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Abstract 

Fe-pillared clays (Fe-PILC) were prepared by the standard method using the complex [Fe3(CH3COO)7OH • 2H20] + NO~ 
as iron precursor. The temperature, time and iron concentration were varied during the exchange process. A thorough 
characterisation was carried out using XRD, textural properties, chemical analysis, scanning electron microscopy and 
M~ssbauer spectroscopy as main techniques. The Fe-pillared clays synthesized attained remarkable thermal stability in N 2 
and air (700°C), surface areas between 200 and 270 m 2 g-~ and basal spacing of around 21 ~, when dried at room 
temperature. The high thermal stability reached with these solids limited the catalytic activity. However, this unwanted 
control of activity renders the solids selective towards the C : - C  4 fraction of products in the CO hydrogenation reaction. Up 
to now, the use of Fe-pillared clays in this reaction is only found in the patent literature. The present work seeks to shed light 
on the behaviour of this type of solids in this reaction. 
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I. Introduction 

Pillared interlayer clays have been used as 
catalysts in numerous studies [1-14]. The main 
utility of this type of solid comes from the fact 
that a controlled porosity can be generated by 
incorporating several elements in between the 
layers of an expandable clay. The newly formed 
porous material can be systematically regulated 
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by varying the size, the form and the distance 
between the exchanging cations. 

Two strategies have been explored in the use 
of PILC in catalysis; (i) as support for the active 
phase; and (ii) by having the active phase form- 
ing the pillar itself. 

Certain polynuclear species are of great inter- 
est because after dehydroxylation and dehydra- 
tion, they can give interesting catalytic proper- 
ties. An example is given by Fe-PILC where a 
better definition on the product distribution in 
the CO hydrogenation reactions is expected. 

rights reserved 
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Two type of precursors have been used for 
the synthesis of Fe-PILC: inorganic salts 
[11,12,15,16] and organometallic complexes 
[17-24]. The first Fe-PILC were reported by 
Berkheiser et al. [17] in 1977 and then by 
Traynor et al. [ 18] in 1978. Their main problem 
was the lack of thermal stability because when 
heated at 150°C the basal spacing decreased 
from 18/~ to 12 ~k and their structure collapsed 
completely at 250°C. This lack of thermal sta- 
bility was solved by Loeppert et al. [19] incor- 
porating an excess of complex in such a way 
that the cation exchange capacity (CEC) were of 
around two, obtaining basal spacing of 17.7 
for montmorillonite based solids and 28.5 ,~ for 
vermiculite based solids. The thermal stability 
of these solids was good (550°C) but the surface 
area was very low (20 to 60 m2/g). 

Yamanaka et al. [20] in 1984 presented the 
first reference related to the preparation of Fe- 
PILC using an aqueous  solut ion of  
[Fe3CH3COO)7OH. 2H20]+NO3. The authors 
demonstrated that solids prepared from hydrox- 
ylated solutions of iron did not posses thermal 
stability at temperatures below 300°C. The lack 
of thermal stability was attributed to the fact 
that the Fe(III) hydroxides were not stable in 
water therefore, they could be removed during 
the washing step. To solve this problem, Ya- 
manaka prepared an Fe-PILC exchanging a Na- 
montmorillonite with partially hydrolyzed tri- 
nuclear iron acetate. After calcination at 500°C, 
these solids presented surface areas of 280 m2 /g  
and basal spacing of 16.7 ,~. After this paper of 
Yamanaka, several authors [20-24] reported the 
synthesis of Fe-PILC with similar characteris- 
tics of those reported by him. 

The catalytic activity of Fe-PILC has been 
little studied. Very few works can be found in 
the open literature where these solids are used 
as catalysts [11,25] and only one patent reports 
it use in the CO hydrogenation reaction [26]. 

In the present work we report the preparation, 
characterisation and catalytic behaviour of Fe- 
PILC in the CO hydrogenation reaction. 

