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The effect of different activation atmospheres (CO:H2 or pure H2) on activity and selectivity of iron
nanoparticles supported on SBA-15 in Fischer–Tropsch Synthesis, has been studied. To achieve this
aim a new preparation method, using monodisperse pre-synthesized c-Fe2O3 nanoparticles of 3 nm size,
supported on SBA-15, was used. These catalysts have structural properties between real and model
catalysts. Therefore, they were named ‘‘quasi-model” catalysts. Nanoparticles and catalysts were
characterized with several techniques: XRD, N2 adsorption at 77 K, magnetic measurements, electron
transmission microscopy, Mössbauer spectroscopy between 298 and 13 K in air and controlled
atmosphere and thermal gravimetric analysis. Catalytic tests showed clearly that activation with pure H2

leads to a catalyst more active and less selective to methane than that activated with CO:H2.
To explain these results, different reduction steps were proposed. These different sequences would pro-
duce a diverse number of active sites.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The Fischer–Tropsch Synthesis (FTS) is a widely known process,
used to produce hydrocarbons from syngas (a mixture of H2 and
CO) [1,2]. It can be schematized in the following way:
ð2nþ 1ÞH2 þ nCO ! CnH2nþ2 þ nH2O

Different metals are active as catalysts in FTS but, up to the pre-
sent, Co and Fe are the only reasonable commercial catalysts for
this process [3]. This article will be focused on iron catalysts. The
technological process can be considered as ‘‘mature”, since the first
patent appeared in 1913 and in 1938 had various industrial plants
in operation [4]. However, nowadays many doubts about these
kinds of catalysts remain without solution. As a consequence of
the complex composition of ‘‘working” catalyst, it is very hard to
determine a correlation between the catalyst composition and its
activity and selectivity [5–7]. The active sites and the mechanism
of the reaction remain unclear [5–15] and the best activation treat-
ment is under discussion too [4,16–20]. Besides, the FTS would be
‘‘structure sensitive” [21–24], but more studies are necessary to
confirm this property. Additional difficulties appear when promot-
ers are added.

These ambiguous situations arise considering that more than
one variable is changed when the studies are realized. In order to
overcome this situation, model catalysts can be used. They can
be prepared using pure nanoparticles (NPs), with adjustable size
and a very narrow size distribution. These systems would avoid a
misunderstanding of the results. However, the methods to obtain
the model catalysts are complex, and NPs are on planar supports
of thin oxide films [25]. These flat surfaces have very different
properties compared with the actual catalyst. The real catalysts
have pores, which can provide diffusional hindrance and/or shape
selectivity.

In recent years, synthesis methodologies of Fe oxide nanoparti-
cles (NPs) with very narrow size distributions have been published
[26,27]. These results open new possibilities to synthesize
‘‘tailored” catalysts. Thus, in the present work, we report a new
synthesis method to obtain Fe catalysts for FTS with the aim of
overcoming the difficulties previously mentioned. The solid was
prepared embedding pre-synthesized Fe oxide NPs, with a narrow
particle size distribution, inside the pores of a suitable mesoporous
support as SBA-15. The selected support has a narrow pore-size
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distribution and thermal stability. Besides, the pore diameters can
be tailored to locate the iron NPs inside them [28,29]. This system
will be called ‘‘quasi-model catalyst” since it has properties of a
model catalyst (very narrow size distribution of the active phase)
and of an actual catalyst (the support has pores and the NPs are
inside them). Up to our knowledge this is the first time that this
synthesis methodology is reported. Researchers of University of
Cape Town described for the first time the preparation of sup-
ported iron catalysts to be used in the FTS using iron oxide NPs
pre-synthesized. They contacted these NPs with two amorphous
supports: Al2O3 and carbon [30,31]. However, only NPs with sizes
between 3 and 7 nm are able to be located inside the Al2O3 pores.
The other NPs are on the support external surface. Besides, the
authors detected the appearance of NPs agglomerates. This result
would be indicative of sintering of a NPs fraction. Afterward,
Fe/Al2O3 catalysts were obtained by Park et al. [32]. They used
pre-synthesized NPs of c-Fe2O3 supported on d-Al2O3. But these
authors did not discuss whether these NPs are inside or outside
of the support pores.

The aim of the present article was to study the effect of the acti-
vation method on the activity and selectivity in the FTS using a
‘‘quasi-model catalyst” of iron oxide NPs with 3 nm diameter
located inside SBA-15 pores. This systemwould allow studying this
effect without the influence of the other variables previously
mentioned.
2. Experimental section

The syntheses were carried out using commercially available
reagents. Diphenyl ether (99%), oleic acid (90%), oleylamine
(>70%), iron (III) acetylacetonate (97%) (Fe(acac)3) and tetraethyl
orthosilicate (TEOS) were purchased from Aldrich Chemical Co.,
Pluronic triblock copolymer P123 (EO20-PO70-EO20) from BASF,
cyclohexane (99.5%) (CH) from Carlo Erba and NH4F (98%) from
Riedel de Haën. These reactants, ethanol and hexane, were used
as they were received.

