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Abstract The effect of surface hydrophobicity degree of
MCM-41 support on activity and selectivity in Fischer—
Tropsch synthesis has been studied. The Fe/MCM-41 cata-
lyst was prepared by impregnation of the mesoporous sup-
port with iron. A portion of this product was silylated with
hexamethyldisilazane. The samples were characterized by
atomic absorption spectroscopy, X ray diffraction at low
angles, N, adsorption at 77 K, Fourier transform infrared
spectroscopy and Mdossbauer spectroscopy at 25 and 298 K
in controlled atmosphere. Catalytic tests were performed
simulating industrial operating conditions and showed that
the silylated system presents higher activity, lower selec-
tivity toward methane and higher olefin/paraffin ratio. The
higher methane production and the lower amount of ole-
fins observed for the non-silylated catalyst indicate that this
system has a larger amount of hydrogen on its surface than
the silylated one. A detailed discussion about the relation-
ship among surface chemistry, stability, selectivity and the
changes in iron species of the catalysts is presented.
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1 Introduction

The Fischer—Tropsch synthesis (FTS) is a catalytic process
used to produce a broad distribution of sulfur-free hydro-
carbons (HC) from syngas (mixture of CO and hydrogen
with variable composition) which can be represented by the
following reaction:

(4n+1)H, + 2nCO - C H,,,, + C,H,, + 2n H,0

Several metals such as Rd, Ru, Ni, Co and Fe proved
to be active as catalysts in FTS. However, for economical
reasons only Co and Fe are used as commercial catalysts
for industrial processes [1, 2]. Compared to Co, iron based
catalysts present many advantages, such as: lower cost,
higher availability, higher resistance to poisoning and less
methane production. Moreover their selectivity can be eas-
ily modified in order to obtain alkenes, oxygenates and/or
branched HC [3].

Even though FTS technology has been used for decades
to produce HC at industrial scale, reaching a good selectiv-
ity towards the desirable products is still a major problem.
There is some early evidence in literature, which suggests
that the FTS is ‘‘structure sensitive” [4, 5]. This means that
the activity and selectivity of the solid depend on the crys-
tal size of the active phase, generally in the 1-10 nm range.
More recently, this property was confirmed using Co and
Fe supported catalysts [6—10]. These authors have found
that when the crystal size of these species is increased,
the catalytic activity and the selectivity to Cs, rises, while
CH, selectivity decreases. Therefore, to control the catalyst
selectivity in FTS, the use of particles with a determined
average diameter and with a narrow size distribution seems
to be a good strategy. To this end, an ‘‘inert’’ support with
a narrow pore-size distribution and a high thermal stability
could be employed.
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On the other hand, it should be mentioned that when
iron is used as catalyst, water is produced as a by-
product, which plays a very important role since it acts
as a poison of the iron active phase through an oxida-
tion process [11]. Besides, water favors the progress of
“Water—Gas Shift” reaction (WGS).

CO + H,0 & CO, + H,

This reaction changes the syngas composition
increasing the H,/CO ratio and thus the selectivity
towards methane. Pendyala et al. [12] reported that for
iron-based catalysts, a higher amount of water in the fed
gas leads to an increase in the rate of the WGS reaction
between 10 and 20%. This results in a decrease in the
fraction of CO converted into HC and an increase in the
methane selectivity.

As mentioned above, a good strategy to increase the
selectivity towards to a specific group of products is
to obtain a catalyst with a narrow crystal size distribu-
tion of the active phase. Small crystals of uniform size
could be obtained introducing the iron species precur-
sors inside the channels of a porous support. The MCM-
41 material seems to be an interesting support that ful-
fills all the required characteristics mentioned above. It
has average pore sizes between 1.5 and 10 nm depend-
ing on the synthesis method, a specific surface area
between 900 and 1200 m?/g and a good thermal stabil-
ity [13, 14]. These pore diameters inhibit the production
of waxes and increase the synthesis of HC in gasoline
and diesel range since the chain growth would be limited
[6-10]. Nevertheless, these small iron crystals have a
lower activity than that of the larger ones due to “intrin-
sic” effects, since in FTS it can be assumed that, the HC
chain growth steps only occur on sites with certain num-
ber of metal atoms in a given configuration. The density
of these sites might be much lower in small crystallites,
rendering them less active [9].

