in 
table 1. It has been found that the particle size of the cya- 
nide catalyst precursors is much larger than the particle 
size after calcination and reduction. This larger size can 
be due to the fact that the cyanide catalyst precursors 
contain a very large amount of cyanide (CN) ligands. It 
is also observed that in general, the particle size increases 
with increasing nickel-iron loading. 

3.2. Reduction experiments 

The magnetization of all catalysts was measured at 
673 K, after reduction of the samples for 16 h in 10% H2 
in helium at 673 K (table 2). The magnetization drops at 
decreasing amounts of nickel-iron, however, not pro- 
portional with the metal loading. To clarify the relation 
between the magnetization and the metal loading we 
have also calculated the expected magnetization by 
dividing the magnetization of 20NiFe/TiO2 by 2, 5 and 
10, assuming that when, for instance, the metal loading 
is decreased by a factor of two the magnetization should 

T a b l e  1 
T h e  p a r t i c l e  size o f  t he  c y a n i d e  c a t a l y s t  p r e c u r s o r s ,  t he  c a l c i n e d  ca t a ly s t s ,  a n d  the  r e d u c e d  c a t a l y s t s  as  d e t e r m i n e d  b y  X P S ,  X R D ,  o x y g e n  c h e m -  

i s o r p t i o n  a n d  M 6 s s b a u e r  s p e c t r o s c o p y  

C a t a l y s t  P a r t i c l e s i z e ( A )  

c y a n i d e  c a l c i n e d  c a l c i n e d  r e d u c e d  r e d u c e d  

X P S  X R D  X P S  0 2  c h e m  M/Sssbaue r  

2 N i F e / T i O 2  28 - - 32 < 100 

5 N i F e / T i O 2  74  - 20  35 - 

1 0 N i F e / T i O 2  146 58 40  40 - 
2 0 N i F e / T i O 2  202  70 74 74 > 100 

2 N i F e / A 1 2 0 3  - - 60 - - 

2 0 N i F e / A 1 2 0 3  - - 80 - - 



J. van de Loosdrecht et al. / Titania-supportednickel-iron catalysts 29 

Table 2 
The measured and expected magnetization of the reduced catalysts, 
determined at 673 K 

Catalyst M (a.u.) Deviation 
(%) 

measured expected a 

20NiFe/TiOz 7406 7406 - 
10NiFe / TiO2 3438 3703 7 
5NiFe/TiO2 1401 1852 24 
2NiFe/TiO2 321 741 57 

" The expected magnetization is calculated by dividing the magnetiza- 
tion of 20NiFe/TiOz by respectively 2, 5 and 10. 

also decrease by a factor of two (table 2). From the data 
of table 2 it is clear that the lower the metal loading, the 
larger the difference between the measured magnetiza- 
tion and the calculated magnetization. The larger differ- 
ence at lower loadings can be caused by a decreasing 
degree of reduction of the paramagnetic nickel-iron oxi- 
dic phase to a ferromagnetic nickel-iron alloy at lower 
metal loadings. 

M6ssbauer  spectroscopic experiments were executed 
to study the bulk properties of the iron species present in 
2NiFe/TiO2, 10NiFe/TiO2 and 20NiFe/TiO2 after cal- 
cination and after reduction. In fig. 1 the M6ssbauer 
spectra of 2NiFe/TiO2 and 20NiFe/TiO2 are shown. 
After calcination both catalysts contain small Fe203 
particles, which do not exhibit a magnetic hyperfine. 
splitting. After reduction the M6ssbauer spectrum of 
20NiFe/TiO2 consists mainly of a sextuplet with broad 
lines due to the presence of Fe(0) in a nickel-iron alloy. 
Furthermore, a small singlet is present at the center of 
the spectrum due to a superparamagnetic nickel-iron 
alloy and a small doublet, which is caused by an Fe(II) 
base. The M6ssbauer spectrum of 2NiFe/TiO2 after 
reduction consists mainly of a doublet due to an iron(II) 
phase and a singlet caused by a superparamagnetic 
nickel-iron alloy. The fraction of the metal present as an 

alloy after reduction is 36% for 2NiFe/TiO2, 79% for 
10NiFe/TiO2, and about 86% for 20NiFe/TiO2, while 
the amount of Fe(II) is 64% for 2NiFe/TiO2, 21% for 
10NiFe / TiO2 and about 14% for 20NiFe / TiO2 (table 3). 
The catalyst with a low loading (2 wt%) thus shows a 
degree of reduction, which is much lower than these of 
the highly loaded catalysts. This result was also observed 
with the magnetic measurements described above. 