2. Experimental 

The complex  [Fe3(CH3COO)7OH • 
2H20]+NO3 was synthesised using the method 
reported by Yamanaka et al. [20]. The iron 
p r e c u r s o r  for  this p repa ra t ion  was  
Fe(NO3)39H20 (Mallinckrodt), For the prepara- 
tion of the PILC, a commercial montmorillonite 
was used (Baroid) and the standard method was 
conducted varying the temperature, time and 
iron concentration during the exchange process. 
After the exchange process was completed, the 
solids were thoroughly washed with deionized 
water to avoid the presence of the iron complex 
outside the structure. The following general for- 
mula will be used to designate the solids pre- 
pared: tpr  where t is the time of exchange, T is 
the temperature of exchange and n is the meq 
complex/g  clay ratio. Thermal stability was 
evaluated in air atmosphere. The complex was 
characterised by elemental analysis using a 2400 
CHN Elemental Analyser and by VI'IR using a 
Perkin Elmer Spectrometer. The XRD analyses 
were conducted in a diffractometer Philips 
PW1730-10 fitted with a Cu tube. After wash- 
ing the samples were impregnated on a glass 
slice. The textural properties were assessed in a 
Micromeritics Accelerated Surface Area and 
Porosimetry 2400 (ASAP 2400) apparatus and 
the chemical analyses were carried out in an 
spectrometer Varian Techtron AA-6. The trans- 
mission electron microscopy was conducted in a 
Hitachi H-800 equipment and the samples were 
prepared using a solution of ethanol and water. 
The suspension was placed over a copper grid 
and covered with carbon. Mfissbauer spec- 
troscopy was carried out in zero field at room 
temperature. The gamma source was 57Co im- 
mersed in a Pd matrix. The isomer shifts are 
quoted relative to an a-Fe absorber. The cat- 
alytic test were conducted under mild condi- 
tions, 300°C and 300 psi. Prior to reaction, all 
the catalysts were calcined in steps in flowing 
air as follows: 100°C for 6 h, 300°C for 14 h 
and finally 500°C for 5 h. After calcination the 
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solids were reduced at 450°C under flowing 
hydrogen for 16 h. 

3. Results 

3.1. Characterisation of the Fe-complex 

Table 1 shows the elemental analysis carried 
out for the characterisation of the iron complex. 
It can be observed that the results obtained are 
within the expected values. Similar results were 
reported by Yamanaka et al. [20]. Additionally, 
an FTIR spectrum of the Fe-complex was taken 
to further characterise the complex. Fig. 1 shows 
the infrared spectrum obtained. The complex 
spectrum shows a signal at 1687.8 cm -1 as- 
signed to the N=O double bond of nitrate. The 
two very intense bands at 1609 and 1457.2 
cm-1 are assigned to the symmetric and asym- 
metric stretching of the COO- ion respectively 
and the small band situated at 1386.3 cm -1 is 
attributed to the symmetric deformation of the 
C H  3 groups. Signals due to the C-O bond in 
the acetate groups were observed at 1290.5 
cm -l  and 1035.2 cm - l  [27]. 

3.2. Preparation of the Fe-PILC 

A systematic study of the optimal conditions 
for pillaring the clay with the Fe-complex was 
conducted by varying the exchange temperature, 
time and meq complex/g of clay ratio. 

3.3. Influence of exchange temperature 

36.77 

Xt 

-1386.31 

-145 7.2 
i 

0.12 3500 1500 c m-f 

Fig. l. I.R. spectrum of [Fe3(CH3COO)7OH. 2H20] + NO~ com- 
plex. 

The solid prepared using 40°C as exchange 
temperature showed maximum thermal stability 
and basal spacing. For lower temperatures, the 
solids are less stable thermally reaching a point 
when no thermal stability is observed (e.g. 
20°C). When exchange temperature is higher 
the solid has lower thermal stability. 

3.4. Influence of exchange time 

The variation of basal space and thermal 
stability with exchange time was studied be- 
tween 1 and 4 h. Table 3 shows the values 
obtained. 

After only 1 h of exchange, the clay was 
already modified as seen by the increase of the 
basal spacing. With increasing time, no further 
changes were observed. The highest value after 
having been calcined at 500°C was obtained for 
the solid prepared with 3 h of exchange time. 

Table 2 shows the effect of temperature when 
preparing the Fe-PILC. 

Table 1 
Elemental analyses of the Fe complex 

Carbon % Hydrogen % Nitrogen % 

Experimental a 23.25 4.04 1.80 
Theoretical a 23.16 3.77 2.01 
Yamanaka [20] a 23.49 3.93 1.97 

a [Fe3(CH3COO)7OH.2H20]+ NO3. 

