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Introduction

Iron(II) disulfides (i.e. pyrite or marcasite) are well known to en-
hance the reactivity of coals towards liquefaction under elevat-
ed H2 pressure (100–300 bar) at high temperatures (350–
450 8C).[1, 2] In addition, there are also a few reports to suggest
that sulfided iron catalysts facilitate the liquefaction of techni-
cal lignins under high severity conditions.[3–6] Analyzing the key
studies published over the last 50 years, one can easily identify
two main classes of Fe�S catalysts that have been explored for
coal and lignin liquefaction. The first class comprises bulk
iron(II) disulfides of low surface area (<2 m2 g�1), which have
been almost exclusively applied to direct coal liquefaction.[1, 2, 6]

The second class encompasses sulfided iron species formed
in situ by reactions of an iron compound [e.g. ferrocene,
Fe(NO3)3] and a sulfur source (e.g. CS2, S8). These Fe�S materi-
als were explored for lignin liquefaction.[4, 5] Owing to the low
surface area of bulk iron(II) disulfides, and the undefined chem-
ical nature of sulfided iron catalysts formed in situ, the factors
accounting for the catalytic activity of both classes of Fe�S ma-
terials remain unclear. Surprisingly, despite evidence demon-
strating the potential of these materials for liquefaction of
lignin and coal, the relationships between structure and cataly-
sis of (bulk) iron(II) disulfides have been attracted little atten-
tion. Indeed, most knowledge in this field originates from re-
ports dated back to the 1980s.[2, 7, 8] More recently, some in-
depth computational studies of pyrite surface and structure
were reported.[9–15] From a catalysis perspective, therefore, re-
visiting this research field with modern techniques for prepara-
tion and characterization of highly dispersed iron(II) disulfide
phases on supports exhibiting high surface area could contrib-
ute insights as to whether these materials can be useful as cat-

alysts or catalyst precursors in the conversion of biomass-de-
rived aromatic streams.

Pyrite is a polymorph of iron(II) disulfide (Figure 1 a) crystal-
lized in a cubic crystal structure.[16] It comprises discrete S2

2�

units with an S�S distance (2.195 �) similar to that expected
for an S�S single bond (2.00 to 2.11 �).[16, 17] Thus, pyrite is
properly described as Fe2 +S2

2�.[17, 18] Marcasite is another poly-
morph of iron(II) disulfide with an orthorhombic crystal struc-
ture (Figure 1 b).[16, 17] Under H2 pressure at temperatures above
200 8C, pyrite releases H2S and converts into a class of non-stoi-

In this report, we show that nanocrystalline pyrite and marca-
site (FeS2), supported on SBA-15, aerosil SiO2, activated carbon
or Al2O3, are precursors of highly active catalysts for the hydro-
deoxygenation of dibenzyl ether into toluene. High yields of
toluene (up to 100 %) were achieved in experiments performed
at 250 8C under initial H2 pressure of 100 bar for 2 h. In the re-

cycling experiments, results from XRD and XPS analyses indi-
cate that a fresh surface, formed upon the chemical transfor-
mation of FeS2 into Fe(1�x)S, is responsible for the high activity
and high selectivity achieved in the conversion of dibenzyl
ether into toluene.

Figure 1. Sketch of the crystalline structure of a) pyrite, b) marcasite, and
c) pyrrhotite (based on the NiAs unit cell).
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chiometric iron(II) sulfides, called pyrrhotites (Fe(1�x)S where 0�
x�0.125).[2, 8]

Pyrrhotites possess a NiAs-type structure (Figure 1 c), which
can exhibit monoclinic or hexagonal crystal symmetry.[17, 19, 20]

One can describe the monoclinic pyrrhotite by subtracting
one-eighth iron atoms from the hexagonal FeS structure, so
that the resulting structure contains alternating layers of full Fe
sites and layers of Fe sites with vacancies.[19, 20] The monoclinic
structure can be converted to hexagonal at temperatures
above 300 8C. The fast diffusion of FeII vacancies at these tem-
peratures creates a random vacancy distribution.[19, 20] As
a result, the phase transition is reversible. However, at temper-
atures lower than 300 8C, the diffusion of vacancies is inhibited,
thereby, metastable hexagonal pyrrhotite structures can be
locked by a quenching process.[28] Troilite, the iron-rich end-
member of the pyrrhotites, is an ideal or nearly stoichiometric
iron(II) sulfide (Fe(1�x)S where 0�x�0.05).[19, 20] It shows a NiAs
derived-structure with hexagonal symmetry, which is stable at
room temperature (RT).