The difference in degree of reduction between 
2NiFe/TiO2 and 20NiFe/TiO2 can be due to the pres- 
ence of an interfacial compound between the active 
metallic phase and the oxidic support, in which iron is 
present as Fe(II). When even the thickness of the interfa- 
cial layer is equal for both catalysts, the ratio of the 
active components in the not reduced interfacial layer 
and in the metallic active phase will be much larger for 
catalyst 2NiFe/TiO2 than for catalyst 20NiFe/TiO2. 

3.3. Fischer-Tropsch synthesis 

The CO conversion is represented as a function of 
time on stream in fig. 2. The initial CO conversion rises 
from 15 to 31% with increasing nickel-iron loading from 
2 to 20 wt%. However, after 6 h of Fischer-Tropsch syn- 
thesis the CO conversion has dropped to about 12% 
independent of the metal loading. The relative deactiva- 
tion with time on stream is hence less for catalysts with a 
low metal loading. These effects related to the nickel- 
iron loading have also been observed for titania-sup- 
ported nickel catalysts [1]. The deactivation of the 
nickel-iron catalysts will be discussed later on. 

As we observed that the selectivities of the nickel-iron 
catalysts towards CO2, CH4, C2 and C3+ are almost con- 
stant in time, the selectivities have been presented as a 
function of the metal loadings in figs. 3 and 4. The selec- 
tivity towards higher hydrocarbons (C3+) is about 39% 
for 20NiFe/TiO2 and 10NiFe/TiO2 and increases to 
about 54% for 2NiFe/TiO2. The CO2 selectivity 
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Fig. 1. M6ssbauer spectra of 2NiFe/TiO2 (left) and 20NiFe/TiO2 (right). 
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Table 3 

MSssbauer  da ta  of2NiFe/TiO2,  10NiFe/TiO2 and 20NiFe/TiO2 after calcination, reduction and Fischer-Tropsch synthesis 

Cata lys t  IS QS HF  SC Compound 

(nun/s)  (mm/s)  (kOe) (%) 

2NiFe/TiO2 

calcined 0.34 0.57 - 26 Fe203 

0.66 0.74 - 74 Fe203 

reduced 0.26 - - 36 NiFe  alloy superparam. 
1.48 1.81 - 64 Fe(II) 

F ischer-Tropsch  0.26 - - 43 NiFe  alloy superparam. 

0.86 0.45 - 14 Fe carbide? 

1.48 1.81 - 43 Fe(II) 

10NiFe/TiO2 

calcined 

reduced 

Fischer-Tropsch 

20NiFe/TiO2 
calcined 

reduced 

Fischer-Tropsch 

0.61 0.80 - 100 Fe203 

0.23 - - 8 NiFe  alloy superparam. 

0.26 - 296 71 NiFe allqy 

1.43 1.72 - 21 Fe(II) 

0.22 - - 9 NiFe  alloy superparam. 

0.26 - 290 59 NiFe alloy 

1.44 1.87 - 32 Fe(II) 

0.63 0.78 - 100 Fe203 

0.26 - - 6 NiFe  alloy superparam. 

0.26 - 306 80 NiFe  alloy 

1 . 4 5  1 . 6 8  - 1 4  F e ( I I )  

0.23 - - 7 NiFe  alloy superparam. 

0.26 - 295 73 NiFe alloy 

1.42 1.85 - 20 Fe(II) 

increases with increasing metal loading, whereas the 
CH4 and C2 selectivities do not depend very much on the 
metal loading. 

The large differences in the C3+ and CO2 selectivities 
at varying metal loadings can be attributed to several 
effects. Firstly, a change in particle size as a function of 
the nickel-iron loading which may lead to the observed 
differences in selectivities. Secondly, a change in particle 
size which may modify the influence of the titania sup- 
port on the performance of the active phase [5,6,14]. To 
decide about an effect of merely the size of the alloy par- 
ticles, additionally two alumina-supported nickel-iron 
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Fig. 2. CO conversion as a function of t ime on s t ream during Fiseher-  
Tropsch synthesis a t  525 K for 2NiFe/TiOz,  5NiFe/TiOz,  10NiFe/  

TiO2, and 20NiFe/TiO2. 

catalysts with a nickel-iron loading of 2 and 20 wt% were 
measured. To assess an effect of the interaction with the 
titania support a comparison will be made with the 
results of supported nickel catalysts of a previous study 
[1,2]. 