Taking into account all previous considerations,
the aim of the present work is to obtain a Fe/MCM-41
catalyst with controlled crystal size of the iron species,
avoiding water adsorption over the support surface to
hinder the poisoning of the active sites. The preven-
tion of the poisoning was achieved by chemical modi-
fication of the catalyst surface compensating the activ-
ity decrease due to the small crystal size of the active
phase. To this end, a silylation treatment was carried out
to eliminate the surface hydroxyls on a Fe/MCM-41 cat-
alyst, increasing its surface hydrophobicity. The effects
produced by this treatment on the sample properties
were studied by different characterization techniques and
their influence on the activity and selectivity on the FTS
was tested under similar industrial conditions.

@ Springer

2 Experimental
2.1 Catalyst preparation

The method proposed by Ryoo and Kim [14] was used to
synthesize the MCM-41. The pH was controlled during the
hydrothermal synthesis. The silica source was sodium sili-
cate and the surfactant used was cetyl-trimethyl-ammonium
chloride.

In order to obtain a sample with a nominal iron load-
ing of about 8% w/w, MCM-41 was impregnated with an
aqueous solution of iron nitrate using the incipient wet-
ness method. The iron-impregnated solid was dried in air
at room temperature (RT), calcined in N, flow (60 cm’/
min) from RT up to 603 K (0.2 K/min), and kept at the
final temperature for 1 h. This precursor was splitted in two
fractions. One of them was named Fe/MCM-41. The other
precursor was silylated with hexamethyldisilazane (HMDS)
outgassing during 3 h at 573 K (p, < 1073 Torr). A solution
of 1% (v/v) of HMDS in toluene was then prepared in a
glove box in Ar atmosphere and added to the dehydrated
solids. The mixture was heated at 393 K, for 90 min under
stirring. Finally, the treated solid was filtered, washed with
80 cm® of toluene, and dried in an oven at 333 K for 16 h.
The solid thus obtained was called sil-Fe/MCM-41.

2.2 Catalyst characterization

Atomic absorption spectroscopy (AAS), X ray diffraction
(XRD) at low angles, N, adsorption at 77 K (BET), Fourier
transform infrared spectroscopy (FT-IR), and Mossbauer
spectroscopy (MS) at 25 and 298 K were used in sample
characterizations.

An AA/AE Spectrophotometer 457 of Laboratory
Instrumentation Inc. was used to determine the sample iron
loading. The sample was treated in a mixture of HCI and
HF up to complete dissolution before measurement.

XRD patterns at low angles were recorded using a stand-
ard automated powder X-ray diffraction system Philips PW
1710 with diffracted-beam graphite monochromator, using
Cu K, radiation (A=1.5406 A) in the range 20=0.5-9°
with steps of 0.02° and counting time of 2 s/step.

Textural properties: specific surface area (S,), specific
pore volume (Vp) and pore diameter (Dp) were measured in
a Micromeritics ASAP 2020 V1.02 E device.

A Bruker IFS66 spectrometer with 1 cm™" resolution by
co-addition of 32 scans was used to acquire FT-IR absorp-
tion spectra. In order to obtain the corresponding pellets,
the samples were mixed with potassium bromide (1:100
ratio).

The Mossbauer spectra were obtained in transmis-
sion geometry with a 512-channel constant acceleration
spectrometer using a >'Co source (nominally 50 mCi) in
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Rh matrix. Velocity calibration was performed versus a
12 pm-thick o-Fe foil. All isomer shifts (3) are referred to
this standard. A Displex DE-202 Closed Cycle Cryogenic
System was used to change the temperature between 25
and 298 K. The spectra were folded to minimize geomet-
ric effects and fitted using a commercial program with con-
straints named Recoil [15]. The Mossbauer spectra in con-
trolled atmosphere of the activated catalysts were acquired
using the cell described in Ref. [16].

