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a  b  s  t  r  a  c  t

The  effect  of  support  and  promoters  on the  catalytic  properties  of Fe supported  in the  FTS  was  studied.
Precursors of  supported  Fe  on SiO2 and  SBA  −15  were  synthesized  and  doped  with  Cu and  K.  The pre-
cursors  were  activated  in pure  H2 and  catalytically  tested  with  a mixture  of  H2:CO =  2:1,  T  = 543  K  and
P  = 10  bar. The  samples  were  characterized  by atomic  absorption,  N2 adsorption,  X-ray  diffraction,  TEM
and TPR.  Also,  we used  the  DFT  to  study  the changes  of  the  electronic  structure  when  the  Fe, K  and  Cu
are  adsorbed  on  the  SBA-15  surface.  The  incorporation  of  different  ions  do not  alter  the structural  and
textural  properties  of the  support.  In  the  FTS,  all the catalysts  supported  on SBA-15  presented  a low
upported Fe
otassium
opper

selectivity  towards  methane  and  a promising  hydrocarbon  production  in  the  range  of  gasoline,  showing
positive  effect  of the  support  for iron  catalysts  for  the  FTS  reaction.  The  activity  order  obtained  was:
Fe/K-SBA-15  >  Fe/Cu-SBA–15  ≈ Fe-SBA–15  > Fe-SiO2, which  is  the  same  order  for  the  selectivity  towards
olefins.  The  presence  of  K on the  SBA-15  surface  increases  the  activity  and  selectivity  towards  olefins;  an
effect  that  can  be attributed  to the  electrostatic  effect  generated  by the  alkaline  ions.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The Fischer Tropsch Synthesis (FTS) allows to obtain hydro-
arbons (HC) from syngas (a mixture of CO: H2) and has been
xtensively studied for more than fifty years. Since its discovery,
he interest in FTS has followed the fluctuations in the value of
rude oil and the knowledge of the existence of reserves [1]. In
ecent years an increase in research in this subject will note, which
hows a renewed interest in the FTS. The problems associated with
urrent oil extraction and processing technologies, more stringent
nvironmental regulations and the need for new investments in the
efinery sector, are making FTS (or, in a broader sense, the process
f converting gas to liquids) more attractive and viable for the pro-
uction of hydrocarbons. Therefore, further efforts to increase basic
nd applied knowledge on the subject appears to be attractive.

Different metals are active as catalysts in the FTS, but today,
o and Fe are the only reasonable commercial catalysts for this
rocess [2]. When iron is used as catalyst, the FTS occurs simulta-

eously with the water–gas shift (WGS) reaction. It consumes CO
nd water obtained from the FTS and produces additional H2 and
O2. For this reason, the iron catalysts are the best choice when a

∗ Corresponding author.
E-mail address: lcano@quimica.unlp.edu.ar (L.A. Cano).

ttp://dx.doi.org/10.1016/j.cattod.2016.06.054
920-5861/© 2016 Elsevier B.V. All rights reserved.
syngas poor in hydrogen is used. This situation occurs if the syngas
is produced by gasification of coal or biomass. Besides, the iron cat-
alysts are preferred to cobalt catalysts, since they have lower cost,
lower methane selectivity, lower sensitivity to poisons, and higher
flexibility to lead the selectivity to alkenes, oxygenates, or branched
hydrocarbons according to the promoters or the operative variables
used.

Alkali metals have been widely studied as promoters to increase
the activity and selectivity to olefins in the FTS when iron bulk cat-
alysts are used. The most used are alkali metals of the first group
of the periodic table, and among them potassium (K) has been
considered it provides the best cost-benefit ratio compared with
other alkali metals of the group. Apparently potassium increases
the adsorption of CO and consequently decreases the relative
amount of adsorbed hydrogen. From this point of view, potassium
decreases the hydrogenation of secondary alkenes. One possi-
ble explanation is that potassium donates electrons to iron and
facilitates the dissociation of CO, which tends to accept electrons
from it [3,4]. The role of potassium in the increased formation of
heavy hydrocarbons was recently investigated by Ribeiro [5] using
TPR-EXAFS/XANES-TPR experiments. There is shown a possible

electronic effect by a systematic increase in the speed of carbur-
ization catalysts Fe: Si: alkali as a function of increasing basicity
promoter. With accordance with this work, Li [6] concluded that
potassium promotes the formation of new active sites during the

dx.doi.org/10.1016/j.cattod.2016.06.054
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2016.06.054&domain=pdf
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ubsequent carburization and reduction of iron oxides to facilitate
apid formation of nucleation sites to generate small crystallites of
ron carbides.