The role of each iron(II) sulfide and iron(II) disulfide in the
coal or lignin liquefaction processes is only partially under-
stood.[2, 7, 8] Although pyrrhotite (prepared in advance) shows
a lower activity than pyrite in coal liquefaction, pyrrhotite
formed in situ was demonstrated to possess ‘very good’ cata-
lytic activity.[8] Kodaira et al. surmised that the formation of the
fresh surface with the chemical change from pyrite to pyrrho-
tite is the cause of the high activity of pyrite.[8] In turn, Monta-
no et al. demonstrated that troilite shows lowest activity
among Fe(1�x)S structures.[2] Moreover, Baldwin and Vinciguerra
suggested that H2S, formed upon the reduction of FeS2 to
Fe(1�x)S, could be an active homogeneous catalyst for coal liq-
uefaction.[7]

In this report, we present the synthesis, characterization, and
catalytic performance of supported nanocrystalline iron(II) di-
sulfides supported on SBA-15, aerosil SiO2, activated carbon
(AC), or g-alumina (Al2O3). The purpose of this work is to deter-
mine whether FeS2 materials can act as catalysts or catalyst
precursors for the hydrodeoxygenation (HDO) of dibenzyl
ether into toluene under conditions of lower severity (100 MPa
H2, 250 8C) than those applied for coal or lignin liquefaction
(100–350 MPa H2, 350–450 8C). This report is organized in three
sections. First, the synthesis and characterization of the struc-
tural features of the supported nanocrystalline FeS2 materials
are presented. Second, the catalytic properties of the materials
in the HDO of dibenzyl ether are examined under varying con-
ditions. Third, in the recycling experiments, insight into the
Fe�S species involved in the catalysis of HDO of dibenzyl ether
is provided by XRD and XPS analyses.

Results and Discussion

Synthesis and Characterization of FeS2 Materials

To synthesize FeS2 supported on SBA-15, SiO2, AC, or Al2O3, in-
cipient impregnation of the supports with an iron(III) nitrate
solution was performed in order to provide a nominal loading
of iron(III) of 10 wt %. The materials were calcined at 400 8C for

2 h in a quartz tube. For the FeIII/AC material, thermal treat-
ment was performed under argon flow. In sequence, the air or
argon atmosphere was switched by an H2S atmosphere. The
material was sulfided at 400 8C for an additional 2.5 h. This pro-
cedure led to the reduction of FeIII to FeII as evidenced by the
formation of elemental sulfur, which sublimated and deposited
as a pale yellow layer on the cold exit of the quartz tube. Im-
portantly, the formation of iron(II) disulfides was also con-
firmed by X-ray powder diffraction (XRD). XRD patterns in
Figure 2 indicate that the sulfidation procedure renders pyrite

(major product) and marcasite (minor product) irrespective of
the support.

In previous studies on liquefaction of coal in the presence of
bulk pyrite and other iron(II) sulfides, no information was pro-
vided about the material history concerning its handling under
air.[2, 7, 8] Nonetheless, it is known that finely divided iron(II) sul-
fide powders may oxidize to iron oxides and (thio)sulfates
when exposed to humid air.[17, 21–23] To verify whether FeS2/AC is
an air-sensitive material, the fresh sulfided material was ex-
posed to air for 24 h. Figure 3 shows that the XRD reflections
characteristic to pyrite and marcasite disappeared from the
XRD pattern of the FeS2/AC sample exposed to air. This result
demonstrates that the nanocrystalline FeS2 phases are air-sen-
sitive. As will be presented in the next section, this material
also shows a poor catalytic performance, compared with FeS2/

Figure 2. XRD patterns of FeS2 supported on SBA-15, SiO2, AC, Al2O3, and
bulky FeS2 (pyrite).