2.3 Activity and selectivity measurements

In order to reproduce the industrial typical operating con-
ditions of FTS, the catalytic tests were carried out dur-
ing 26 h using a differential reactor at a total pressure of
20 atmospheres (regulated by a back pressure valve) and
543 K, with H,:CO ratio of 2:1 and a space velocity of
1176 h™! (400 mg catalyst and a total flow of 20 cm*/min).
The precursors were previously activated at a total pres-
sure of 1 atm in H,:CO=2:1 flow, heating the sample from
298 to 543 K with a rate of 3.1 K/min. The activated solids
were called c-Fe/MCM-41 and c-sil-Fe/MCM-41. The end
of this activation procedure was considered as the start of
the reaction (zero reaction time). After this treatment, the
pressure was set at 20 atm. The syngas mixture was filtered
to remove oxygen, water traces and carbonyls before being
introduced to the reactor. The tubing lines, downstream of
the reactor and before the back pressure valve were kept at
about 473 K to avoid the condensation of reaction products,
and a trap at 423 K was added to collect the HC higher
than C,,. After the back pressure valve, the reaction prod-
ucts C,—C,o, heated at 473 K, were analyzed online by gas
chromatography using FID detector with HP-1 capillary
column. The C,—C; hydrocarbon range was analyzed using
another chromatograph connected by a six way valve with
the first one, with FID and TCD detectors, using a GS-Gas
Pro capillary column and a HAYESEP DB 100/120 packed
one, respectively. Between both chromatographs, a con-
denser at 253 K was used to retain HC higher than C,;. A
complete analysis of the products was carried out every two
hours.

2.4 Used catalysts characterization

In order to study the structural changes of both catalysts
after the FTS by Mdossbauer spectroscopy, we have used
the cell described in Ref. [16]. This device does not allow
working at pressures higher than 1 atm. At 20 atm a higher
CO conversion is obtained, consequently, more water quan-
tity is available in the reaction atmosphere and more oxida-
tion of iron species could be expected. However, under our
operative conditions, as previously mentioned, the reaction
test occurs in a differential reactor with low CO conversion

levels (about 2-3%). Therefore, no structural differences
between catalysts used at 1 and 20 atm would be expected
and these measurements would be representative to under-
stand the differences between both solids.

Our previous studies [17] have demonstrated that after
6 h of reaction at 1 atm the catalyst reaches a pseudo-sta-
tionary state. Therefore, the FTS were carried out at 1 atm
for 6 h, under the same operative conditions than that used
at 20 atm, in this cell. The used catalysts were called us-Fe/
MCM-41 and us-sil-Fe/MCM-41.

Besides, the structural characterization of the used cata-
lysts was completed by XRD and FT-IR after exposing the
solids to air.

3 Results and discussion

A detailed analysis of the characterization results of the
support and the precursors can be found in a previous
work [18]. Briefly, the XRD patterns at low angles showed
in Fig. 1 indicate that the ordered hexagonal structure of
mesoporous MCM-41 remains unchanged after impreg-
nation, calcination and silylation treatments. The textural
properties and iron loading are shown in Table 1 and Fig. 2
displays the adsorption—desorption N, isotherms for Fe/
MCM-41 and sil-Fe/MCM-41 samples. The incorporation
of Fe into the MCM-41 support generates a decrease in S,
and V,, in comparison with the support, without substantial
changes in D,,. This would imply a partial pore filling of
the support with the Fe oxide species. The silylated sam-
ple presents a more pronounced decrease of S, and V, and
additionally, a decrease in D,,. These results were attributed
to the covering of the internal pore walls with trimethylsi-
lyl groups. This assumption is consistent with the observed
decrease in D, only for sil-Fe/MCM-41. Similar results
were reported by other authors [19, 20]. The Cggp val-
ues obtained by N, adsorption measurements at 77 K are
shown in Table 1. Taking into account that the magnitude
of Cygr is an indication of the adsorption enthalpy between
the adsorbate (N,) and the solid surface, a smaller Cgpy
value would indicate a weaker interaction between N, mol-
ecules and the solid surface [21]. Besides, the adsorption
heat of nitrogen is indeed lower on organic functionalized
surfaces than on hydroxyl-rich ones. As a consequence,
lower Cgpr values can be considered as an indication of
an increase in the surface hydrophobicity degree due to the
coverage by organic groups [22]. Comparing Fe/MCM-41
and sil-Fe/MCM-41 samples, a decrease of 2.4 times in
the Cypr value can be observed as a consequence of the
silylation treatment, which is indicative of the presence of
a hydrophobic surface [23, 24]. This result is confirmed by
FT-IR results as it will be described below.
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Fig.1 XRD patterns of Fe/MCM-41 and sil-Fe/MCM-41

Table 1 Textural properties and iron loading of the studied catalyst
samples

Samples S'g (m*/g) Dy(nm) V, (cm’/g) Cger %Fe (wt/wt)
MCM-41 912 2.7 0.88 107 -
Fe/MCM-41 691 2.9 0.64 108 89+04
sil -Fe/MCM- 494 24 0.59 45 8.6+04

41

S, specific surface area; D, average pore diameter; V), specific pore
volume; Cyrr BET model constant