It is well known that copper can facilitate the reduction at low
emperature and improve the formation of FTS active phase [7–11].
u is thus often used to improve the catalyst performance and off-
et disadvantages of structure promoters for Fe-based catalysts.
lthough the function of copper in facilitating catalyst reduction
as been widely accepted, its influence on FTS product distribution
as not been well addressed. Wachs [12] and O’Brien [11] observed
hat copper had no effect on product selectivity; this was estab-
ished by conducting the FTS reaction in both differential fixed-bed
nd slurry-phase reactors. Bukur [13] reported that incorporating
u into iron-based catalysts resulted in an increase in the aver-
ge molecular weight of hydrocarbon products; however, Li [8]
eported high CH4 selectivity on a Cu-promoted Fe–Zn catalyst.

Apart from detailed studies on the effects of the Cu promoter on
atalyst reduction and FTS properties, the exact role and physico-
hemical state of the Cu species in promoted catalysts has rarely
een studied. Wielers [14,15] investigated hydrogen activated sil-

ca supported bimetallic Fe–Cu catalysts using Mössbauer and IR
pectroscopies. They reported that the Cu phase facilitated the
eduction of Fe3+ species to Fe2+ (iron (II) silicate) species and,
ubsequently to zero-valent Fe. The zero-valent Fe was present as
onometallic Fe particles as well as bimetallic Fe–Cu species. In

n X-ray photoelectron spectroscopy (XPS) study, Wachs et al. [12]
haracterized the surface of a pre-reduced, passivated FTS cata-
yst after in situ re-activation in H2 and observed agglomeration of
he Cu phase on the surface of the reduced catalysts (i.e., decreas-
ng Cu/Fe ratios). De Smit et al. [16] investigated the structural
roperties of unsupported (Fe2O3 and Fe2O3-Cu) and supported
Fe2O3-Cu-KSi) catalysts during pretreatment (H2 and syngas) and
TS at 1 bar by using combined X-ray absorption fine structure
pectroscopy (XAFS) and wide angle X-ray scattering (WAXS) tech-
iques. They reported that Cu significantly increased the reduction
ate of the catalysts to zero-valent Fe species and increased the FTS
ctivity and selectivity toward longer hydrocarbon products.

Although a large number of studies were carried out on the influ-
nce of copper on FTS selectivity, controversy persists, because
hese studies were conducted under different conditions or over
ifferent catalytic systems. Therefore, further investigation is
eeded to illustrate the intrinsic relationship between Cu promoter
nd the FTS selectivity.

The development of supported Fe catalysts of high activity is
ttractive as it would allow its use in the most economical reac-
ors, such as “slurry”, avoiding the high attrition rate experienced
y mass Fe catalysts. On the other hand, it would be possible to

ncrease the selectivity of the synthesis by controlling the crystal
ize of the active phase. This method is based on the fact that in
ome heterogeneous catalytic reactions, the activity of the solid is

 function of the crystal size of the active phase, generally in the
–10 nm range. These reactions are known as “structure sensitive”
17]. In the literature, there is some early evidence that the FTS
s “structure sensitive” [18], and more recently, this property was
onfirmed by using supported Co and Fe catalysts [19–22]. Today,
he concept of “structure sensitive” involves the activity and selec-
ivity of the catalyst. This idea was recently verified by Bezemer [22]
sing Co particles with sizes between 2.6 and 27 nm supported on
arbon nanofibers. These authors found that when the cobalt parti-
le size was reduced from 16 to 2.6 nm,  the turnover frequency for
O hydrogenation decreased about twenty times, while C5+ selec-
ivity decreased from 85 to 51 wt.%. Therefore, it would be possible

o achieve an improvement in the catalyst selectivity if particles
f supported Fe oxides, with a determined average diameter and a
arrow size distribution, were obtained. In order to get this scope,
n “inert” support with a narrow pore-size distribution and ther-
y 282 (2017) 204–213 205

mal  stability would be selected. Besides, the pore diameters of
the support must be large enough to locate the iron oxide crys-
tals inside the pores, avoiding their migration to the outer surface
during the activation steps. The mesoporous solid named SBA-15
seems to fulfill the above conditions since it has a narrow pore-
size distribution, with a hexagonal arrangement, whose diameters
can be varied between 5 and 30 nm,  wall thickness between 3 and
6 nm,  and specific surface area between 700 and 1000 m2/g [23,24].
The use of this type of support is not enough to obtain a narrow
crystal-size distribution in the desired size range of the active Fe
species. In order to get this scope, it is necessary to introduce the
total iron loading inside the support channels avoiding its migra-
tion to the outer surface when the catalyst is “working” since the
controlling effect on the sintering process would be lost. Achieving
these objectives represents a real challenge.