2.1. Synthesis of iron oxide NPs

The methodology proposed by Perez De Berti et al. [27] was fol-
lowed to produce 3 nm c-Fe2O3 NPs. Thus, Fe(acac)3 (4 mmol),
oleic acid (12 mmol), oleylamine (12 mmol), and diphenyl ether
(20 ml, boiling point: 532 K) were mixed and magnetically stirred
under air. The mixture was heated at 473 K for 45 min and then
heated to reflux (532 K) for another 45 min. The black–brown mix-
ture was cooled at room temperature. Under ambient conditions,
ethanol (80 ml) was added to the mixture, and a black–brown
material was precipitated and separated via centrifugation. The
product was dispersed in hexane in the presence of oleic acid as
surfactant (0.1 ml) and oleylamine (0.1 ml). Centrifugation
(6000 rpm, 10 min) was applied to remove any un-dispersed resi-
due. The product, was then precipitated with ethanol, centrifuged
(6000 rpm, 10 min) to remove the solvent, and re-dispersed into
hexane.

2.2. Synthesis of mesoporous SBA-15 support

The SBA-15 support was synthesized according to the method-
ology proposed by Zhao et al. [28,29,33] modified by the addition
of co-solvent to increase the pore size. The SBA-15 was synthesized
using P123 as organic structure-directing agent, TEOS as silica
source and CH as a ‘‘swelling” agent of the micelle. The molar com-
position of the synthesis mixture was as follows: TEOS:P123:CH:
NH4F:HCl:H2O = 1:0.0168:0.199:0.0295:4.42:186. Pluronic and
NH4F were dissolved in HCl [1.3 M]. The mixture was transferred
to a beaker and immersed into a thermostatic bath at 287 K with
mechanical stirring for 1 h. TEOS and CH were added and the
mix was kept into the bath with stirring for 24 h. The gel was
heated at 373 K for 2 days into a Teflon lined autoclave. The solid
product was recovered by filtering, washing with ethanol/H2O
1:1, and calcining in air flow from room temperature to 823 K
(2 K/min; Qair = 150 cm3/min) and was kept at this temperature
for 5 h to remove the surfactant.
2.3. Catalyst preparation

Initially, dry SBA-15 was immersed in pure hexane during
10 min, in order to fill the channels with solvent. Then, the suspen-
sion of the NPs in hexane, required to get 15% w/w of nominal Fe
concentration, was added. Next, all the solvent was removed slowly
in a rotary evaporator with vacuum at 333 K. The different NPs con-
centration between suspension and SBA-15 channels produces the
‘‘driving force” to introduce the NPs inside the porous of the sup-
port. This dry solid was called precursor p-Fe/SBA-15. It was split
in two fractions, which were activated ‘‘in situ” inside a stainless
steel fixed-bed reactor (2.54 cm o.d.). Both were heated in N2 flow
from room temperature to 523 K (10 K/min; QN2 = 150 cm3/min),
kept at this temperature for 1 h to remove the oleic acid surfactant
coverage (as it will be explained below) and then cooled at room
temperature (‘‘peel-off” treatment). These variables were selected
from the TGA results. After this treatment, each solid was activated
‘‘in situ” inside this reactor in the following conditions:

– one of these fractions was heated in a premixture of CO:2H2

stored in a cylinder (10 K/min, QCO:2H2 = 20 cm3/min) up to
603 K and atmospheric pressure. When this temperature was
reached, the heating was turned-off and the solid was cooled
‘‘in situ” under CO:2H2 mixture flow up to 298 K. In this way,
the fresh activated catalyst was obtained. It was called c-CO:
H2-Fe/SBA-15,

– the second fraction was heated in pure H2 (10 K/min, QH2 = 60 -
cm3/min) at atmospheric pressure up to 688 K. When this tem-
perature was reached, the heating was turned-off and the solid
was cooled ‘‘in situ” to 298 K under H2 flow. This fresh catalyst
was named c-H2-Fe/SBA-15.

In order to select the operative activation conditions we consid-
ered the following topics:

– produce the maghemite reduction into one or both iron species
commonly found in the Fischer–Tropsch reaction conditions:
magnetite and/or iron carbides,

– use minimum temperature to produce this reduction to avoid
any sintering possibility, and

– hinder the carbon monoxide disproportionation in order to
avoid a possible carbon deposition.

Bearing in mind these considerations and the fact that CO
reduction power is higher than that of H2 (e.g. see curve 4Fe3O4 +
O2 ? 6Fe2O3 in the temperature range between 600 and 700 K in
Ellingham diagram), we selected 603 K for H2:CO mixture and
688 K for pure H2 as the maxima activation temperatures. At tem-
peratures higher than 603–623 K carbon deposition could begin
when H2:CO mixture is used. On the other hand, due to the lower
hydrogen reduction power, temperatures lower than 673–723 K do
not produce the maghemite reduction to magnetite [34] (we veri-
fied this temperature by TPR). For these reasons different maxima
activation temperatures were selected. We prefer select these tem-
peratures since the effects of the different activation atmospheres
can be seen without any of the interferences previously mentioned.



Fig. 1. Representative TEM image of NPs.
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The same activation treatments were repeated in a cell specially
built by our group with the aim to characterize the fresh catalyst in
the same activation atmosphere by Mössbauer spectroscopy [35].

2.4. Catalytic tests

Catalytic tests were carried out after activation treatments pres-
surizing ‘‘in situ” up to 20 atm and heated from 298 to 603 K under
20 cm3/min CO:2H2 of total flow. When these conditions were
reached, zero reaction time was considered. In order to produce a
space velocity of 828 h�1, 130 mg of catalyst (diluted with
270 mg of SBA-15) was used. The catalytic tests were carried out
during 60 h.