The Mossbauer spectra at RT and 25 K of the precur-
sors are described in Ref. [18]. In both solids, the hyper-
fine parameters of the signals correspond to two fractions
of a-Fe,0; (Table 2) with very different sizes [25]. One
of these fractions, consists of crystals of about 36-44 nm
located outside the channels of the MCM-41. The majority
fraction (about 90%), is constituted by superparamagnetic
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Fig. 2 N, adsorption—desorption isotherms for Fe/MCM-41 and sil-
Fe/MCM-41

hematite not magnetically blocked in a complete way
even at 25 K. Using the Neel-Brown relaxation model
[26] a crystal size of about 3 nm was estimated. Finally,
the small doublet that remains at this low temperature can
be assigned to paramagnetic Fe’* ions diffused into the
MCM-41 walls. Considering this result together with the
textural measurements, we can conclude that the iron spe-
cies are predominantly located inside the MCM-41 chan-
nels. Finally, it can be seen that the fitting and the hyperfine
parameters obtained at both temperatures [18] are identical
for Fe/MCM-41 and sil-Fe/MCM-41 samples —within the
experimental error— indicating that the silylation treatment
does not modify the nature and size of the iron species.

The solid state 2°Si-NMR spectra were shown in a
previous work [18] and the FT-IR absorption spectra
are shown in Fig. 3. In sil-Fe/MCM-41 the presence of
absorption bands can be observed at 759, 850, 2854, 2924
and 2966 cm™! assignable to “stretching” Si-C, “rock-
ing” CH;—CH;, symmetric “stretching” of C-H, —CHj,4
deformation and non symmetric “stretching” of C-H,
respectively [20, 23, 27, 28]. These results confirm the
presence of trimethylsilyl groups on this sample. Besides,
the broad band centered at about 3500 cm™, assignable
to O—H stretching bands of adsorbed water [29], shows
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Table 2 Hyperfine parameters obtained from the Mossbauer spectra
at 25 K for activated catalysts

Species Parameters c-Fe/MCM-41 c-sil-Fe/MCM-
41
Fe,0, H(T) 5244 5143
Site I 5(mm/s) 0.37(*) 0.37(%)
2e (mm/s) —0.02(*) —0.02(*)
Fe,0, H (T) 5241 52+1
Site IT 5(mm/s) 0.49(*) 0.49(*)
2e (mm/s) 0.00(*) 0.00(*)
Fe;0, H(T) 5042 50+4
Site I 5(mm/s) 0.83(*) 0.83(*%)
2e (mm/s) —0.27(*) —0.27(%)
Fe,0, H (kOe) 48(%) 48+2
Site IV 5(mm/s) 1.03(*) 1.03(*)
2e (mm/s) —-0.41(*%) —0.41(%)
Fe,0, H (T) 3742 34+4
Site V 5(mm/s) 0.96(*) 0.96(%)
2¢ (mm/s) 0.89(*) 0.89(%)
x-FesC, H (T) 21+8 214
Site T S(mm/s) 0.30(%) 0.30(*)
2¢ (mm/s) —0.10(*%) —0.10(%)
x-FesC, H (T) 26+1 26+2
Site 1T §(mm/s) 0.38(%) 0.38(*%)
2e (mm/s) 0.30(*) 0.30(*)
x-FesC, H(T) 13+1 13+1
Site III S(mm/s) 0.30(*) 0.30(*)
2¢ (mm/s) —0.10(*) —0.10(*)
Fe?* S(mm/s) 1.6+0.1 1.6+0.1
Octahedral A(mm/s) 22+0.1 2.4+0.1
Fe?* 8(mm/s) 1.1+0.1 1.1+0.1
Tetrahedral A (mmy/s) 2.7+0.1 2.6+0.1

H Hyperfine magnetic field in Tesla; ¢ isomer shift referred to a-Fe at
298 K; 2¢e quadrupole shift; A quadrupole splitting

*Parameters held fixed in fitting

a strong reduction in sil-Fe/MCM-41, confirming the
higher hydrophobic nature of their surface in concord-
ance with BET results.

Therefore, taking into account all the characterization
results, we can conclude that the principal structural differ-
ence between both samples is the surface hydrophobicity
degree.

Figure 4 shows the Mossbauer spectra at 25 and 298 K
of the samples in controlled atmosphere of H,:CO, after
the activation process and subsequent “quenching” to
RT. Table 2 displays the hyperfine parameters obtained in
fitting.