Table 2 
Basal spacing in A and its evolution with thermal treatment of the 
iron-pillared clays prepared. Influence of exchange temperature 

Solid Temperature (°C) 

25 300 500 

Original clay 14.9 9.6 
3 50 P3.5 21.1 17.2 17.1 
3 p34.° 21.0 17.9 18.0 
3 30 

P3.5  2 0 . 8  1 6 . 7  1 7 . 4  
3 20 P3.5 21.8 - - 
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Table 3 
Basal spacing in ,~ and its evolution with thermal treatment of the 
iron-pillared clays prepared. Influence of exchange time 

Solid Temperature (°C) 

25 300 500 

Original clay 14.9 9.6 
I p ~  21.3 17.2 17.7 3.5 
2p~  20.8 17.0 17.2 3.5 
3p~ 21.0 17.9 18.0 3.5 
4p40 21.1 17.1 16.6 3.5 

original 
ctay 

3.5. Influence of the meq complex / g of clay 
ratio 

Table 4 shows the values of d(001) of the 
montmorillonite pillared with different quanti- 
ties of the iron complex solution. 

A marked effect was observed when varying 
the meq complex/g  of clay ratio, especially 
when this ratio was low. In this case, a solid 
with poor thermal stability is obtained. A maxi- 
mum was found when 3.5 or 4.5 ratios were 
used, however, solid 3 p ~  (ratio = 3.5) shows a 
better thermal stability. 

From the above results, the optimum condi- 
tions for having a solid with high thermal stabil- 
ity were: temperature of exchange: 40°C, time 
of exchange: 3 h and meq complex/g  of clay 
ratio: 3.5. 

Thermal stability of the solid prepared using 
such conditions was studied. The intensity of 
the diffracted X-ray beam in the region of the 
001 reflections is shown for this solid in Fig. 2. 

When calcination temperature was varied be- 
tween room temperature and 700°C, the X-ray 

30001; 

400°C 

500°C 

600°C 

700°C 

:o 3b 
20 

Fig. 2. Intensity of the diffracted X-ray beam in the region of the 
001 reflections, 

signal characteristic of the d(001) was main- 
tained. Table 5 shows the basal spacing values 
obtained. This extraordinary thermal stability 
was also observed by thermo gravimetric analy- 
sis (TGA) where no additional weight loss was 
obtained after 300°C calcination temperature in 
air. 

Table 4 
Basal spacing in ,~ and its evolution with thermal treatment of the 
iron-pillared clays prepared. Influence of meq complex/g of clay 
ratio 

Solid Temperature (*C) 

25 300 500 

Original clay 14.9 - 9.6 
3p4O 21.4 16.7 2.5 
3p~  21.0 17.9 18.0 
3P4~ 20.9 16.3 16.1 

Table 5 
Basal spacing for the solid 3p~  calcined at temperatures between 
room and 700°C 

Temperature (°C) Basal spacing 001 (,~) 

25 21.0 
300 17.9 
400 17.9 
500 18.0 
600 17.3 
700 16.9 
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Fig. 3. Micrograph of 3p~ solid dried at room temperature. 

Fig. 4. Micrograph of 3p3. ~ solid calcined at 500°C. 
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3.6. Textural properties and chemical analyses 
of the Fe-PILC prepared 

Table 6 shows the iron content and surface 
areas obtained for all the samples prepared. 

When exchange is conducted, the surface 
area increases dramatically, increasing further 
after calcination. The iron content for most of 
the solids was between 28 and 31% with the 
only exception of 3p20 and 3p~  solids. It is 
interesting to note that this two solids are ther- 
mally unstable. This result suggests that thermal 
stability seems to be related to the iron content. 

3.7. Characterisation of the Fe-PILC3P 4° 

A thorough characterisation of the Fe- 
PILC3p~ solid was conducted in order to cor- 
roborate the incorporation of iron inside the 
clay. 

Table 7 
MSssbauer parameters and iron phases of the calcined at 500°C 
and non calcined 3P~ solid 

Treatment IS QS Hhf Phase % 
(mm/s)  (mm/s)  (kG) 

Non calcined 0.362 0.678 Fe 3+ 100 
0.338 0.786 0.000 Fe 3+ 83 

Calcined 500°C 0.385 0.010 482 ot-Fe203 17 

temperature at the sample increases dramatically 
as a consequence of the X-ray beam. The fact 
that there is no change in the basal spacing in 
these two samples provide further evidence of 
the thermal stability of the solid. The TEM 
micrograph of the solid after reduction and reac- 
tion does not show mayor changes compared 
with the calcined solid. This fact provide addi- 
tional evidence of the thermal stability of the 
solid. 