All gases were passed through the following filtering elements
(at RT): a Mn-based catalyst to remove residual O2 (All-pure trap,
Alltech) and a molecular sieve 5A to remove water traces. In addi-
tion, the mixture CO:2H2 was passed through a filter (heated at
353 K) to remove some Fe or Ni carbonyl compounds that could
be produced in the gas bottle and the flow lines. All gas flows were
measured and controlled by mass flow meters (Sierra Inst Smart
Track). The reaction products were analyzed online by gas chro-
matography using FID and TCD detectors with a GS-Gas Pro capil-
lary column and a HAYESEP DB 100/120 packed, respectively. After
reactor, the tubing lines were kept at about 503 K to avoid product
condensation. Under these reaction conditions, heavy hydrocar-
bons and waxes were produced. Therefore, a cold trap to collect
these fractions was necessary in order to analyze hydrocarbons
from methane to C13. The capillary column selected is adequate
to analyze the hydrocarbon fraction (olefins and paraffins) up to
this carbon number. Taking into account that this trap is located
after the back pressure of the equipment, its temperature was fixed
through an estimation of the ‘‘dew point” of the heavy hydrocar-
bon fraction at one atmosphere. Downstream the trap, the prod-
ucts went through a six-way injection valve that collected
1.8 cm3 of gas sample to be injected into the capillary column for
hydrocarbons using a split ratio of 20:1 or through a second six-
way valve, to inject permanent gases into the packed column. Also,
it was determined that the stainless steel reactor was inactive for
reaction under the test conditions, when it is used without catalyst.

In order to obtain the Mössbauer spectra to determine the iron
species and structural properties of the ‘‘working” catalysts at
20 atm, after 48 h of FTS, the system was cooled in synthesis gas
stream, and the reactor was isolated in the same atmosphere and
transferred to a glove box. Air and moisture were removed from
the box with Ar flow during 48 h (QAr = 120 cm3/min) to prevent
re-oxidation of the used catalysts. Then, the samples were trans-
ferred into an airtight cell previously described [35]. The used cat-
alysts were called us-CO:H2-Fe/SBA-15 and us-H2-Fe/SBA-15.

2.5. Catalyst characterization

The samples were characterized by chemical analysis, X-ray
diffraction (XRD) at low angles, N2 adsorption at 77 K, Mössbauer
spectroscopy (MS) between 298 and 13 K in air and controlled
atmosphere, Transmission Electron Microscopy (TEM), Magnetic
measurements (M vs. H and Zero Field Cooling–Field Cooling
(ZFC–FC)) and Thermal Gravimetric Analysis (TGA).

The Fe content of p-Fe/SBA-15 was determined using a modifi-
cation of a colorimetric method using Perkin–Elmer Lambda 35.
First, the sample was calcined with a burner. Then it was attacked
with HCl/HF mixture up to complete dissolution and after that was
treated according to conventional methods for this technique [36].

The X-ray diffraction patterns at low angles were performed in
the D11A-SAXS beamline at the Brazilian Synchrotron Light
Laboratory. All data were registered at 300 K using 300k Pilatus
bidimensional detector at a wavelength k = 1.488 A.
Textural properties, specific surface area (Sg), specific pore vol-
ume (Vp) and pore diameter (Dp), were measured in a Micromerit-
ics equipment ASAP 2020 V1.02 E with N2 at 77 K.

NPs for TEM analysis were prepared drying the dispersion on
amorphous carbon coated copper grids. TEM micrographs were
obtained on a JEOL model JEM-1200 EX II microscope. The same
procedure was applied with the precursor. Measures with dark
field were done too.

The magnetic measurements were carried out using a Multipur-
pose Physical Magnetic System (MPMS) superconducting quantum
interference device (SQUID) from Quantum Design. The magneti-
zation versus magnetic field (M–H) curves were recorded at 5
and 300 K up to a maximum magnetic field of 50 kOe. Thermal
dependences of the magnetization under zero field cooling (ZFC)
and field cooling (FC) conditions were recorded using an external
field of 50 Oe. Combining the iron loading of the sample (deter-
mined by colorimetric method previously described) with the mass
used in each measurement, all magnetic results can be normalized
by iron oxide mass.

The Mössbauer spectra were obtained in transmission geometry
with a 512-channel constant acceleration spectrometer. A source
of 57Co in Rh matrix of nominally 50 mCi was used. Velocity cali-
bration was performed against a 12-lm-thick a-Fe foil. All isomer
shifts (d) mentioned in this paper are referred to this standard.
Temperature was varied between 13 and 298 K working with an
ARS closed-cycle cryogenic system. The Mössbauer spectra were
evaluated using a commercial program with constraints named
Recoil [37]. Although some spectra display magnetic relaxation,
for simplicity, Lorentzian lines with equal widths were considered
for each spectrum component. The spectra were folded to mini-
mize geometric effects. The spectra of the activated and used sam-
ples were obtained in their corresponding atmospheres, using a
cell specially built by us with this purpose, to be used inside the
cryogenic system [35].

The TGA measurements were performed on a Shimadzu TGA-50
equipment. The sample was heated from room temperature up to
1023 K at a heating rate of 5 K/min under air flow (20 cm3/min).
3. Results

3.1. NPs characterization

TEM analysis shows that NPs have a very narrow size distribu-
tion. Fig. 1 displays typical TEM image from a representative sam-
ple. We observed that the particles have nearly spherical shape.
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Fig. 2 shows the histogram obtained counting 320 NPs. It was fitted
using a log-normal distribution, in agreement with previous stud-
ies that shown that particles lower than 20 nm present this type of
distribution [38]. The obtained statistical parameters are geometric
average (lg) = 3 nm and geometric standard deviation (rg) = 1 nm.
It is important to remark that 97% of the NPs population is included
between ±rg. Therefore, it can be considered that we have obtained
a monodisperse size distribution.