Figure 3. XRD patterns of FeS2/AC ‘as sulfided’ and exposed to air for 24 h.
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AC handled under argon. Accordingly, material transfer and
other procedures described here were performed under argon.

Displayed in Figure 4 are the TEM images of FeS2/SBA-15,
FeS2/SiO2, FeS2/AC, and FeS2/Al2O3. The average size of individ-
ual FeS2 particles is in the range of 5–20 nm for FeS2/SBA-15,
5–10 nm for FeS2/SiO2, 10–20 nm for FeS2/AC, and 5–35 nm for
FeS2/Al2O3. In general, the TEM images show that FeS2 particles
are quite well-dispersed on the supports. However, for FeS2/
SBA-15 (Figure 4 a), it is apparent that FeS2 is poorly dispersed.
Moreover, EDX analyses indicate that the Fe:S atom ratio is
nearly 1:2 in FeS2/SBA-15, FeS2/SiO2 and FeS2/Al2O3, but 1:3 in
FeS2/AC. The sulfidation procedure resulted in the formation of
S8. However, AC itself is reported to oxidize H2S to S8 at high
temperatures.[24, 25] A part of the S8 content stays entrapped in
the pore structure of AC, as determined by XPS analysis (Fig-
ure 7 c).

Summarized in Table 1 are the textural properties of the sul-
fided materials and their parent supports. FeS2/SBA-15 and
FeS2/Al2O3 display values of surface area 3 to 11 % smaller than
the respective supports. The small decrease in the surface area
is in line with the TEM visualization of the FeS2 particles partial-
ly filling the pore system of SBA-15 and Al2O3 supports (Figure-
s 4 a and 4 d) in an inhomogeneous manner. This observation
is particularly notable for FeS2/SBA-15 in which only some
channels of SBA-15 are loaded with FeS2 (Figure 4 a). This fact
seems to be the reason for no change in the pore volume of
SBA-15 materials to be detected by N2 physisorption analysis.
In contrast, FeS2 particles are better dispersed on AC and SiO2

(Figures 4 b and 4 c). Hence, FeS2/AC and FeS2/SiO2 have values

of surface area, as well as pore
volume, about 25 to 35 % small-
er than the respective supports.

Catalytic properties of support-
ed FeS2 materials

To find the conditions of lowest
severity needed for the catalytic
conversion of dibenzyl ether, ex-
periments (Figure 5) with FeS2/
AC varying a) temperature (150–
250 8C), b) initial pressure of H2

(15–100 bar), and c) reaction
time (0–4 h) were performed.
Summarized in Figure 5 are the
results of the optimization of the
reaction parameters in the cata-
lytic conversion of dibenzyl
ether with FeS2/AC suspended in
cyclohexane (solvent). Figure 5
shows that full conversion of di-
benzyl ether into toluene is ach-
ieved at a temperature of 250 8C
under a H2 pressure of 100 bar
in 2 h. Accordingly, we chose

these conditions to further evaluate the catalytic performance
of the other materials.

Listed in Table 2 are the results obtained from blank experi-
ments and catalyst screening. Regarding the blank experi-
ments, Entry 1 shows that a 1 % conversion of dibenzyl ether
was achieved in a blank experiment in absence of catalyst. This
result indicates that the substrate is thermally stable at 250 8C.
This observation agrees with previous studies on the kinetics
of thermolysis of dibenzyl ether, which showed that the reac-
tion takes place at appreciable rates at temperatures higher
than 350 8C.[26] However, entry 2 shows that a 29 % conversion
of dibenzyl ether into toluene (carbon selectivity, 38 %), benzyl
alcohol (23 %) and benzaldehyde (41 %) was reached in a blank
experiment conducted in the presence of unloaded AC. The
presence of low levels of benzaldehyde seems to be related to
the presence of (Brønsted) acid sites in AC, as benzaldehyde is

Figure 4. TEM images of a) FeS2/SBA-15, b) FeS2/SiO2, c) FeS2/AC, and d) FeS2/Al2O3. The insets provide a thumbnail
view for representative material particles. Scale bars = 100 nm (inset = 200 nm).