The spectra at 298 K show an asymmetric doublet with
broad lines that could be assigned to paramagnetic and/or
superparamagnetic (sp) species, for both catalysts.

Intensity (a.u.)

)

Intensity (a.

ot
L Il L 1 ' 1 " 1 " 1 L Il ' 1 " 1 L
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wave length (cm'1)

Fig. 3 FT-IR absorption spectra of Fe/MCM-41 (solid line) and sil-
Fe/MCM-41 (dash line). The inset is a magnification of region 2700—
3200 cm™" for sil-Fe/MCM-41

In order to carry out a better species assignment, the
spectra at 25 K were acquired. The spectra display a curved
background, typical of the presence of superparamagnetic
relaxation. It is worth noting that, due to the complexity of
the spectra, a real fitting was not carried out. The species
assignment arises not only from the parameters obtained,
but also, from physical and chemical concepts, and the his-
tory of the samples. The spectra were fitted with five sex-
tets that corresponds to the five sites of the Fe;O, [30],
three sextets assignable to the three sites of x-Fe,Cs carbide
[31] and two doublets assignable to Fe?* ions located in
octahedral and tetrahedral sites inside the SiO, walls [32].

These species are present in the spectra at 298 K in a sp
regime: a carbide doublet, a Fe;O, singlet, and two para-
magnetic doublets assignable to Fe?* ions diffused inside
the SiO, walls and/or Fe;O, (sp). The species and their per-
centages are equal for both catalysts, taking into account
the fitting error (Table 3).

The reduction of a-Fe,O; with syngas leads to a quick
and complete transformation into Fe;0,. A fraction of
this magnetite later suffers a transformation into iron
carbide [33, 34]. As a result, a mixture of magnetite and
iron carbide is present at zero reaction time, avoiding an
induction period in the catalytic reaction, as it will be
discussed in the following paragraphs. Another interest-
ing phenomenon is that, after the activation treatment, all
iron species present at 298 K are sp. It should be borne
in mind that the precursors had a small crystal fraction
(about 5-8%) magnetically blocked at 298 K, with sizes
between 36 and 44 nm located outside the MCM-41 chan-
nels. TEM studies of Fe catalysts [35-37], demonstrates

@ Springer
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Table 3 Percentages of different Fe species present in activated cata-

lysts

Fe,0, (%) x-Fe,05 (%) Fe?* (%)
c-Fe/MCM-41 62+21 13+7 25+4
c-sil-Fe/MCM-41 68+26 10+9 22+4

@ Springer

Velocity (mm/s)

that iron carbides (FeC,) grow up on the surface of Fe;O,
crystals as small “nodules” when the magnetite is con-
tacted with syngas. Thus, it is possible to conclude that
the fraction of bigger crystals of a-Fe,O; leads, in a first
stage, to the production of Fe;0, without appreciable size
changes. Later, Fe;O, leads to very small nodules of y
carbide with superparamagnetic behavior at 298 K. Simi-
lar results were reported for Fe/SBA-15 system by Cano
et al. [38].



J Porous Mater

Table 4 Catalytic tests results
at 20 atm after 2, 4 and 24 h of

stream

Catalyst c-Fe/MCM-41 c-sil-Fe/MCM-41

Time on stream (h) 2 4 24 2 4 24

HC production/g of Fe 13x10"7  12x10'7  8x10"7 14x107 14x10"7 11x107
CO conversion (%) 34 3.2 2.4 3.7 3.6 3.3

Scua (%) 27 25 22 25 26 17
Olefin/Paraffin up to C¢ without C; 1.2 0.9 0.7 - 0.9 1.0

Table 4 shows the results of the catalytic tests performed
at 20 atm and 543 K with a H,:CO=2:1 after 2, 4 and
24 h of stream. It can be seen that sil-Fe/MCM-41 displays
approximately 1.4 times higher CO conversion and pro-
duction of total HC per gram of iron than the non-silylated
sample in the pseudo-stationary state. Taking into account
that the main difference between both catalysts is the sur-
face hydrophobicity degree, the higher CO conversion and
total HC production can be ascribed to the silylation treat-
ment. This effect was observed for cobalt based catalysts
supported on amorphous silica by other researchers. For
example, Shi et al. [39] reported a higher CO conversion
for a Co catalyst with CH; modified surface and they asso-
ciated this behavior to the decrease of the partial pressure
of water on the catalyst surface. Ojeda and co-workers [23]
reported a similar performance for silylated Co catalyst.
They claim that this result is a consequence of superficial
water elimination, generating high free active sites avail-
able for CO adsorption. On the other hand, analyzing the
results at short reaction times (Table 4), it can be seen that
both catalysts had similar activities, but then c-Fe/MCM-
41 was poisoned faster than c-sil-Fe/MCM-41. This effect
could be also attributed to the presence of a higher quantity
of water on the non-silylated catalyst surface.