In order to identify the iron species of the NPs, Mössbauer spec-
tra were acquired at 298, 30 and 13 K. The spectra are shown in
Fig. 3 and their hyperfine parameters are displayed in Supplemen-
tary Data section (Table I). At 13 K, the spectrum shows six broad
lines with a curved background. These characteristics are typical
of a sample with a partial magnetic blocking. This spectrum was
fitted with two sextuplets: one of them magnetically blocked and
the other one relaxing. Besides, a central doublet was necessary
to achieve a good fitting. Both sextuplets have hyperfine parame-
ters typical of c-Fe2O3 [39] but the relaxing effect did not allow
to distinguish between Fe3+ ions located in tetrahedral (A) and
octahedral (B) sites. The presence of Fe2+ ions was not detected.
From the above results, the existence of Fe3O4 was discarded.
The central doublet at 13 K can hardly be assigned to c-Fe2O3 with
sizes smaller than 3 nm. Indeed, it will be expected that NPs with
sizes between 2 and 3 nm (the lower range of the size distribution)
would be partially blocked taking into account the large anisotropy
constant of about 2 � 103 J m�3 [40]. Recently, it had been found,
by FTIR, that surface Fe3+ ions can be complexed with oleic acid
(the surfactant used in the NPs synthesis) through carboxylate
heads with monodentate and bidentate coordination [35,41,42].
Therefore, this doublet was assigned to this complex. It is impor-
tant to remark that the isomer shift of the doublet is small
(d = 0.2 ± 0.1 mm s�1) in comparison with the typical values of high
spin Fe3+ ions at low temperature (about 0.4–0.5 mm s�1). This
result would indicate an increase of the covalence of the iron bond
in the presence of carboxylate ligands (an increase of 4 s electron
density in the iron nucleus). When the temperature is increased
from 13 to 30 K the relaxing fraction is increased. Finally, at
298 K a maghemite fraction begins the magnetic blocking and
the remaining fraction is in a complete superparamagnetic regime
(SP). For this reason, the doublet area at 298 K is higher than that at
lower temperatures: this doublet arises from the areas addition of
c-Fe2O3 (SP) NPs and surface Fe3+ ions coordinated with oleic acid.
In Fig. 4aM vs. H curves at 298 and 5 K can be seen. At 298 K the
absence of M vs. H hysteresis loop is typical of superparamagnetic
NPs in agreement with Mössbauer results. At 5 K, remanence (Mr)
and coercitive field (Hc) values are very small (6 emu g�1 Fe2O3 and
91 Oe respectively). Therefore, the magnetic blocking is not com-
plete. The saturation magnetization (Ms) at this temperature is of
44 emu g�1 Fe2O3, and this value is about 41% lower than the bulk
one (about 74 emu g�1 Fe2O3 [43]). This effect has been usually
reported in magnetic small particles. The first study of Ms decrease
in c-Fe2O3 NPs was reported by Coey [44]. This author showed that
this decrease is due to the existence of non-collinear spins at the
surface of the particles.

ZFC and FC magnetization curves of NPs are shown in Fig. 4b.
The behavior of ZFC curve is typical of superparamagnetic NPs
arrangement, whose magnetization increases when the tempera-
ture increases up to a maximum value (Tmax = 17 K). At higher tem-
peratures, the decrease of the magnetization is the predominant
effect. The FC and ZFC curves split below a temperature called
the irreversibility temperature (Tirr), which is associated with the
blocking of the largest particles. We consider Tirr as the tempera-
ture where the difference between FC and ZFC curves, normalized
to FC maximum value at T = 4 K, becomes smaller than 3% [45,46].
For this sample, Tirr = 35 K. The difference between Tirr and Tmax

provides a measure of the width of the blocking temperature dis-
tribution and in consequence of the particle size distribution,
assuming the same anisotropy constant and the absence of inter-
particle interactions. In the present sample, Tirr � Tmax = 18 K, this
value would confirm the existence of a narrow size distribution.
The present result is in agreement with TEM results. On the other
hand, the FC curve shows a continuous increase of themagnetization



-40 -20 0 20 40
-60

-40

-20

0

20

40

60

0 50 100 150 200 250 300
0

1

2

3

4

5

M
 (e

m
u/

g 
Fe

2O
3)

H (kOe)

T = 300K

T = 5K

(a)

-400 -200 0 200 400

0

M
(e

m
u/

g 
Fe

2
O

3)

H (kOe)

T = 5K

M
 (e

m
u/

g 
Fe

2O
3)

T (K)

 FC
 ZFC

H= 50 Oe
TMax = 17 K

(b)

Fig. 4. (a) M versus H loops at 300 and 5 K for NPs. The inset shows the remanence and coercivity at 5 K. (b) ZFC–FC magnetization curves for NPs.

40 I.O. Pérez De Berti et al. / Journal of Catalysis 335 (2016) 36–46
when the temperature decreases in the presence of small external
magnetic field. This behavior displays that there is no interaction
between the NPs. Finally, the coincidence of ZFC–FC curves after
the maximum value of ZFC is another proof of the superparamag-
netism of the NPs.