Table 1. Textural properties of the supports and FeS2 supported
materials.

Entry Material SBET Pore volume Pore diameter
[m2 g�1] [cm3 g�1] [nm]

1 SBA-15 814 0.96 5.2
2 FeS2/SBA-15 791 0.96 4.1
3 SiO2 424 0.76 5.3
4 FeS2/SiO2 334 0.57 5.3
5 AC 626 0.20 3.7
6 FeS2/AC 480 0.13 3.5
7 Al2O3 122 0.25 6.2
8 FeS2/Al2O3 109 0.17 5.3
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not a typical product of metal-catalyzed hydrogenolysis of di-
benzyl ether,[27–29] but a product of acid-catalyzed cleavage of
the ether bond.[30]

Shown in Scheme 1 is a proposed pathway for the formation
of benzaldehyde and toluene by acid catalysis (“A” stands for
an acid site). The proposed pathway involves the formation of
phenylmethylium, upon cleavage of the ether bond. A hydride

transfer should take place from phenylmethanolate to phenyl-
methylium, resulting in the formation of benzaldehyde and tol-
uene.

Interestingly, the experiments performed with FeS2 support-
ed on different materials achieved high conversion of dibenzyl
ether into arenes (entries 3–8). On the one hand, FeS2/AC and
FeS2/Al2O3 were both highly active and highly selective cata-
lysts, leading to very high to full conversion of dibenzyl ether
into toluene (entries 3 and 6). In contrast, FeS2/SBA-15 and
FeS2/SiO2 were also highly active catalysts, but less selective to
toluene than FeS2/AC and FeS2/Al2O3. Indeed, in the presence
of FeS2/SBA-15 or FeS2/SiO2, the conversion of dibenzyl ether
also led to 1,2-diphenylethane, which was formed in carbon
yields close to 15 % (entries 4 and 5).

As previously discussed, the supported nanocrystalline FeS2

phases are air-sensitive. These materials decompose, forming
an amorphous material (Figure 3). The experiment performed
in the presence of a FeS2/AC sample exposed to air for 24 h
(FeS2/AC-Air, entry 7) resulted in a 53 % conversion of dibenzyl
ether to a mixture comprising toluene (carbon selectivity,
70 %), benzyl alcohol (7 %) and benzaldehyde (23 %). These re-
sults compare to those obtained from the experiment with
Fe2O3/AC (Table 2, entry 8). Nonetheless, there are two features
distinguishing FeS2/AC-Air from Fe2O3/AC: 1) the lower carbon
selectivity to toluene (70 % with FeS2/AC-Air vs. 78 % with
Fe2O3/AC), and 2) the higher carbon selectivity to benzalde-
hyde (23 % with FeS2/AC-Air vs. 10 % with Fe2O3/AC).

Recyclability of the FeS2/AC catalyst

Displayed in Table 3 are the results obtained from the experi-
ments of catalyst recycling over three runs, and after the cata-
lyst resulfidation (RSD). The conversion of dibenzyl ether stead-
ily decreased (from 98 to 72 %) throughout the recycling ex-
periments (entries 1–3). In addition, the selectivity to toluene
slightly reduced (from 100 to 97 %). After RSD of the spent cat-
alysts with H2S at 400 8C for 2 h, an 89 % conversion of dibenzyl
ether into toluene was achieved. This result shows that the cat-
alytic performance can be partially recovered by RSD.

To assess whether structural changes are occurring in the
catalyst on its reuse, the samples of the spent and the resulfid-
ed catalyst were analyzed by XRD. Figure 6 shows the XRD pat-
terns, and reveals that the FeS2 phases were converted into
Fe(1�x)S upon the first reaction run. No considerable structural
changes could be detected in the XRD pattern of the catalyst
samples of the 2nd and 3rd runs. The resulfidation of the spent
catalyst could regenerate the FeS2 phases, but only part of the
catalytic performance (Table 3, entry 4).