Another important aspect is to investigate how the electronic
density of the active site changes in the presence of promoters.
The density functional theory (DFT) is an important method to get
optimized local structures, and allows the study of the electronic
structure and its change, as well as the distribution of the electronic
density of the metal/support interface, which function as active site
in a catalytic process. In this context, Park et al. use DFT to inves-
tigate the flux of electronic density in the adsorbed state of the K
atoms doped Fe surfaces applied to FT process [25].

In the bibliography the information of DFT  study of the effect
of promoters in the electronics structure of the metallic site and
their interface with SBA-15 has not been explored. In this work we
reported experimental results of the effect of K and Cu promoters
in Fe-SBA-15 materials and it is complemented with DFT calcula-
tions to investigate how change the electronic density due of the
presence of the K and Cu promoters in Fe-SBA-15 catalyst.

2. Material and methods

2.1. Catalyst preparation

The SBA-15 support was synthesized according to the method-
ology proposed by Zhao et al. [23,24] using Pluronic triblock
copolymer P123 (EO20-PO70-EO20) as organic structure-directing
agent and tetraethyl orthosilicate (TEOS) as silica source. Thus, 12 g
of Pluronic P123 was dissolved in 360 ml  of water and 60 ml  of HCl
solution (37%, w/w)  with stirring at 313 K for 3 h. Then, 27 ml  of
TEOS was  added, and the solution was  kept stirring at 313 K for
24 h. The mixture was aged at 363 K overnight, without stirring. The
solid was  recovered by filtration, washed, and dried in air at room
temperature (RT). Calcination in air was carried out at 773 K during
6 h at 1 K/min. To determine the effect of the support, a commercial
silica (Silica gel, Grade 10184, pore size 100 Å, 70–230 mesh, Sigma
Aldrich) was used to compare with the SBA-15. The two supports
were impregnated by the incipient wetness impregnation method
with Fe(NO3)3·9H2O ethanolic solution to produce a nominal Fe
loading of 10% w/w in a single step. The solids were dried using a
rotary evaporator at 313 K for 24 h and finally calcined in a flow of
NO (1% v/v)/He (100 cm3/min) from RT to 723 K at a heating rate
of 1 K/min and kept at this temperature for 4 h. The samples thus
obtained were called Fe-SBA-15 and Fe-SiO2.

To analyze the effect of Potassium and Cupper as promoters of
Iron, SBA-15 support was  impregnated with two  different ethanolic
solutions: a mix  of Fe(NO3)3·9H2O and Cu(NO3)2.2,5H2O in ethano-
lic solution to produce a nominal loading of 10% w/w  to Iron and
0,05% w/w  to Cu and another one with a mix  of Fe(NO3)3·9H2O

and KNO3 in ethanolic solution to produce a nominal loading of
10% w/w  of Iron and 0,1% w/w  of Potassium. The solids were dried
and calcined as mentioned above and were called Fe/K-SBA-15 and
Fe/Cu-SBA-15.
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Fig. 1. Xrd patterns for SBA-15 and Fe-SBA-15 materials.
06 L.A. Cano et al. / Catalys

The Potassium and Cupper content were adopted as the basis of
he atomic ratio of Fe/K and Fe/Cu possessed by bulk catalysts used
n the Fischer-Tropsch industry mentioned in some publications
9,16,26].

.2. Catalyst characterization

The samples were characterized by atomic absorption spec-
roscopy (AAS), Low Angle − X-ray diffraction (LA XRD) at low
ngles, N2 adsorption (BET), transmission electron microscopy
TEM), temperature-programmed reduction (TPR) and density
unctional theory (DFT).

The Fe content of the solid was determined by atomic absorption
n an AA/AE Spectrophotometer 457 of Laboratory Instrumentation
nc. The sample was digested in a mixture of HCl and HF up to com-
lete dissolution and then was treated according to conventional
ethods for this technique.
The X-ray diffraction patterns at low angles were recorded in a

himadzu equipment, XD3A model, using Cu K� radiation gener-
ted at 40 kV and 40 mA  in the range 2&z.Theta; = 0.5–9◦ with steps
f 0.02◦ and counting time of 2 s/step.