In order to determine the temperature of surfactant elimination
from NPs surface, a TGA was done. Fig. 5 displays that at 543 K the
higher velocity of surfactant elimination was reached.

3.2. SBA-15 characterization

The ordered hexagonal structure of mesoporous SBA-15, used
as support, was verified by XRD (Fig. 6), and TEM micrographs
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Fig. 5. The TG/DTG curves of NPs.
(Fig. 7). Besides, textural properties are characteristic of this kind
of solids: Sg = 420 m2 g�1, Vp = 1.1 cm3 g�1, Dp = 9 nm and wall
thickness of 2.8 nm.

3.3. Precursor characterization

The impregnation treatment, which leads to obtain p-Fe/SBA-
15, did not change the structural properties of the mesoporous
support, as it was verified by XRD and TEM techniques (Figs. 6
and 8). The intensity differences between diffractograms of SBA-
15 and p-Fe/SBA-15 are produced by changes in the energy of
the synchrotron beam. In Fig. 8 small dark points inside the chan-
nels (light areas) could be ascribed to NPs. Besides, analyzing dark
field TEM micrograph (Fig. 9), it can be seen that bright points
assignable to NPs are aligned following the channels path.

With the aim of reinforcing this conclusion an indirect result
could be considered. Thus, after impregnation, surface area
decreases from 420 to 258 m2/g and pore volume from 1.1 to
0.9 cm3/g. These results are obtained with a bulk technique, and
in consequence, are not circumscribed at the small areas analyzed
with TEM. Nominal Fe loading was 15% wt/wt.

Curves ofM vs. H and ZFC–FC for p-Fe/SBA-15 (not shown) were
nearly equal to those of the isolated NPs. Considering that, as it was
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Fig. 6. XRD diffractograms of SBA-15 and p-Fe/SBA-15.



Fig. 7. TEM image of SBA-15.
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previously described, a continuous increase of the magnetization
in FC curve displays that there is no interaction between the NPs,
it can be inferred that NPs did not suffer agglomeration after
impregnation. Mössbauer spectra and hyperfine parameters of
p-Fe/SBA-15 at 298, 30 and 13 K (not shown) were nearly
indistinguishable from those obtained with isolated nanoparticles.
This is other evidence, using an independent technique, that the
impregnation process on SBA-15 support did not affect the proper-
ties of the original NPs.
3.4. Activated catalysts characterization

Fig. 10a displays the Mössbauer spectra of c-CO:H2-Fe/SBA-15
at 298 and 13 K after ‘‘peel-off” and activation treatments mea-
sured in controlled atmosphere and the hyperfine parameters
obtained with the fitting process are shown in Supplementary Data
(Table II).

The precursor activated in CO:H2 showed the principal signals
in the center of the spectrum at 298 K. They could be assigned to
superparamagnetic and/or paramagnetic species (distinction
between both species will arise in the Mössbauer spectrum at
13 K). Besides, very small magnetic signals with low hyperfine
Fig. 8. (a) Light areas correspond to SBA-15 channels. Inside them, the small dark points c
a size of about 3 nm. (b) An enlargement of one section of this photograph is shown.
fields can be distinguished. The fitting was made using two sin-
glets, one doublet and two sextets. According to the description
of Rancourt and Daniels [47], the singlets can be assigned to
superparamagnetic Fe3O4. The doublet, can be attributed to Fe2+

ions diffused inside the walls of SBA-15 located into octahedral
sites of SiO2 [48]. Finally, the presence of two sextets with small
intensity and low hyperfine fields can be ascribed to I and III
crystallographic sites of v-Fe5C2 [49]. The absence of iron oxide
species magnetically blocked at 298 K would indicate that the acti-
vation process at 603 K did not produce sintering of the original
NPs. We attribute this result to the great distance between the
NPs (produced by the high specific surface area of the support)
and the ‘‘anchoring” of the NPs generated by the Fe2+ ions diffusion
into the walls of SBA-15. The presence of iron carbide sextuplets at
298 K is not in conflict with the previous conclusion. Taking into
account that the effective magnetic anisotropy constant of iron
carbides NPs is about two magnitude orders larger than that of iron
oxides NPs (ffi2 � 103 J m�3 for maghemite NPs of 5 nm vs.
ffi1–1.2 � 105 J m�3 for Fe2.2C NPs of 12 mn) [40,50] the blocking
temperature of iron carbides will result in higher than that of iron
oxides NPs.

At 13 K, the spectrum is nearly completely blocked (six peaks can
be seen). In order to fit this spectrum, one doublet and eight sextu-
plets were necessary. The doublet, belongs to Fe2+ ions diffused into
the octahedral sites of SiO2. Six sextuplets have hyperfine parame-
ters assignable to different crystallographic sites of Fe3O4 NPs at
low temperature [51]. Therefore, the central singlets, detected at
room temperature and assigned to Fe3O4, have completely disap-
peared and theywere replaced by these sextuplets. This experimen-
tal result confirms that, at room temperature, this species is in a
complete superparamagnetic regime and it can be inferred that
the activation process did not produce sintering. Finally, another
two sextuplets were assignable to I and III sites of v-Fe5C2 [49]
and e0-Fe2.2C sites [52]. Instead, at 298 K, only I and III sites of the
v carbide were detected. These results can be explained taking into
account the extreme complexity and the strong overlapping of these
sextuplets in the central region of the spectrum at 13 K. Therefore,
there is a degree of uncertainty of the different sites percentages,
but the error in the total content of iron carbides has an acceptable
value considering these difficulties.