The performance of the alumina-supported nickel- 
iron catalysts was measured and the production of 
higher hydrocarbons (C3+) turned out to be 25% for 
20NiFe/TiOa and 16% for 2NiFe/TiOE. Although the 
alloy particle size rises with increasing metal loading for 
both the titania- and the alumina-supported catalysts 
(table 1), it follows from the Fischer-Tropsch measure- 
ments that the titania-supported catalysts show an 
increase of the C3+ selectivity with decreasing particle 
size, whereas, the alumina-supported nickel-iron cat- 
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Fig. 3. CO2 selectivity as a function of  the meta l  loading after 6 h of 
Fischer-Tropsch synthesis. 
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Fig. 4. C3+ selectivity as a function of the metal loading for nickel and 
nickel-iron catalysts after 6 h of Fischer-Tropsch synthesis. 

alysts exhibit a decrease of the production of higher 
hydrocarbons. Therefore, it is concluded that the 
changes in the selectivities of the titania-supported 
nickel-iron catalysts as a function of the metal loading 
do not essentially depend on the particle size of the active 
phase. 

In fig. 4 the C3+ selectivities of different nickel and 
nickel-iron catalysts are represented together. The 
20Ni/TiO2 catalyst does not produce any C3+ hydrocar- 
bons, whereas 20NiFe/TiO2 has a C3+ selectivity of 
39%. This difference is due to the presence of iron in the 
mckel-iron alloy catalyst [2,8]. At decreasing metal 
loadings both nickel and nickel-iron catalysts produce 
relatively more higher hydrocarbons. This increase in 
C3+ selectivity of the nickel catalysts with decreasing 
nickel loading is proven to be caused by partial reduction 
of TiO2 to TiOx species [1,2]. The TiOx species are in inti- 
mate contact with the active metal phase or cover part of 
the active phase and thus change the CO and H2 disso- 
ciation properties. As the effects observed with the sup- 
ported nickel catalysts can also influence the catalytic 
performance of other supported metal catalysts [6] we 
believe that the increase of the C3+ selectivity of the 
nickel-iron catalysts with decreasing metal loading is 
also caused by partial reduction of the titania support. 
The nickel-iron catalysts are more selective towards 
higher hydrocarbons than the nickel catalysts for all 
metal loadings. The higher selectivity is most likely due 
to the different active phase, nickel-iron instead of pure 
nickel. 

3.4. Changes in active phase during Fischer-Tropsch 
synthesis 

To study the behaviour of the catalysts under 
Fischer-Tropsch conditions magnetic measurements 
and M6ssbauer spectroscopic experiments were per- 
formed. 

In fig~ 5 the changes in the magnetization are repre- 
sented as a function of time during Fischer-Tropsch syn- 
thesis. In general the course of the magnetizations is 
similar for the nickel-iron catalysts with 2, 5, 10, and 
20 wt% loading. Initially the magnetization decreases 
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Fig. 5. The magnetization as a function of time during 4 h of Fischer- 
Tropsch synthesis, for catalysts 2NiFe/TiO2, 5NiFe/TiO2, IONiFe/ 

TiO2 and 20NiFe/TiO2. 

steeply, but after 30 min it reaches a level that remains 
constant. The observed sharp decrease is probably due 
to a fast oxidation and/or carbidization of the surface of 
the nickel-iron alloy, whereas the bulk of the nickel-iron 
particles remains in the alloyed state. The relative 
decrease of the magnetization turns out to be higher the 
lower the metal loading, viz., 15% for 20NiFe/TiO2 and 
42% for 2NiFe/TiO2. The different drop in magnetiza- 
tion can be explained by a difference in dispersion, which 
causes a different surface-to-bulk ratio. 

M6ssbauer spectra were obtained before and after 
Fischer-Tropsch synthesis for 2NiFe/TiO2 and 
20NiFe/TiO2 (fig. 1). Before Fischer-Tropsch synthesis 
the spectrum of 20NiFe/TiO2 consists of a sextuplet 
ascribed to a nickel-iron alloy, a singlet due to a super- 
paramagnetic nickel-iron alloy and a doublet caused by 
an Fe(II) species. After 4 h of Fischer-Tropsch synthesis 
the spectrum remains almost the same. Only the amount 
of Fe(II) increases slightly and the hyperfine field of the 
sextuplet decreases a little, indicating that a small 
amount of iron is oxidized and is segregated from the 
nickel-iron alloy [15]. The spectrum of 2NiFe/TiO2 
measured before Fischer-Tropsch synthesis consists of a 
singlet caused by a superparamagnetic nickel-iron alloy 
and a doublet connected with the presence of an Fe(II) 
compound. After Fischer-Tropsch synthesis the spec- 
trum of 2NiFe/TiO2 contains besides the two species 
already present before the Fischer-Tropsch synthesis, 
also a doublet which probably demonstrates the pres- 
ence of a superparamagnetic iron carbide. 