3.8. Scanning electron microscopy 3.9. M5ssbauerspectroscopy 

Figs. 3 and 4 show the micrographs of 3p3.~ 5 
at room temperature and calcined at 500°C re- 
spectively. The characteristic 'finger print' 
structure of pillared clays can be observed in 
both cases which supports the presence of iron 
in between the layers of the clay in this solid. 
The basal spacing measured by this technique 
was the same (16 A,) for the two samples. This 
low value obtained is expected because the 

Table 6 
Surface area of the solids prepared 

Solid Surface area (m2/g) 

25"C 300°C 500°C % Fe 

Original clay 34 - - 2.8 
3p5O 171 187 122 28.7 3.5 

3p34.° 220 223 205 27.7 
3 30 P3.5 199 254 244 28.5 
3'020 198 216 143 20.0 ~ 3 . 5  

~P3.~ 165 239 246 30.5 
2 40 P3.5 | 97 264 262 31.0 
4p~ 191 247 270 28.3 
3p2. ~ 172 230 260 22.4 
3p4O 146 233 252 26.8 

Table 7 shows the M~ssbauer parameters and 
the iron phases present in the non calcined and 
calcined at 500°C 3P~.° 5 catalyst. 

For the non calcined solid, a symmetric dou- 
blet is observed with a IS = 0.362 m m / s  and a 
QS = 0.678 m m / s  attributed to Fe 3 ÷ in octahe- 
dral configuration while the calcined sample 
shows a composed spectrum where a symmetric 
doublet and a sextuplet were observed. For the 
doublet the IS value was 0.338 m m / s  and the 
QS was 0.786 which indicate the permanence of 
Fe 3÷ (83%) after calcination. The increase of 
the QS value from 0.678 m m / s  to 0.786 m m / s  
when the sample is calcined can be attributed to 
the change of the chemical environment of the 
intercalated iron. This result has also been re- 
ported by Dhar [21], Doff [23] and Martin- 
Luengo [24]. The sextuplet with Hhf = 482 kG, 
IS = 0.385 m m / s  and QS = 0.010 m m / s  evi- 
dence the formation of a-Fe20 3 (17%) in small 
magnetic particles. In the reduced catalyst the 
spectra were very similar to those obtained for 
the calcined sample, however, a small contribu- 
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Table 8 
Conversion and product distribution of some of the solids prepared 

181 

Solid % XCO % CO 2 % CH 4 % C 2- % C 5 % C~- 
C4 

Original clay 3.82 45.33 24.54 20.24 5.55 4.34 0.50 
3p 40 21.45 23.39 31.24 40.31 0.98 4.07 0.45 

3.5 
3 20 P3.5 28.04 25.88 27.33 39.26 0.59 6.92 0.50 
3 P2.54° 20.45 25.12 28.08 40.00 0.52 6.27 0.50 

H 2 / C O  = 2; P = 300 psi; T = 300°C; SV = 1000 h -  ~. 

tion of a sextuplet, characteristic of ot-Fe in 
small particles was observed. 

3.10. CO hydrogenation reaction 

The catalytic behaviour of the solids prepared 
was assessed by the CO hydrogenation reaction. 
Table 8 shows the results obtained after the 
steady state was reached. 

When the original clay is pillared, an increase 
of activity is observed probably related with the 
amount of iron present in the pillared clays, 
however, this relationship is non linear. The 
product distribution shows that for the pillared 
clay, the amount of CO 2 formed decreases dra- 
matically, the selectivity towards CH 4 is higher 
and a high formation of the C2-C 4 fraction is 
obtained. 

When comparing the most stable sample with 
the two thermally unstable catalysts, it is ob- 
served that, even if the iron content in the latest 
samples is lower, their conversion is similar for 
the three samples. Moreover, the sample with 
the lowest iron loading have the highest conver- 
sion and in turn is the less thermally stable. 

It is interesting to note that, after reduction 
and reaction, the solid 3p3. ~ was again charac- 
terized by TEM and M~Sssbauer spectroscopy. It 
could be observed that its laminar structure was 
almost unchanged. This fact pointed out, once 
again, the remarkable thermal stability of this 
solid. 

4. Discussion 

From the results obtained, two main factors 
are of importance in the preparation of ther- 

mally stable Fe-PILC catalysts: (i) the number 
of pillars formed and (ii) the degree of hydroly- 
sis of the iron complex. 

It has been reported by Figueras [28] that 
exchange in clays is favoured with temperature, 
charge and size of the cation being favoured for 
small cation. 

When lower temperatures are used, the ex- 
change velocity becomes slow. In this case, the 
number of pillars formed is small and the result- 
ing solid should have a poor thermal stability as 
is indeed the case (Table 2). On the other hand, 
high temperature will favour the exchange ve- 
locity, however, if the temperature is too high, 
the hydrolysis of the iron complex is also 
favoured [22]. As a result, the resulting solid 
loses thermal stability, as observed. 