In the presence of H2 at temperatures above
200 8C, pyrite is converted into pyrrhotites (Fe(1�x)S
where 0�x�0.125) upon releasing of H2S.[2, 7, 8] In the
conversion of biomass using metal sulfide catalysts,
the addition of a sulfidizing agent to the stream is
a common practice in order to keep the high level of
catalytic performance.[31, 32] Hypothetically, the addi-
tion of H2S could shift the equilibrium towards pyrite.
Should FeS2 (pyrite) or a sulfur-richer member of the

Figure 5. Optimization of the reaction parameters in the conversion of
dibenzyl ether in the presence of FeS2/AC. a) Reaction temperature (initial
pressure of H2: 100 bar, reaction time: 2 h); b) initial pressure of H2 (reaction
temperature: 250 8C; reaction time: 2 h); c) reaction time (initial pressure of
H2: 100 bar, reaction temperature: 250 8C) on the HDO of dibenzyl ether.
Cyclohexane was used as solvent. The reaction time was recorded upon
reaching the aforementioned temperatures (heating rate 10 8C min�1).

Table 2. Conversion of dibenzyl ether in the absence and presence of
different iron catalysts.[a]

Entry Material Conv. Carbon selectivity [%]

[%]

1 None 1 0.7 0.5 0 1.4
2 AC 29 38 23 0 41
3 FeS2/AC 98 100 0 0 0
4 FeS2/SBA-15 98 80 0 16 0
5 FeS2/SiO2 98 87 0 12 0
6 FeS2/Al2O3 95 98 0 0 0
7 FeS2/AC-Air 53 70 7 0 23
8 Fe2O3/AC 50 78 12 0 10

[a] Reaction conditions: dibenzyl ether (2.5 mmol), n-decane (0.7 mmol,
internal standard for GC), catalyst (0.15 g) and cyclohexane (15 mL, sol-
vent) under 100 bar H2 (measured at RT), 250 8C for 2 h.

Scheme 1. Proposed reaction pathway for the formation of benzaldehyde and toluene
from dibenzyl ether. “A” stands for a Brønsted or Lewis acid site.
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pyrrhotites be the active phase for HDO of dibenzyl ether, the
addition of H2S would be favorable to the reaction per-
formance. Moreover, should H2S be a homogeneous catalyst
for the HDO of dibenzyl ether, the addition of H2S could also
improve the overall reaction performance.

To verify these hypotheses, an experiment with FeS2/AC
under a partial pressure of 1 bar H2S and 100 bar H2 was per-
formed. We found that the presence of H2S has no inhibitory
effect on the formation of Fe(1�x)S. However, the catalytic re-
sults showed a decrease (from 98 to 81 %) in the conversion of
dibenzyl ether. Furthermore, the selectivity to toluene dropped
(from 100 to 72 %), while the selectivity to benzyl alcohol
reached 22 %.

In an attempt to characterize the transformation of the cata-
lyst surface after the HDO of dibenzyl ether, the Fe 2p and S 2p
core-level X-ray photoemission (XP) spectra of the ‘as prepared’
and spent FeS2/AC (after 1st reaction run) were collected. Fig-
ure 7 a shows the Fe 2p XP spectrum of the freshly sulfided cat-
alyst sample. This XP spectrum
displays photoemission (PE)
peaks typical of FeS2 compounds
with the binding energy peak of
Fe 2p3/2 at 707.1 eV.[22, 33, 34] De-
spite the careful handling of the
catalyst sample under argon, the
low-intensity line at �711 eV
suggests the presence of a small
population of FeII sites consis-
tent with hydrated iron(II) oxide
or iron(II) sulfate.[22, 33, 34] After the
first reaction run, Fe 2p XP spec-
trum changed significantly. Fig-
ure 7 b shows that the narrow
signal at 707 eV markedly de-
creased in intensity. The Fe 2p
XP spectrum is dominated by
the peak at about 711 eV.