The spectrum of c-H2-Fe/SBA-15 at 298 K, only showed a central
signal assigned to superparamagnetic and/or paramagnetic spe-
cies. Obviously, any magnetic signal corresponding to iron carbides
ould be ascribed to NPs (some of them are marked with red circles). All of them have



Fig. 9. Dark-field image of p-Fe/SBA-15.
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was detected. In order to get the fitting, we use two singlets and
two doublets (Fig. 10b and Supplementary Data (Table III)). In
the same way that c-CO:H2-Fe/SBA-15 the singlets were assigned
to superparamagnetic Fe3O4 (it will be corroborated with the
measurement at 13 K). Doublets were ascribed to Fe2+ diffused into
octahedral and tetrahedral sites of SiO2. In comparison with c-CO:
H2-Fe/SBA-15, in this catalyst it is possible to detect the Fe2+ ions,
located in both sites, since their percentage is larger.

At 13 K, appear some differences in comparison with c-CO:H2-
Fe/SBA-15. Again, the singlets completely disappear and they were
replaced by magnetic signals with hyperfine parameters typical of
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Fig. 10. Mössbauer spectra of activated catalysts at 298 and 13 K measured i
Fe3O4. Therefore, once more the singlets at 298 K, belong to super-
paramagnetic Fe3O4 and, in the same way that c-CO:H2-Fe/SBA-15,
sintering can be discarded. Notwithstanding, these magnetic sig-
nals did not complete their blocking at 13 K and this situation
did not allow us to distinguish the six different crystallographic
sites. This behavior would suggest that Fe3O4 NPs in this catalyst
have lower size than in c-CO:H2-Fe/SBA-15. As it will be explained
below, iron carbides, detected in c-CO:H2-Fe/SBA-15, would pro-
duce a ‘‘shell” on Fe3O4 surface. When two different magnetic sys-
tems are in intimate contact, exchange anisotropy appears [53,54].
As it was previously explained, the anisotropy constant of iron car-
bides is about two magnitude orders larger than the iron oxides.
Therefore, this fact would increase the magnetic anisotropy of
Fe3O4 due to a magnetic exchange coupling between surface atoms
belonging to both species. As a consequence, Fe3O4 NPs of c-CO:H2-
Fe/SBA-15 are magnetically blocked at higher temperature than
c-H2-Fe/SBA-15.

Table 1 displays the percentages of the different iron species.
Within the experimental errors, both catalysts have the same per-
centage of Fe3O4. Obviously, in c-H2-Fe/SBA-15, iron carbides were
not detected since this catalyst was not in contact with CO. Besides,
in this catalyst a higher percentage of Fe2+ ions diffused inside the
SBA-15 walls were found.

3.5. Used catalysts characterization

The Mössbauer spectra of both used catalysts, us-CO:H2-Fe/
SBA-15 and us-H2-Fe/SBA-15, were fitted at 298 and 13 K using
the same criteria previously described in Section 3.4, for c-CO:
H2-Fe/SBA-15. The spectra and their hyperfine parameters are
shown in Fig. 11a and b and in Tables IV and V of Supplementary
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n controlled atmosphere. (a) c-CO:H2-Fe/SBA-15 and (b) c-H2-Fe/SBA-15.



Table 1
Percentage of iron species in c-CO:H2-Fe/SBA-15, c-H2-Fe/SBA-15, us-H2-Fe/SBA-15
and us-CO:H2-Fe/SBA-15, measured in controlled atmosphere at 13 K.

Species Activated catalysts Used catalysts

H2 (%) H2:CO (%) H2 (%) H2:CO (%)

Fe3O4 91 ± 7 89 ± 12 64 ± 7 41 ± 5
Fe2+ 9 ± 1 1.0 ± 0.1 14 ± 2 45 ± 2
v-Fe5C2 + e0-Fe2.2C 0 10 ± 4 22 ± 7 14 ± 4
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Data section. A noticeable difference appears between c-CO:H2-Fe/
SBA-15 and us-CO:H2-Fe/SBA-15 in the magnetic behavior of Fe3O4

at 13 K. In used catalyst, this species has not completed its mag-
netic blocking at this temperature. As it will be explained in Dis-
cussion section, we attributed this result to a breakup of iron
carbides ‘‘shell”, a come up of iron carbides ‘‘nodules” and a
decreasing of contact area between Fe3O4 and surface iron car-
bides. As a consequence, the exchange anisotropy decreases and
a complete magnetic blocking was not achieved.

It is important to remark that the Mössbauer spectra of the used
catalysts were measured in the same reaction atmosphere (see
experimental section) without air contact. Therefore, the obtained
results would represent the structural properties of the ‘‘working”
catalysts in accurate way. Similar experiments were made by other
authors only at 298 K. In the presence of superparamagnetic NPs it
is very difficult to obtain conclusions about the present species
only with room temperature measurements.