3.5. Deactivation and carbon deposition 

To gain more information about the differences in 
deactivation and catalytic performance of catalysts with 
a high and a low metal loading, temperature-pro- 
grammed hydrogenation (TPH) experiments were per- 
formed. In general, it is found that the carbon present on 
the low-loaded catalysts (2 and 5 wt%) is more reactive 
than the carbon present on the high-loaded catalysts (I 0 
and 20 wt%), while the total amount of carbon present 
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Table 4 
The amount of carbon deposited after 6 h of Fischer-Tropsch 
synthesis 

Catalyst mgcarbon/ mgcarbon/ molcarbon/ 
g catalyst g metal mol metal 

20NiFe/TiO2 7.7 39 0.18 
10NiFe/TiO2 5.4 54 0.25 
5NiFe/TiO2 6.3 126 0.57 
2NiFe/TiO2 4.6 230 1.0 

after 6 h of Fischer-Tropsch synthesis is more or less 
equal for all catalysts (table 4). However, the amount of 
carbon related to the amount of metal present on the cat- 
alyst decreases with increasing metal loading. 
Combining this result with the magnetic measurements, 
it follows that the amount of carbon taken up by the cat- 
alyst is related to the decrease of the magnetization dur- 
ing Fischer-Tropsch synthesis. The relation between the 
amount of carbon and the magnetization also indicates 
that the decrease of the magnetization is at least for a sig- 
nificant fraction due to carbidization of the surface of 
the nickel-iron alloy phase. 

In fig. 6 the TPH patterns of 20NiFe/TiO2 and 
2NiFe/TiO2 after 6 h of Fischer-Tropsch synthesis are 
compared with those of 20Ni/TiOz and 2Ni/TiO2, 
which already have been published elsewhere [1,2]. The 
TPH profiles of the high-loaded catalysts are signifi- 
cantly different. The 20Ni/TiO2 catalyst, which pro- 
duces only methane during Fischer-Tropsch synthesis, 
shows only one, very active, type of carbon (a'-carbon 
[16]), which is hydrogenated between 400 and 500 K. By 
contrast the 20NiFe/TiO2 catalyst shows a very small 
amount of aP-carbon, but a high amount of carbon 
hydrogenated between 500 and 650 K (a-carbon), and 
additionally a small amount of carbon which is hydroge- 
nated above 650 K (/3-carbon) [16]. This last catalyst 
produces, besides a relatively small amount of methane, 
mainly higher hydrocarbons (C3+). Obviously, a'-car- 
bon is involved in the reaction to methane and one of the 
other types of carbon takes part in the formation of the 

300 400 500 600 700 800 
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300 400 500 600 700 zoo 
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Fig. 6. TPH profiles of 20NiFe/TiO2 and 20Ni/TiO2 (left) and of 
2NiFe/TiO2 and 2Ni/TiO2 (right) after 6 h of Fischer-Tropsch 

synthesis. 

higher hydrocarbons. Furthermore, the 20Ni/TiO2 cat- 
alyst did not show deactivation with time on stream, 
whereas the 20NiFe/TiO2 catalyst does. So it follows 
that a~-carbon does not cause deactivation and, conse- 
quently, a- and/or/3-carbon has to be responsible for 
the deactivation of 20NiFe / TiO2. 

The TPH profiles of the low-loaded catalysts are 
almost identical. A small amount of a'-carbon and a 
large amount of a-carbon is present, whereas t-carbon 
is absent. Both catalysts produce higher hydrocarbons in 
Fischer-Tropsch synthesis and deactivate with time on 
stream. Obviously, for both properties at least a-carbon 
is necessary. 

TPH profiles of the 2NiFe/TiO2 and 20NiFe/TiO2 
catalysts are measured after 1 and 6 h of Fischer- 
Tropsch synthesis. The TPH profiles of 2NiFe/TiO2 
show that the amount of aP-carbon does not change with 
time on stream, whereas the amount of a-carbon 
increases significantly. So a-carbon may be responsible 
for the deactivation with time during the Fischer- 
Tropsch synthesis. The TPH profiles of 20NiFe/TiO2 
show more or less similar changes with time on stream, 
though the rise in a-carbon is smaller. 

Furthermore, TPH profiles of 20NiFe/TiO2 are 
measured immediately after 6 h of synthesis and after 6 h 
of synthesis and subsequently 1 h of treatment in a flow 
of hydrogen at 525 K. The TPH profile after the addi- 
tional 1 h in hydrogen shows that all at-carbon has disap- 
peared and that part of the type a-carbon has been 
hydrogenated also. Obviously, these types of carbon are 
the active species in the Fischer-Tropsch synthesis at 
525 K. After 1 h in a stream of hydrogen at 525 K/3-car- 
bon is still present, which is hydrogenated above about 
670 K, demonstrating that this type of carbon is not 
active under Fischer-Tropsch conditions. 