Shown in Figure 7 c is the S 2p
XP spectrum for the freshly pre-
pared catalyst FeS2/AC. The
spectrum is a convolution of at

least four different sulfur species. The main line at 162.7 eV is
characteristic of S2

2� bulk species (pyrite or marcasite, FeS2).
The peak at 161.6 eV is consistent with S2� species that can
belong either to bulk sulfides or to S2� surface sites.[22, 33, 34] The
signal at 164.2 eV is assigned to S8,[22, 33, 34] suggesting that part
of the elemental sulfur content remained in the pore structure
of AC. Finally, there is a peak at around 168 eV, which indicates
the presence of SO4

2� species associated with FeII ions.[22, 33, 34]

Again, after the first reaction run, the S 2p XP spectrum also
changed considerably. Figure 7 d displays that the signals at
161.4 eV (S2�) and at 163.9 eV (S8) increased, while S2

2� bulk
species (from pyrite or marcasite) decreased in intensity. In ad-

Table 3. Performance of the FeS2/AC catalyst in the recycling experi-
ments conducted on dibenzyl ether.[a]

Entry Reaction Conv. [%] Carbon selectivity [%]

1 1st 98 100 0
2 2nd 84 99 1
3 3rd 72 97 3
4 RSD/4th 89 100 0

[a] Reaction conditions: dibenzyl ether (2.5 mmol), n-decane (0.7 mmol,
internal standard for GC), FeS2/AC (0.15 g) and cyclohexane (15 mL, sol-
vent) under 100 bar H2 (measured at RT), 250 8C for 2 h.

Figure 6. XRD patterns of FeS2/AC catalyst (as prepared), spent catalysts, and
the resulfided catalyst.

Figure 7. XPS spectrum of the as prepared FeS2/AC and the used catalyst: a) Fe 2p spectrum of the as prepared
catalyst, b) Fe 2p spectrum of the used catalyst, c) S 2p spectrum of the as prepared FeS2/AC, d) S 2p spectrum of
the used catalyst.
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dition, the signal for SO4
2� was also more pronounced in the

XP spectrum of the spent catalyst than that found for the as-
prepared catalyst.

Overall, the current results demonstrate the formation of
a fresh surface upon the conversion of FeS2 into Fe(1�x)S to be
the cause of the high activity of pyrite in the HDO of dibenzyl
ether to toluene. Unfortunately, XPS results are not very specif-
ic. We found that there is a partial desulfurization of the parti-
cle surface, which creates a complex chemical environment for
Fe- and S-species. Importantly, the addition of H2S interferes in
the formation of the non-stoichiometric pyrrhotite surface re-
sponsible for the HDO of dibenzyl ether.

Conclusions

We demonstrated HDO of dibenzyl ether, in the presence of
supported nanocrystalline FeS2 materials, to render high yields
of toluene. The recycling experiments showed that the catalyst
exhibited relatively good reusability. Throughout the recycling
experiments, there is a gradual loss in the conversion of diben-
zyl ether and in the selectivity to toluene. However, the spent
catalyst could be partially regenerated by resulfidation with
H2S at 400 8C for 2 h. Importantly, XRD and XPS results show
that the active phase is not pyrite (FeS2), but a freshly formed
(unknown) surface of Fe(x�1)S. Accordingly, there is a clear need
for detailed studies on the surface science of iron(II) (di)sulfides
and their interaction with hydrogen and with oxygenates. Evi-
dent lines of investigations for the future are high-pressure
XPS studies and XRD analysis under operando conditions to
gain insight into the functionality of the surface structure of
the real ‘Fe�S’ catalyst. Currently, studies are in progress to
evaluate the applicability of the pyrite catalyst precursor in the
conversion of lignin and lignin-derived phenolics.[35]

Experimental Section

Chemicals

Dibenzyl ether (Aldrich, 99 %), n-decane (Aldrich, + 99 %), cyclohex-
ane (Aldrich, + 99.9 %), SiO2 (Silica gel, Aldrich, product number
236810) and Al2O3 (Aldrich product number 544833) were used as
purchased. SBA-15 support was synthesized by a method reported
in ref. [36] . Activated carbon (AC) was supplied by NORIT company
(Product name: DARCO MRX). To exclude any possible influence of
metal impurities on the commercial carbon support, the activated
carbon was treated with nitric acid solution (33 wt %) at 80 8C for
24 h, and then washed with deionized water until pH�7, dried at
120 8C overnight for further use.