Furthermore, the silylated system presents lower selec-
tivity toward methane and higher olefin/paraffin ratio
(Table 4) at the pseudo-stationary state. The difference
between CO conversion values of both catalysts prevents
a direct analysis of the selectivity parameters, since selec-
tivity comparisons are only valid at iso-conversion condi-
tions. However, considering that a higher CO conversion
leads to a higher methane production and a lower olefin/
paraffin ratio [40] then, sil-Fe/MCM-41 would produce
a higher difference with respect to Fe/MCM-41 if the
activity tests would have been realized at iso-conversion
conditions. It is well-known that the methane produc-
tion and the olefin/paraffin ratio in the FTS are associated
with the H,/CO ratio over the catalyst surface. A higher
value of this ratio increases the quantity of methane and
the selectivity toward to paraffins [41]. Therefore, these
results indicate that the non-silylated catalyst has a higher
amount of hydrogen on the surface than the silylated one
due to a further advance of WGS reaction. This fact can
be attributed to a greater quantity of water molecules on

the surface of the non-silylated system, in agreement with
the discussion of the activities results. The changes in the
methane production and olefin/paraffin ratio, at the begin-
ning of the reaction, would also reflect a faster increase in
the water content on the non-silylated solid, producing a
higher progress of the WGS.

Figure 5 shows the selectivity histograms of both
catalysts. The products were grouped in different frac-
tions according to their industrial applications: light HC
(C,—Cy), gasoline (Cs5-C,,), diesel (C3-C;g) and soft
waxes (C,q,). It can be seen that sil-Fe/MCM-41 catalyst
produces higher quantities of heavy HC, especially in the
diesel and soft waxes fractions. Again, this finding could
be assigned to the presence of a lower H,/CO ratio at the
catalyst surface, producing a lower termination reaction
favoring the chain growth. This is an important result,
which indicates that the incorporation of trimethylsilyl
groups in the Fe/MCM-41 system generates a significant
improvement in the heavy HC production in the FTS at
20 atm. This behavior is more evident at longer reaction
times.

To analyze the structural changes in MCM-41 supports
after FTS, the XRD spectra were obtained at low angles
of the catalysts used at 1 atm, for 6 h (Fig. 6). The char-
acteristic peaks of an ordered mesoporous solid MCM-41

“or c-sil-Fe/MCM-41
I c-Fe/MCM-41

35 -
30
25

7

moles(i)xn°C(i)x100/Zmoles(i)xn°C(i)

C2-C4 C5-C12 C13-C18 C19+

Hydrocarbons

Fig. 5 selectivity histograms of c-Fe/MCM-41 and c-sil-Fe/MCM-41
catalysts after 24 h of stream
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Fig. 6 low angles XRD spectra of used catalysts. c-Fe/MCM-41
solid line, c-sil-Fe/MCM-41 dash line
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Fig. 7 infrared spectrum of us-sil-Fe/MCM-41. The inset is a magni-
fication of region 2800-3000 cm ™"

can be observed. In both samples the structure was sta-
ble in these reaction conditions. The position of the more
intense peak at 20 =2.2° is the same in both solids, indi-
cating that the structural parameter a, (distance between
centers of neighboring pores) and d,, (interplanar spac-
ing calculated for the most intense peak) did not change
after the FTS.

The stability of the trimethylsilyl groups under reac-
tion conditions was evaluated by FTIR after using the
silylated catalyst during 6 h in FTS. The infrared spectrum

@ Springer

of us-sil-Fe/MCM-41 is shown in Fig. 7. The bands previ-
ously described for sil-Fe/MCM-41 remain, indicating the
presence of trimethylsilyl groups on the catalyst surface
after 6 h of reaction. A slight intensity decrease is observed.

Finally, the Mossbauer spectra in controlled atmosphere
of (H,:CO) at 30 and 298 K were acquired after 6 h of reac-
tion and subsequent “quenching” (Fig. 8).