The adsorption-desorption isotherms of N2 at 77 K were mea-
ured in Quantachrome, Autosorb 1-MP equipment. The samples
ere previously outgassed at 250◦ C for 12 h. Textural properties,

uch as the specific surface area (Sg), micropore volume (V�p), total
ore volume (VTP), and pore width (Wp) were calculated from the
xperimental data. Sg and V�p were obtained using the BET and the
s-plot methods, respectively. The Wp was calculated by means of

he VBS method, which is described in [27].
The transmission electron microscopy micrographs were taken

sing a microscope JEOL model JEM-1200 EX II. The sample was
reviously incorporated into a Aradilta resin and was subsequently
ut with an ultramicrotome Sorvall MT  5000.

The temperature programmed reduction experiments were per-
ormed on a Micromeritics equipment (Chemisorb 2705) overflow
f a mixture of H2 and N2 containing 5% of H2 at 30 cm3/sec. The
ample was heated from 20 to 1000 ◦C with a rate of 10◦/min.

.2.1. Computational method of density functional theory
For the Density functional theory (DFT) calculations we  have

sed the generalized gradient approximation (GGA) in the ver-
ion of Perdew−Burke−Ernzerhof (PBE) [28] implemented in the
IESTA code [29]. It uses Troullier−Martins norm-conserving pseu-
opotentials [30] to represent the nucleus and core electrons of
he considered species. The basis set used for the expansion of the
ohn−Sham eigenstates is composed of a set of numerical atomic
rbitals including polarization orbitals. An energy shift of 50 meV
as been chosen as a compromise between accuracy and compu-
ational efficiency. We  have taken an energy cutoff of 200 Ry and

 double-� plus polarization orbital basis set (DZP). All geometries
ave been optimized until the force on each atom was  less than
.01 eV/Å. We  use 3 × 3 × 3 and 3 × 3 × 1 k-point for the Brillouin
one (BZ) for the bulk and slab representation respectively.

The surface of the mesoporous SBA-15 material was  represented
y the �-cristobalite structure (ICSD # 77459) [31]. In order to

nvestigate the metal adsorption properties, the 001 face of �-
ristobalite was used and one slab of 8 layers of the SiO2, where the
ast two layers were fixed in the optimization. In order to represent
he chemistry of the surface of SBA-15 some SiOH terminal silanols
ere displayed on the surface [32]. In order to achieve the different

ptimized structures, firstly the �-cristobalite bulk was optimized
ith variable cell condition. Secondly, it was generated, and latter
he 001 surface was relaxed extending the z axes to 20 Å. Finally,
ifferent atomic species were placed on the surface and relaxed.
he adsorption energy, the differential of electronic density and the
and gap energy, among others properties were calculated thereof.
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Fig. 2. N2 adsorption-desorption isotherms at 77 K for the supports and the catalysts.
a:  SiO2 and Fe-SiO2, b: SBA-15 and Fe-SBA-15 materials. The adsorption isotherms of the SBA-15 and SBA-15 supported catalysts have been displaced in the y axis, in order
to  show their shape cleary.

Table 1
Textural properties of the supports and the catalysts and metal loading of the catalysts.

Material Sg (m2 g−1) V�P (cm3 g−1) VTP (cm3 g−1) Wp (VBS) (nm) Metal Loading (%w/w)

SBA-15 899 0.111 1.0 8.8
SiO2 342 0 0.9 17
Fe-SiO2 295 0 0.77 16.1 8.7
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Fe-SBA-15 522 0.05 

Fe/K-SBA-15 314 0 

Fe/Cu-SBA-15 390 0.02 

The adsorption energy Eads can be calculated from:

ads = Esystem-(ESBA–15 + EMetal) (1)

here Esystem is the total energy of the system, ESBA-15 is the slab
nergy of the SBA-15 relaxed and EMetal is the energy of Fe atom
r FeX (X= K, Cu) relaxed as appropriate. The energy of the system
s minimized, allowing relaxation of all atomic coordinates of the
ntire system while the two innermost layers remains fixed. The
seudo charge density difference �h  is defined as [33].

h = �system-(�SBA–15 + �Metal) (2)

here �system is the pseudo charge density of the system, �SBA-15
nd �Metal are the pseudo charge density of the isolated metallic
r bimetallic adsorbent and SBA-15 slab, respectively. The den-
ity of states (DOS) of the system and the projection onto different
ndividual atomic orbitals (PDOS), have also been calculated. The

olecular graphics have been done with the XCRYSDEN package
34].