Preparation of the supported nanocrystalline FeS2 catalysts

The supported nanocrystalline FeS2 catalysts were prepared via in-
cipient wetness impregnation method. The supports (AC, Al2O3

SiO2 or SBA-15) were impregnated with an iron(III) nitrate solution
(Table 4), dried at 120 8C for 12 h. In sequence, the material was
sulfided with H2S (50 mL min�1) at 400 8C for 2.5 h. Finally, the
sample was cooled down to RT under argon. The supported FeS2

materials (air-sensitive) were stored in closed vials inside a glove

box. All procedures involving supported nanocrystalline FeS2 mate-
rials were performed in a glove box under argon.

Characterization methods

Powder X-ray diffraction (XRD) patterns of the samples were ob-
tained by using a STOE STADIP transmission diffractometer operat-
ed at 50 kV and 40 mA, using monochromatized Mo-Ka1 radiation
and a position sensitive detector.

Transmission electron microscopy (TEM) images were taken by
using a Hitachi HF-2000 FE transmission electron microscope oper-
ating at a voltage of 200 kV. Energy-dispersive X-ray spectroscopy
(EDX) analysis was performed by a Noran System Six EDX with a Si
(Li) detector.

N2 sorption experiments were performed by using an ASAP 2000
surface area analyzer (Micromeritics). The specific surface areas of
samples were determined using the Brunauer–Emmett–Teller (BET)
method. The pore volume and pore size distribution were derived
from the desorption profiles of the isotherms using the Barrett–
Joyner–Halanda (BJH) method.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed by using a Kratos HSi spectrometer with a hemispherical
analyzer. The monochromatized AlKa X-ray source (1486.6 eV) was
operated at 15 kV and 15 mA. For the narrow scans, a pass energy
of 40 eV was applied. The hybrid mode was used as lens mode.
The base pressure during the experiment in the analysis chamber
was 4 � 10�7 Pa. To account for charging effects, all spectra are re-
ferred to C1s XP emission at 284.5 eV.

Hydrogenolysis of dibenzyl ether

Dibenzyl ether (2.5 mmol), catalyst (0.15 g) and 15 mL solvent were
placed into a batch reactor (36 mL) under argon (glove box). After
purging the reactor with H2, the reaction vessel was loaded with
100 bar H2 (25 8C). The experiments were performed at 250 8C for
2 h (the reaction time was recorded upon reaching 250 8C (the
time required for increasing the temperature from 25 to 250 8C
was 30 min) under mechanical stirring (300 rpm). The products
were analyzed by GC-MS and GC-FID.
The carbon yield and selectivity was determined as given by Equa-
tion (1) and (2), respectively:

Yieldð%Þ ¼ nproduct � Nproductcarbon

nsubstrate � Nsubstratecarbon
� 100 ð1Þ

Selectivityð%Þ ¼ Yieldproduct

Conversionsubstrate
� 100 ð2Þ

where: nproduct is the amount of product (in mmol) determined by
GC-FID, Nproduct carbon is the number of carbon atoms in a product,

Table 4. Typical weight information for the synthesis of catalysts with
a Fe loading of 10 wt %.

Entry Support Weight of Weight of Fe(NO3)3 Volume of
support [g] ·9 H2O [g] Water [mL]

1 AC 1.00 0.72 3.0
2 Al2O3 1.00 0.72 0.9
3 SiO2 1.00 0.72 2.3
4 SBA-15 1.00 0.72 6.5
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nsubstrate is the amount of remaining substrate (mmol), Nsubstrate carbon

is the number of carbon atoms in the substrate.
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