At 298 K the spectra displays a very intense central sig-
nal for both catalysts. An asymmetric doublet with very
broad lines is observed in us-Fe/MCM-41, while the super-
position of three lines with different intensities can be seen
in us-sil-Fe/MCM-41. In all cases, these signals could be
assigned to paramagnetic and/or sp species. Besides, two
sextets of low intensity are also observed. In order to assign
the central signals, the spectra were acquired at 30 K.
Unlike the fresh catalysts, the spectra background is not
curved, indicating that all magnetic species are completely
blocked. For this reason, the fitting was carried out with
hyperfine field distributions, without superparamagnetic
relaxation. The spectrum of us-Fe/MCM-41 was fitted with
two doublets and five sextets, while an additional sextet
was necessary for us-sil-Fe/MCM-41. Table 5 displays the
hyperfine parameters obtained in fitting.

The two doublets were assigned to Fe?* ions located in
tetrahedral (lower d and A) and octahedral sites inside the
Si0, walls, in a similar way to that for the activated catalyst.
These sites were called Q; and Q, respectively, by Clausen
et al. [32]. The & value for Fe** located in Q, sites is near to
the value of a Fe**. These sites seem to have higher trend to
re-oxidize in contact with the FTS atmosphere.

Only two sextets were used to fit the signals assignable
to Fe;O,. One of them represents the “weighted” average of
the different Fe®* sites, and the other the “weighted” aver-
age of the different Fe* sites [30]. This methodology was
chosen bearing in mind that the Fe;O, percentage dimin-
ishes in comparison with the activated catalysts (from 62
to 17% in us-Fe/MCM-41, and from 68 to 32% in us-sil-Fe/
MCM-41). Therefore, considering that the signal is not as
well defined as in the activated catalysts, it is not recom-
mended to use the five interactions belonging to the differ-
ent crystals sites of the Fe;0,.

The remaining three sextets were assigned to I, II and
IIT sites of y-FesC, carbide [31]. Taking into account that
at Hx25 T the II site of x-FesC, carbide and the I site of
e'-Fe, ,C carbide exhibit overlapped signals, the presence
of the latter carbide cannot be discarded [42]. However, the
II site of €'-Fe, ,C (H=19 T) was only detected in us-sil-
Fe/MCM-41. This site was not detected in us-Fe/MCM-41,
probably due to the very low total content of carbide in this
sample.

All iron species mentioned above are also present in the
spectra at 298 K: a doublet of sp carbide, two doublets of
Fe’* assignable to ions that have diffused inside the SiO,
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Fig. 8 Used catalysts Moss-
bauer spectra at 30 and 298 K in
controlled atmosphere of H,:CO

us-Fe/MCM-41
T=298 K

Transmission (a.u.)

us-Fe/MCM-41
T=30K

1 1

us-sil-Fe/MCM-41
T=298 K

us-sil-Fe/MCM-41
T=30K

-10 -5

walls and/or Fe;0, (sp), one sextet of Fe’* located in tet-
rahedral sites and another sextet of Fe >+ ions located in
octahedral sites of Fe;O, [43].

The activated catalysts have the same iron species, with
equal percentages and crystal sizes; they only differ in their
surface characteristics. However, used catalysts have expe-
rienced important changes in their structural properties
(Table 6). First, in both samples the initial Fe;O, percent-
age diminishes. For the c-Fe/MCM-41 sample, the decrease

0 5 10 -10 -5 0 5 10

Velocity (mml/s)

in magnetite content leads to an extraordinary increase
in the amount of Fe?* diffused into the SiO, walls (about
200% in comparison with the activated catalyst), while for
sil-Fe/MCM-41 this increase was about 100%. On the other
hand, the silylated sample has a higher content of carbides.
These results indicate that both catalysts experienced struc-
tural changes during the FTS and that they contain mobile
species, especially the Fe’* ions. The tendency of these
ions to diffuse inside the walls is more pronounced in the

@ Springer
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Table 5 Hyperfine parameters of used catalysts during 6 h in FTS
obtained from fitting of Mossbauer spectra at 30 K

Species Parameters us-Fe/MCM-  us-sil-Fe/MCM-
41 41

Fe,0, H(T) 51+1 50+1
Sites S(mm/s)  0.55(*) 0.55(*)
(I+IT+1I 26 (mmfs)  —0.09(*) ~0.09(*)
Fe,0, H (T) 43+1 41+1
Sites S(mm/s)  1.0(*) 1.0(%)
(IV+V) 26 (mm/s)  0.11(*) 0.11¢*)
x-FesC, H(T) 2241 22(%)
Site I S(mm/s)  0.33(%) 0.33(%)