.3. Activity and selectivity measurements

Catalytic tests were carried out in a fixed-bed micro-activity
eactor (Microactivity Reference, PID Eng&Tech. S.L.). About 0.4 g of
atalyst were used, with a particle size between 0.297-0.500 mm,
iluted with 4 g of SiC for each experiment. The catalytic reactions
ere performed at 10 bar of pressure, with a ratio H2/CO = 2, and a

emperature of 543 K. Prior to the catalytic tests, the catalysts were
educed in situ using a flow of pure hydrogen (99.999% purity) at
tmospheric pressure and 703 K for 6 h. After the reduction treat-

ent, the temperature of the reactor was lowered up to the reaction

emperature. The gaseous products of the reaction were studied on-
ine with a gas chromatograph using TCD and FID detectors. Waxes

ere collected in a trap kept at 353 K and analyzed off-line.
5 8.1 8
45 8.3 8.6/0.12
47 6.7 9.1/0.05

3. Results and discussion

The ordered hexagonal structure of mesoporous SBA-15, used as
support, was  verified by XRD (Fig. 1). The impregnation and calcina-
tion treatments, which lead to obtaining Fe-SBA-15, Fe/K-SBA-15 y
Fe/Cu-SBA-15 do not change the structural properties of the meso-
porous support, as was  verified by XRD (Fig. 1). Iron nitrates were
decomposed by calcination in a flow of NO (1% v/v)/He since it has
been recently demonstrated by Sietsma and den Breejen [35,36]
that calcination with NO flow produces Co particles with signifi-
cantly smaller sizes in the Co/SiO2 system when cobalt nitrate salt
is used in the impregnation step. Besides, a significant narrowing
in particle size distribution was obtained when NO flow was used
instead of air flow. These results could be explained since NO is one
of the nitrogen oxides produced during cobalt nitrate decomposi-
tion; therefore, if it is fed during the calcination process, the salt
decomposition would occur in a controlled way and the clustering
and growth of the nanoparticles would be avoided. Hence, we used
iron nitrate as a precursor, in order to achieve similar results in our
materials.

Comparing the values of the diffraction angles of impregnated
SBA-15 with those obtained for the pure support, a slight difference
in the position of the first diffraction line is observed. In the impreg-
nated supports this line is around 0.3◦ above the value shown in
the pure SBA-15. Bearing in mind that the position of this peak
is inversely related to the interplanar spacing of the SBA-15, the
increase in the angle of diffraction evidence a lower value of lattice
parameter in the impregnated support [37].

In Fig. 2, are shown the N2 adsorption-desorption isotherms of
the supports (SiO2 and SBA-15) and the catalysts. The shape of the
isotherms gives a good idea of the pore structure of the materials.
In Fig. 2a, we shown the isotherms of SiO2 and Fe-SiO2, these are
characteristic of mesoporous silica, with no apparent contribution
of micropores, a fact which suggested by the low adsorption at low

relative pressures, while the presence of a hysteresis loop indicates
the presence of mesoporosity. By analyzing the textural properties
of SiO2 and Fe-SiO2, a decrease of VTP and Sg in comparison with
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Fig. 3. TEM micro

he support, without substantial changes in Wp, can be observed.
his would imply a partial pore filling of the support with the Fe
xide species (Table 1). The Fe content in each catalysts obtained
y AAS is also shown in Table 1.

In the isotherms of Fig. 2b (SBA-15 and Fe-SBA-15 materials)
he shape of the isotherms is characteristic of SBA-15 materials.
here is a steep increase in the adsorbed amount at low relative
ressures, due to the micropores present in these materials (inter-
onnecting the mesoporous channels) [38,39], and another one at
elative pressures close to 0.6 which corresponds to the capillary
ondensation in the primary mesopores. The latter steep increase is
haracteristic of capillary condensation in pores with a specific pore
ize, such as the case of SBA-15. The hysteresis loop observed in the
sotherm of the SBA-15 has the characteristic shape of a H1 hystere-
is loop according to the IUPAC classification, which corresponds
o ordered, cylindrical and independent pores [40]. However, the
sotherms of the other materials (Fe-SBA-15, Fe/K-SBA-15, Fe/Cu-
BA-15) present a different hysteresis loop, characterized by the
ppearance of an additional low-pressure hysteresis. That kind of
ysteresis has been previously reported in SBA-15 materials with
ore blockage in their primary mesopores, due to the presence of
anoparticles inside those channels [41–43]. As a consequence, the
ppearance of that kind of hysteresis in our materials is an evidence
f the presence of nanoparticles of the incorporated oxides inside
he channels of the SBA-15. That hysteresis is apparently smaller
n the Fe/K-SBA-15, which could be related to a minor presence of
ore blockage in that sample.