The iron species present were the same in both catalysts, but
there are significant differences between their percentages
(Table 1). Within the experimental errors the iron carbides quanti-
ties are equal in both solids. But there is an important difference
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Fig. 11. Mössbauer spectra of used catalysts at 298 and 13 K measured in co
between the percentages of Fe2+ ions. In the system activated with
CO:2H2 the percentage of this species increases from 1% to 45%
during the FTS. In Discussion section a probable explanation to this
result will be given.
3.6. Catalytic tests

In order to evaluate whether the structural modifications, gene-
rated by the different activation processes, lead to differences in
the activity and selectivity results, catalytic tests of the activated
solids in different atmospheres were done. In Figs. 12–14 are
shown CO conversion, specific velocity of total hydrocarbon pro-
duction and molar percentage of methane vs. reaction time,
respectively. It can be seen that when the ‘‘pseudo steady state”
has been reached, c-H2-Fe/SBA-15 has about twice more CO con-
version and specific velocity of total hydrocarbon production than
c-CO:H2-Fe/SBA-15. We decided to express the total hydrocarbon
production by total iron loading. A more precise way to normalize
the total hydrocarbon production requires a measurement of iron
surface atoms quantity (e.g. using chemisorption techniques). But
it has been determined that the iron species present at zero reac-
tion time change when catalysts are ‘‘working”. On the other hand,
Li et al. [55] proposed a new method to determine the active site
density of unsupported iron catalysts using a CO-TPD on the used
catalysts. We applied this technique, but in agreement with the
results obtained by Xu and Bartholomew [56] with iron supported
on silica, our results were unsatisfactory. Perhaps, as it was
mentioned by Xu and Bartholomew [56], in FTS conditions both
kinds of surface sites able to bond CO by physisorption and
chemisorption are active. But, the measurement of the first type
of surface sites by CO-TPD method would be negligible, at least
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Fig. 12. CO conversion (%) vs. reaction time. Solid lines are to guide the eye only.
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Fig. 13. Specific velocity of total hydrocarbon production (molecules/g Fe s) vs.
reaction time. Solid lines are to guide the eye only.

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

 c-H2 -Fe/SBA-15
 c-CO:H2 -Fe/SBA-15

S
el

ec
tiv

ity
 o

f C
H

4
 (%

)

t (h)

Fig. 14. CH4 selectivity (%) vs. reaction time. Solid lines are to guide the eye only.
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Fig. 15. Specific velocity of total hydrocarbon production subtracting Fe2+ content
determined by Mössbauer spectroscopy vs. reaction time. Solid lines are to guide
the eye only.
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in iron supported systems. Therefore, hitherto there is not an ade-
quate, precise and meaningful method to determine surface iron
atoms in reaction conditions. As a consequence we normalized
the activity results dividing by iron loading of each catalyst.
Additionally, the catalyst activated in pure H2, produces 40%
less CH4 (undesirable product in FTS). It is important to remark
that the high methane production shown by c-H2-Fe/SBA-15 in
the first minutes of the reaction could be misinterpreted since, a
very low conversion is obtained at this time and nearly all mole-
cules produced are of this species. Therefore, the comparison must
be realized at the ‘‘pseudo steady state”.

Taking into account that, Fe2+ ions diffused into the SBA-15
walls are inactive in FTS, the activity differences between c-CO:
H2-Fe/SBA-15 and c-H2-Fe/SBA-15 could be attributed to the
higher quantity of this species in c-CO:H2-Fe/SBA-15. With the
aim to check this possibility, we express the specific velocity of
total hydrocarbon production subtracting this species. The results
obtained are shown in Fig. 15. After this normalization, c-H2-Fe/
SBA-15 has an activity of about 20% higher than that showed by
c-CO:H2-Fe/SBA-15. Therefore, it can be concluded that the higher
activity of c-H2-Fe/SBA-15 is an authentic result.

Both catalysts display an excellent stability with the reaction
time. Taking into account that both precursors are identical, these
results demonstrate the importance of the correct choice of the
activation atmosphere in order to reach more active and selective
catalysts for FTS.
4. Discussion

In order to explain the activity differences produced by different
activation atmospheres it is necessary to analyze the bibliography
related to the active sites in FTS. As it was mentioned previously,
their nature is elusive up to date. However, the current literature
would indicate that the C necessary to produce hydrocarbons ‘‘gets
away” from the carbide surfaces. As a consequence, surface empty
sites appear and they enhance CO adsorption and CO dissociation
energy barrier largely decreases. Therefore, the vacancies are
refilled with new CO molecules that are dissociated, and the active
carbide surface is regenerated. These conclusions were obtained
recently by theoretical calculus [57,58] and were reinforced with
experimental results on iron supported on SBA-15 systems [59].
In Cano et al. [59] a detailed description of this model, combining
previous finding of the aforementioned researches [57,58] with
their own results, was shown.

Previous results have showed that, in Fe bulk catalysts, iron
carbides grow on the surface of iron oxides as superficial ‘‘nodules”
[12]. We assume that this mechanism is maintained with
supported iron oxides NPs.
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Bearing in mind this premise, we could describe the activation
step and catalytic ‘‘work” of the system in the following way:

– if the activation is realized with CO:H2, a simultaneous process
of reduction/carburization of c-Fe2O3 is produced. This situation
could be described using a ‘‘shrinking-core” model. Assuming
this oversimplified description, each NP would have a ‘‘core”
of maghemite and two ‘‘shells”: the inner of Fe3O4 and the outer
of iron carbides at zero reaction time. The progress of both
‘‘shells” would be controlled by the diffusion of oxygen species
from c-Fe2O3 to NPs surface. When these ‘‘shells” have growth
enough, a breakup of the carbide ‘‘shell” would occur in order
to accommodate the density mismatch between oxide and car-
bide phases and the iron carbide ‘‘nodules” would appear on the
NPs surface [55],