The effect of the exchange time is not so 
marked, however, the longest time of exchange 
(4 h, Table 3) produced the solid with the 
lowest thermal stability. This fact seems to indi- 
cate that the complex was more hydrolyzed, 
since time also will favour hydrolysis of the 
complex. 

The concentration of the cation in the solu- 
tion (meq complex /g  of clay ratio), also has 
great influence on the formation of  a thermally 
stable Fe-PILC. When concentration of the 
cation is low, the mass transfer process is not 
favoured, so the exchange velocity decreases. In 
this case (as seen for low temperatures) the 
number of pillars is small, rendering the solid 
thermally unstable. A high concentration of the 
iron complex does not seem to have any influ- 
ence on the final product within the studied 
range. 

Interestingly enough, the chemical analysis 
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(Table 6) shows that the two samples which are 
thermally unstable are the samples with the 
lower iron content. This fact corroborates the 
assumption that the number of pillars formed is 
of primary importance for thermal stability. 

The presence of iron in between the layers of 
the clay was evidenced. The initial increase of 
surface area is readily related with the creation 
of microporosity in the clay as reported by 
Fetter et al. [29]. When the samples were cal- 
cined, an additional increase of surface area was 
observed, probably related with the decomposi- 
tion of the iron complex. 

By means of transmission electron mi- 
croscopy, additional evidence was found as the 
characteristic 'finger print' structure of pillared 
clays was observed. This structure was retained 
even after reduction and reaction. 

Calcination of the free iron complex should 
produce its decomposition and formation of a- 
Fe203. The MSssbauer results obtained (Table 
7) showed that, when present in the Fe-PILC, 
iron was mainly (83%) as Fe(III) in an octahe- 
dral configuration before and after calcination in 
air at 500°C. This fact not only shows clearly 
the incorporation of iron in between the layers 
of the clay, but also its great thermal stability. 
The presence of the sextuplet due to ot-Fe203 
indicates, however, that a small part of the iron 
goes out of the structure during calcination. The 
presence of a-Fe203 due to free iron complex 
deposited on the clay during preparation is ruled 
out because samples were thoroughly washed 
after the exchange process; furthermore, the fact 
that the surface area decreases in this solid after 
calcination at 500°C, points out that some iron 
is leaving the layers of the clay and is resting 
around the entrance of the porous. M5ssbauer 
results on the reduced sample corroborate this 
statement. 

The catalytic performance of the catalysts is 
very promising. Even if the amount of iron is 
increased by a factor of 10 (Table 6) for the 
more stable catalyst, the conversion does not 
increase in the same degree (Table 8). This 
unwanted control of activity renders the solids 

selective towards the C2-C 4 fraction in the CO 
hydrogenation reaction. There were not marked 
differences in the product distribution for all the 
solids tested, however, for the unstable solids, 
conversion is higher. The poor stability of these 
catalysts allows that the iron (which goes out of 
the structure of the clay during the calcination 
process) becomes reduced and carbured. As re- 
ported elsewhere [30-32], iron species reduced 
and carbured are the main responsible for the 
high activity of iron in this reaction. 

It is well known that product distribution is 
markedly dependent on conversion when work- 
ing with conventional Fischer-Tropsch cata- 
lysts. The fact that it remains constant in all the 
solids tested regardless of it conversion could be 
explained by the presence in the solid of a 
controlled porous structure. Moreover, conven- 
tional Fe/A1203 catalysts, even promoted with 
K and Mn, which are known to enhance the 
selectivity to light olefins, are reported to give a 
maximum of 35% of the C2-C 4 fraction with 
20% conversion [33]. This value is lower than 
that obtained in the present study. These facts 
point out a combination of activity and shape 
selectivity in the Fe-pillared clays prepared in 
this work. 

5. Conclusions 

A remarkable thermally stable Fe-PILC cata- 
lyst has been prepared with surface areas be- 
tween 200 and 270 m 2 g - l  and basal spacing of 
around 21 .4, when dried at room temperature. 
Two main factors are responsible for attaining 
this high thermal stability, the number of pillars 
in between the layers of the clay and the degree 
of hydrolysis of the iron complex. The high 
thermal stability reached with this solids limited 
the catalytic activity. However, this unwanted 
control of activity renders the solids selective 
towards the C2-C 4 fraction in the CO hydro- 
genation reaction, making the study of this kind 
of solids very promising. 
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