The textural properties shown in Table 1, evidence a high
ecrease in the micropore volume in the supported catalysts with
espect to the support, and additionally, an important decrease in
heir Sg with respect to the original SBA-15 is observed. Further-
ore, the value of the Wp of the catalysts is similar to the one of the
upports, which could again indicate a partial filling of the pores.

In Fig. 3 are shown the transmission electron micrographs of
he impregnated supports. The channels of the SBA and their par-
s of the catalysts.

tial filling with metal oxides, which are the darkest areas, can be
observed. In the Fe-SiO2 catalyst we see a disordered structure and
hence larger particles.

The best example is the catalyst of iron and potassium, where
filled pores are clearly visible, this picture was taken parallel to
the axis of the support channel. There can be seen the mouths of
empty pores of the support (lightest part) with uniform distribution
and hexagonal system and partial filling thereof with oxides of Fe
(darker parts).

This micrography evidence the formation of nanometric cylin-
ders of Fe oxides within the SBA-15 channels, as has been previously
reported by our group [44].

In the case of Fe/Cu-SBA-15, the dark-grey regions are bigger
that in the others catalysts, indicating a larger aggregate of Fe and
Cu oxides particles.

In summary, we see that we  have successfully introduced the
Fe, K and Cu within the pores of the supports via alcoholic solu-
tion impregnation, maintaining the ordered structure of SBA-15
and partially filling some of its pore channels with metal oxides
as has previously reported in the literature [45]. These observation
are in agreement with the results obtained from gas adsorption
characterization.

In Fig. 4 are shown the temperature-programmed reduction
profiles of the Fe-SBA-15, Fe/K-SBA-15 and Fe/Cu-SBA-15 mate-
rials. Similar behaviors are observed in samples Fe-SBA-15 and
Fe/K-SBA-15, several peaks are observed that would correspond
to the reduction of Fe3+ and Fe2+ species, as well as to the reduc-
tion of oxides with different particle sizes and different interaction
with the SiO2, which reduce at different temperatures. In the Fe/K-
SBA-15 a peak 1000–1100 K is observed that is not present in the
Fe-SBA-15 sample, this signal can be attributed to the formation of

K+ ionic species on the SBA-15 surface [46].

The TPR profile of the Fe/Cu-SBA-15 shows the main reduction
peak displaced towards lower temperatures. Moreover, the shoul-
der of the peak at 500 K could be assigned likely to the reduction
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Table 2
Adsorption energy and band gap energy of the different catalyst.

System Eads (eV) EBand-Gap (eV)

SBA-15 – 3.8
Fe-SBA-15 −1.32 1.3
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Fe/K-SBA-15 −2.41 0
Fe/Cu-SBA-15 −2.84 0

f small clusters of CuO on SBA-15 [46] and the main peak close to
30 K could be attributed to the reduction of a mixed oxide FeCuOx

hich forms a FeCu alloy, suggesting the high interaction between
e2O3 and CuO, this effect has been reported in previous a work
sing TiO2 as support [47]. The location of the new reduction peak is
t lower temperatures than the iron species, but at higher tempera-
ures than the usual lowest reduction temperature of CuO. This fact
vidences the role of copper addition in the reduction behavior of

 supported iron catalyst, and could be attributed to the formation
f an alloy of CuFe.

As mentioned above, we used DFT calculations to investigate
he adsorption energy and the changes in the electronic structure
or the adsorptive state of iron and copper/potassium promoters
n the surface of SBA-15.

Table 2 shows the adsorption energy and the band gap energy of
he relaxed geometries for the different interfaces. The adsorption
nergy calculated for the Fe-SBA-15 system is −1.32 eV whereas
t was −2.41 and −2.84 eV for Fe/K-SBA15 and Fe/Cu-SBA15
espectively. These results indicate that both bimetallic compos-
te Fe/X-SBA-15 (X = K, Cu) present a more stable interaction with
he support than Fe-SBA-15 interface.

Fig. 5 shows the final geometries of the optimization and the
ifferential of the electronic density of the systems. Fig. 5a and b
hows the top view of the surface in the Fe-SBA-15, where is shown
hat the Fe atom interact with the hydroxyl groups of the surface,
reating a distribution of electronic density between the iron atom

nd the Si-OH groups close to the Fe atom site.

In the Fe/Cu-SBA-15 system, an accumulation of electronic den-
ity surrounding the copper atom is observed, where the iron atom
istributes electronic density towards the surface and the copper
)

f the catalysts.

atom (Fig. 5c-d). Besides, in the plane of the surface (Fig. 5d) it
can be seen the accumulation of electronic density between the
Cu atom and the hydroxyl group, and the flux of electronic density
from SiO-OH-Fe to SiO-OH-Cu site.