From combining the TPH experiments presented in 
fig. 6 and the Fischer-Tropsch results several types of 
carbon have been distinguished. Carbon which is hydro- 
genated below 500 K (a'-carbon) can be related to the 
formation of methane. These carbon species do not 
cause deactivation with time on stream. Furthermore, 
carbon which is hydrogenated between 500 and 650 K 
(a-carbon) is involved in the formation of higher hydro- 
carbons and its growing amount causes presumably 
deactivation. This a-carbon may be connected to the 
decrease of the magnetization during Fischer-Tropsch 
synthesis (fig. 5). Finally, carbon which is hydrogenated 
above 650 K (t-carbon). This type of carbon 
(presumably graphite) is not active in the Fischer- 
Tropsch synthesis and can, consequently, only contri- 
bute to the deactivation, explaining that the deactivation 
of the high-loaded catalyst is relatively larger than the 
deactivation of low-loaded catalysts. 

3.6. A model for the nickel-iron on titania system 

In fig. 7 a simple model for the catalysts is presented, 
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Fig. 7. A model for the nickel-iron on titania system. 

which can describe all experimental results obtained 
with the measurements mentioned above. 

The size of the alloy particles 20NiFe/TiO2 is about 
three times that of the alloy particles of 2NiFe/TiOa 
(table 2). After preparation and calcination a mixed 
nickel-iron oxide phase is present in all nickel-iron cat- 
alysts [2,8]. Magnetic and MSssbauer experiments indi- 
cate that after reduction a nickel-iron alloy is present 
and also an oxidic interface, with at least Fe(II) between 
the titania support and the nickel-iron alloy. The thick- 
ness of this interfacial layer is probably independent of 
the metal loading. After reduction of 2NiFe/TiO2 at 
673 K probably TiOx (x < 2) species are present on the 
surface of the alloy particles. This result was also found 
for titania-supported nickel catalysts [1,2,6]. 

The presence of TiOx species on the surface of 
2NiFe/TiO2 will change the CO and hydrogen adsorp- 
tion and dissociation properties of the alloy surface as 
compared to the alloy surface of 20NiFe/TiO2. The CO 
dissociation is promoted by the presence of TiO~, 
whereas the dissociation of hydrogen is decreased. This 
causes an increase in the ratio of dissociated CO to disso- 
ciated hydrogen on the alloy surfaces with increasing 
metal loading. Such can influence the effects which occur 
during Fischer-Tropsch synthesis. 

Magnetic and MSssbauer experiments indicate for- 
mation of surface oxides and/or carbides during 
Fischer-Tropsch synthesis, whereas the bulk of the par- 
ticle remains alloyed nickel-iron. TPH measurements 
show the existence of three types of carbon, which are 
hydrogenated at different temperatures, aP-carbon 
(400-500 K) involved in the formation of methane, a- 
carbon (500-650 K) involved in the production of higher 
hydrocarbons, while the deactivation of the catalysts is 
caused by a-carbon and ~3-carbon (> 650 K)./3-carbon, 

most likely graphite, is only present on the high-loaded 
catalysts. The absence of t3-carbon on low-loaded cat- 
alysts can be explained by the fact that graphite will not 
be formed on small metal particles but only on the larger 
alloy particles, which are present in the high-loaded cat- 
alysts [4]. 

During Fischer-Tropsch synthesis over 20NiFe/ 
TiO2 the nickel-iron alloy gives rise to the production of 
higher hydrocarbons. The increase in selectivity towards 
higher hydrocarbons of catalyst 2NiFe/TiO2 is most 
likely caused by changes in the CO and H2 dissociation 
properties induced by the presence of TiOx species on the 
nickel-iron surface. 

4. Conclusions 

Low-loaded titania-supported nickel-iron catalysts 
are more selective towards higher hydrocarbons then 
high-loaded catalysts most likely due to the presence of 
TiOx (x < 2) species on the surface of the active phase. 
These TiOx species decrease the CO and He chemisorp- 
tion, but increase the dissociative adsorption of carbon 
monoxide of the catalyst. 

Different types of carbon are involved in the forma- 
tion of methane and higher hydrocarbons as well as in 
the deactivation of the catalysts, at-carbon causes the 
formation of methane while a-carbon gives rise to the 
production of higher hydrocarbons. The deactivation of 
the catalysts is caused by a- as well as fl-carbon. 
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