2e (mm/s)  0.0(*) 0.0(%)
x-FesC, H (T) 25+1 25+1
Site II+e"-Fe; ,C - s(mmss)  0.33(%) 0.33(%)

Site I 26 (mm/s)  0.0(%) 0.0(%)

x-FesC, H(T) 13+1 12+1
Site III S(mm/s)  0.37(*) 0.37(%)

2e (mm/s)  0.0(*) 0.0(%)
¢'-Fe, ,C H (T) nd 186(*)
Site IT §(mm/s) nd 0.36(*)

2e (mm/s) n.d 0.0(%)
Fe?* in octahedral &(mm/s)  1.3+0.1 1.4+0.1
Site A(mm/s)  2.9+0.1 2.8+0.1
Fe?* in Smm/s)  0.47(*) 0.5+0.1
tetrahedral A(mm/s)  0.86(*) 0.9+0.1
Site

H Hyperfine magnetic field in Tesla; 6 isomer shift referred to a-Fe at
298 K; 2¢ quadrupole shift; A quadrupole splitting,. n.d no detected

*Parameters held fixed in fitting

Table 6 Percentages of different Fe species present in catalysts used
6 hin FTS

Fe;0, (%)  y-FesC,+¢&'-Fe,,C  Fe* (%)
(%)
us-Fe/MCM-41 17+2 9+2 74+2
us-sil-Fe/MCM-41 3242 24+5 4442

non-silylated system. Bearing in mind that the activated
catalysts only differ in the surface hydrofobicity degree, it
could be speculated that the presence of water adsorbed on
the surface of c-Fe/MCM-41, by-product of the FTS, acts
as a mobilization “vector” for the Fe2* ions, favoring their
introduction into octahedral and tetrahedral sites of the
Si0, lattice.

It should be mentioned that the iron species diffused
inside the support walls, due to their inaccessibility, are
catalytically inactive. For this reason, it is evident that a
quick expulsion from the catalyst surface of the water pro-
duced in the synthesis is essential to reach a high catalytic
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activity. This process is carried out by the trimethylsilyl
groups located inside the channels of the support in c-sil-
Fe/MCM-41. Taking into account that 6 h of reaction are
enough to achieve the pseudo steady-state, it can be con-
cluded that the Fe** ions diffusion is a fast process.

Another interesting result is that, after using the cata-
lysts, a magnetically blocked fraction appears at 298 K
with a percentage very close to that detected in the precur-
sor (about 12-15%) for the a-Fe,0; crystals located on the
external surface. However, in these used catalysts, this frac-
tion corresponds to Fe;0, instead of a-Fe,O;. It should be
borne in mind that during the activation treatment this frac-
tion has disappeared due to the production of very small
carbide “nodules” with sp behavior. It could be inferred that
when the catalyst is “working”, these carbide “nodules”
are re-oxidized, leading to the appearance of bigger Fe;0,
crystals. It can be speculated that during this re-oxidation
a sintering of the carbide “nodules” occurs and magnetite
crystals with similar sizes to the original a-Fe,O; are pro-
duced. Depending on the conversion degree, H,O/H, and
CO,/CO ratios can be changed. As a consequence, the reac-
tion atmosphere can produce a reduction or an oxidation of
the surface iron species of the catalysts [44]. The present
results would indicate that under our reaction conditions,
the atmosphere is oxidant for both catalysts.

4 Conclusions

MCM-41 mesoporous solid was used as iron support to
produce HC through the FTS. In order to study the effect of
the hydrophobicity of the support surface, one fraction of
the nanocomposite Fe/MCM-41 was subjected to a silyla-
tion treatment incorporating trimethylsilyl groups onto its
pores surface. The reaction conditions were selected in
order to simulate operative industrial conditions with a dif-
ferential reactor. Both activated catalysts had the same iron
species, with equal percentages and crystal sizes; they only
differ in their surface characteristics.

Under reaction conditions, the silylated catalyst dis-
plays higher CO conversion, higher production of total HC
per gram of iron and higher chain growth in the pseudo-
stationary state. Taking into account that the only differ-
ence between both catalysts is the surface hydrophobicity
degree, these experimental observations would be conse-
quence of the silylation treatment. Besides, the silylated
system presents lower selectivity toward methane and
higher olefin/paraffin ratio. All these experimental observa-
tions would indicate that the water molecules, by-product
of the FTS, are desorbed faster from the actives sites in the
silylated catalyst. The quick water expulsion produces three
benefits:
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