On the other hand, the electronic structure of K/Fe-SBA-15 inter-
face is notably different than Fe-SBA-15 and Fe/Cu-SBA-15. The
Fig. 5e, f shows that K atom sinks into the surface and interacts
strongly with the hydroxyl groups of the surface. This effect drasti-
cally changes the electronic density of the active site. Moreover, it
generates a site with depletion of the electronic density surround-
ing the K atom which can interact favorably with molecules with
negative electronic density such as olefins. These results could be
explained by the fact that potassium donates electrons to iron, facil-
itating CO chemisorption and dissociation, since CO tends to accept
electrons from iron. Thus the addition of K promoter would facili-
tate CO chemisorption and olefins production. This result has been
reported by other authors using other techniques [48].

Fig. 6 shows the projected density of states (p-DOS) of the dif-
ferent systems. In the case of SBA-15 (Fig. 6a) it can be seen the
superposition of states at-2.5–6 eV, which indicates a covalent bond
between silicon and oxygen atoms. The band gap energy is 3.8 eV,
which indicates the insulator characteristic of this structure.

When an atom of iron is adsorbed on the surface (Fig. 6b) the
interaction between Fe and OH groups mentioned above gener-
ates electronics sates close to the Fermi level, and this interaction
provokes the decrease of band gap energy to 1.3 eV, generating a
semiconductor interface.

In the case of the Fe/Cu-SBA-15 material (Fig. 6c), the electronic
structures show the superposition of the electronic states between
the Fe and Cu atoms at −1–3 eV. This would indicate the forma-
tion of a strong and stabilized bond forming a FeCu composites on
the surface. This fact is consistent with the TEM micrographs that
show bigger particles in the Fe/Cu-SBA-15 catalyst than in the other
ones, and with the TPR profile where the signal around of 530 K was
attributed to the likely reduction of CuFeOx to get CuFe species. The

bond is formed from the 3d electronic states. In addition, Cu atoms
generates states in the Fermi level, provoking a conduction of the
electronic density in this bimetallic interface.
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ig. 5. Differential electronic density of catalysts.
-b: Fe-SBA-15, c-d: Fe/Cu-SBA-15, e-f: Fe/K-SBA-15. Red lobules: accumulation of e
v/A3.

In the Fe/K-SBA15 interface, the p-DOS plot (Fig. 6d) indicates
hat the K atom does not present states under the Fermi level. In
ontrast to the FeCu case, the electronic states of iron are distributed
n the valence band and in the Fermi level, creating a conductor
nterface.

In summary, DFT calculations indicate that the addition of K

nd Cu promoters in Fe-SBA15 surface, changes its electronic struc-
ure, creating conductor interfaces with different electronic density
istribution, with depletion of electronic density on K atom, and
nic density, blue lobules: depletion of electronic density. Value of isosurface: 0.001

accumulation of electronic density on the Cu atom. This distribu-
tion of electron density indicates that the presence of Cu generates
an electronically different place because of the strong interaction
between Fe-Cu, which could promote electronic restructuring of
the active site as the FT reaction occurs, which would generate
greater stability in catalyst activity over time.
In Fig. 7 are shown the results of the reaction tests for each cat-
alyst. Fig. 7a, shows the conversion over time and it is shown that
most of the catalysts reach a stationary state in the reaction time
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Fig. 6. Projected density of states (p-DOS) of the SBA-15 surface. a: clean, b: Fe-SBA15, c: Fe/Cu-SBA-15, d: Fe/K-SBA15.
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Table 3
Selectivity towards olefins.

Catalyst C2
= /C2 C3

= /C3 C2
= +C3

= /C2 + C3

Fe-SiO2 0.2 0.3 0.2
Fe-SBA-15 0.2 2.1 1.1

Fe-SBA-15 shows minor formation of CH4 and formation of hydro-
ig. 7. Conversion and activity results of Fischer Tropsch reaction using the different
atalysts.