– instead, when the catalyst is activated with pure H2, pure Fe3O4

NPs are suddenly placed in contact with CO:H2 mixture at the
beginning of the reaction. Now, the diffusion of oxygen species
does not control the total process. Therefore, the production of
iron carbides nuclei on NPs surface would occur very quickly.
As a consequence, would appear a greater number of iron car-
bides surface ‘‘nodules” in comparison with those that would
be produced when CO:H2 activation atmosphere is used.
Besides, these ‘‘nodules” would have a lower size. Therefore, a
larger number of sites for CO adsorption and dissociation and
shorter diffusion paths would be obtained when pure H2 is used
in the activation treatment instead of H2:CO and the catalyst will
be more active. As it was previously mentioned, the effect
remains if the quantity of Fe2+ ions (diffused inside the SBA-15
walls) is subtracted (Fig. 15). Besides, there is another experi-
mental result that can be observed in Table 1: in the ‘‘working”
catalysts the ratios Fe3O4/(v-Fe5C2 + e0-Fe2.2C) – after subtract
Fe2+ content – are identical: 2.8. Therefore, the distinct catalytic
results would be attributed to NPs structural differences pro-
duced by different activation treatments instead of different
species and/or quantities of them. The present activity results
can be justified using this description. In Fig. 16 a schematic rep-
resentation of these steps using the proposed model is shown.
Fig. 16. Schematic representation of sequential phase modifications from precursor up
different ‘‘wetting” of support is considered. Note that h1 > h2.
From this model, it would be possible to explain the different
percentages of Fe2+ ions diffused inside the SBA-15 walls when
the activation atmosphere was changed. We link this effect with
the ‘‘wetting” of the active species on the support. Thus, the con-
tact angle (h) between two phases is defined by Young’s equation:

cag cos h ¼ csg � cas ð1Þ

where c values are the specific interface free energies between
phases ‘‘i” and ‘‘j”. The means of ‘‘a”, ‘‘s” and ‘‘g” are active phase,
support and gas phases respectively [60]. Under equilibrium condi-
tions, when h > 90� the active phase does not ‘‘wet” the support.
Instead, when h < 90�, the ‘‘wetting” occurs [61]. Applying Young’s
equation to our systems, after activation process and before the
beginning of FTS, we have the following:

CO:H2 activation atmosphere:

cos hCO:H2 ¼ cSBA15=CO:H2 � cFe3O4=SBA15
ciron carbides=CO:H2

ð2Þ

H2 activation atmosphere:

cos hH2 ¼ cSBA15=H2 � cFe3O4=SBA15
cFe3O4=H2

ð3Þ

In Eq. (2) Fe3O4 has been considered the iron active phase in
contact with the support. Considering negligible differences
between cSBA15/CO:H2 and cSBA15/H2 (they have the same support)
the following ratio can be established:

cos hCO:H2
cos hH2

¼ cFe3O4=H2
ciron carbides=CO:H2

ð4Þ

Taking into account the structural similarities between alpha-iron
and iron carbides, very similar values of ciron/gas and ciron carbides/gas

could be expected. On the other hand, cironoxides/gas value is about
five times lower [60,61]. Therefore, we can deduce that when CO:
H2 is used as activation atmosphere, the surface of the NPs changes
from iron oxide to iron carbides, and the angle between iron
carbides ‘‘shell” and SBA-15 is considerably decreased [Fig. 16].
Thus, the contact area between NPs/SBA-15 is increased. As a
to ‘‘working’’ catalysts depending on the activation atmospheres. Also, the effect of
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consequence, the diffusion probability of Fe2+ ions inside the
SBA-15 walls is incremented. This rough model explains the
experimental results obtained by Mössbauer technique.

5. Conclusions

A significant influence of the activation atmosphere on the
activity and selectivity in FTS using iron supported catalysts has
been shown in the present work. In order to establish this conclu-
sion, many structural properties must be controlled. Thus, particle
sizes of the active phase and size and shape of support pores, must
be carefully controlled in order to avoid secondary effects such as
presence of ‘‘structure sensitivity”, diffusional control and shape
selectivity. To overcome these difficulties, we carried out a new
strategy with the aim to obtain a catalytic solid ‘‘tailor-made”. In
this way, c-Fe2O3 NPs of 3 nm were pre-synthesized and located
inside the channels of mesoporous SBA-15. We named these solids
‘‘quasi model” catalysts. The NPs and catalysts were precisely char-
acterized by different techniques, then, were activated in CO:H2 or
pure H2 and catalytically tested in the FTS at 20 atm. The experi-
mental results showed that activation with pure H2 produces a cat-
alyst more active and less selective to methane. In order to explain
these results, we proposed different reduction sequences depend-
ing on the mechanism of species generation. Activation in H2:CO
would occur following a ‘‘shrinking-core” model. Instead, pure H2

would lead to expose suddenly the NPs surface of Fe3O4 to a car-
burizing mix (H2:CO). This situation would produce a great number
of iron carbide nuclei. The NPs in the ‘‘working” catalysts would
have great number of iron carbide ‘‘nodules” with smaller size if
pure H2 is used as activation atmosphere. Therefore, a larger num-
ber of sites for CO adsorption and dissociation and shorter diffusion
paths would be obtained and the catalyst will be more active.

Besides, making use of this general picture and adding interface
free energies concepts, we explain the possible origin of a greater
percentage of Fe2+ ions diffused inside the SBA-15 walls when
CO:H2 activation atmosphere is used.
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