tudied, except the Fe/K-SBA-15 which shows a deactivation and
 reactivation of the catalyst. This anomalous behavior has been
reviously reported for some iron catalysts in the FT reaction pro-
oted with Ce, and could be attributed to reconstruction processes

f the active phase [49].
In Fig. 7b is shown the intrinsic activity per gram of iron of the

atalysts, in order to compare them independently of the metal
oading. The results show clearly that the Fe/K-SBA-15 catalyst has
he highest activity, showing the important role that the addition of

 plays in the activity of Fe catalysts for FT synthesis. The compari-
on between Fe-SiO2 and Fe-SBA-15 shows a higher activity in the
atter, which could be attributed to the effect of using a mesoporous
upport with a high surface area, such as the SBA-15 which can sta-

ilize nanoparticles of the active phase inside its pores, increasing
he dispersion of the active phase. It is also observed that while
e-SBA-15 has a tendency to decrease its activity with time, Fe/Cu-
Fe/K-SBA-15 3.5 1.5 2.11
Fe/Cu-SBA-15 0.3 2.8 1.2

SBA-15 shows an opposite tendency, with a slight increase in its
activity with time. This fact could be related to the effect of the addi-
tion of Cu, as we mentioned above from the TPR and DFT results,
indicating that Cu addition on the Fe site generates a new active site,
and the new electronic states formed could assist to the regener-
ation of the active site and this electronic effect can be stabilized
the activity of the catalyst observed experimentally. According to
some authors, the oxygen removal in the activation of catalysts
(reduction whit H2) is greatly promoted by introducing copper,
because copper oxide can be easily reduced to its metallic state
by reductants at low temperatures [50], and the metallic copper
plays an essential role in helping the removal of oxygen atom from
other oxide phases [51]. Furthermore, while the FT reaction occurs,
metallic copper atoms, may weaken vicinal Fe–O bonds. This mech-
anism provides insight into enhancement of the carburization rate
of FTS catalysts by copper promoter [52].

In Fig. 8 is shown the molar selectivity for each catalyst. In order
to study them at similar conversions, data for the hydrocarbon pro-
duction for the Fe/K-SBA-15 were taken at a conversion of 8% (at
10 h of reaction). The results show that Fe-SiO2 presents the highest
formation of CH4 (that is undesirable), close to the 40%. In addition,
the hydrocarbons formed grow up to C7. By contrast, selectivity of
carbons up to C10. Table 3 shows the selectivity towards olefins (C2
and C3) of the catalysts, in those results it is also evident the high-
est selectivity of Fe-SBA-15 for the formation of these high-value
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Fig. 8. Molar selectiv

olecules compared to the Fe-SiO2. This results show the benefi-
ial role of using a porous SiO2 support for Fe-supported catalysts,
uch as the SBA-15.

The selectivity of Fe/K-SBA-15 is similar to the one of Fe-SBA-
5, but the main difference is in the highest formation of olefins
bserved in the former. As it was mentioned previously, the for-
ation of this kind of molecules is highly desirable in FT catalysts.

his behavior could be related to the electronic characteristics of
he Fe/K-SBA-15 described in the DFT section, because the elec-
ronic density depletion created by the presence of K in the surface
ould stabilize molecules with high electron density such as olefins.

In the case of Fe/Cu-SBA-15, no major differences in selectivity
re observed compared to Fe-SBA-15 sample.

. Conclusions

Four different supported-iron catalysts were obtained and char-
cterized. The characterization techniques showed that the ordered
tructure of the mesoporous material SBA-15 remained after the
ncorporation of the metals (Fe,Cu,K) and that they were incorpo-
ated within the channels of the SBA-15 support.

DFT calculations showed the exothermic energy of adsorption
f Fe, FeCu and FeK over the simulated Surface of a SBA-15. In addi-
ion it was observed that the presence of K and Cu in the vicinity
f Fe over the support surface creates new active sites, with the
reation of conductor interfaces with different electronic density
istribution. The FeCu system showed a great interaction between
oth metals, and accumulation of electronic density close to the
opper atom. On the other hand, the presence of K creates sites
ith depletion on its electronic density close to the K atom and an

lectronic transfer towards the surface and the Fe atom.
The results of the catalytic tests performed showed firstly that

he importance of porosity in silica supports for catalysts for the FT
eaction, since Fe/SBA-15 showed a higher activity, major chain-
rowth formation of the products and more selectivity to olefins
han the Fe/SiO2 catalyst.

Secondly, the effect of K and Cu as promoters showed that the
ddition of K enhances the catalytic activity and favors the selec-
ivity to olefins. Both of these results are in agreement with the

lectronic properties of the surface described by the DFT calcula-
ions. On the other hand, the addition of Cu apparently increases
he stability of the catalysts. As a result, the best performance in
he FT reaction was obtained with FeCu/SBA-15 and FeK/SBA-15

[

[
[

C

FTS for each catalyst.

catalysts, which add the positive effect of the metallic promoters
to the positive effect of the porosity of the SBA-15.
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