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MCM-41 support to ultrasmall y-Fe,03; nanoparticles for H,S
removalt

C. Cara,®° E. Rombi,* A.Musinu,? V. Mameli,* A. Ardu,?®* M. Sanna Angotzi,* L. Atzori,? D.
Niznansky,? H. L. Xin® and C. Cannas*?¢

MCM-41 is proposed to build mesostructured Fe,0s-based sorbents as an alternative to other silica or alumina supports
for mid-temperature H.S removal. MCM-41 was synthesized as micrometric (MCM41_M) and nanometric (MCM41_N)
particles and impregnated through an efficient Two-Solvents (hexane-water) procedure to obtain the corresponding y-
Fe203s@MCM-41 composites. The active phase is homogeneously dispersed within the 2 nm channels in form of ultrasmall
maghemite nanoparticles assuring a high active phase reactivity. The final micrometric (Fe_MCM41_M) and nanometric
(Fe_MCM41_N) composites were tested as sorbents for the hydrogen sulphide removal at 300 °C and the results were
compared with a reference sorbent (commercial unsupported ZnO) and an analogous silica-based sorbent (Fe_SBA15).
MCM-41 based sorbents, having the highest surface areas, showed superior performances that were retained after the
first sulphidation cycle. Specifically, the micrometric sorbent (Fe_MCM41_M) showed a higher SRC value than the
nanometric one (Fe_MCM41_N), due to the low stability over time of the nanosized particles caused by their high
reactivity. Furthermore, the low regeneration temperature (300-350 °C), besides the high removal capacity, render
MCM41-based systems an alternative class of regenerable sorbents for thermally efficient cleaning up processes in

Integrated Gasification Combined Cycles (IGCC) systems.

Introduction

Sulphur cleaning processes (desulphidation) of gas phase from
sulphur compounds, commonly present in syngas, have been
receiving dramatic attention since hazardous, corrosive, and
toxic gases cause environmental damages and
challenges.! Commonly, H3S or other sulphur compounds are
removed via low-temperature (40-50 °C) amine scrubbers,
requiring the cooling and the following re-heating of the
syngas.? This drawback can be overcome by the use of mid-
(300-600 °C) and high-temperature (600-850 °C) syngas
cleaning processes.?3 In this context, different types of metal
oxides have been proposed as potential sorbents in a wide
range of temperatures based on thermodynamic calculations.*
Among them, zinc oxide has a high equilibrium constant for
sulphidation leading to a low H,S concentration but with slow
kinetics, which limits its sulphur loading capacity.23* Iron
oxide, on the other hand, has rapid kinetics, namely a high
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sulphur loading capacity, but its equilibrium constant is lower
than that of zinc oxide.%?> Solid sorbents made up of non-
supported zinc or iron oxides, also in form of nanostructured
materials, have been proposed in some pilot plants;®7?
however their sintering during the successive mid-temperature
or high-temperature sorbent cycles induces a dramatic
decrease in their performances.? In the last decade, due to the
potential benefit in terms of overall thermal efficiency of the
IGCC (Integrated Gasification Combined Cycles) plant, arising
from the use of mid-temperatures for sulphidation and
regeneration cleaning processes, the research is moving
toward the development of two main categories of sorbents:
and the recently proposed

mesoporous active phases.213-16 The dispersion of metal oxide

supported active phases®12

active phases in different types of silica supports improves the
gas-solid H,S-MeOy their
regeneration.17.1® The surface area can be optimized by
changing the pore size and the wall thickness, as well as the
mesoporous structure.l® The recent efforts in the fine tuning
of the features of mesostructured siliceous materials have
opened the road to the design of highly thermally stable
supports for highly efficient and regenerable catalysts1%-12 and
sorbents.18 ZnO-SBA15'7 and Fe,03-SBA152° nanocomposites
have been found to be highly efficient and regenerable
sorbents due to the effective dispersion of the active phase
within the mesochannels of the hexagonally ordered porous
structure. Therefore, tuning the support features (nature and

interaction and allows
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textural properties) could in principle represent a further step
to the design of sorbents with improved performances.

The present work deals with the of MCM-41
mesostructured silicas as an alternative to SBA-15 and other
conventional silica or alumina supports for the preparation of
iron oxide-based sorbents for mid-temperature H,S removal.
The iron oxide phase was chosen because of its low cost, non-
toxic?! and

use

promising desulphidation-regeneration
performance at mid-temperature. In this framework, different
samples with the same active phase loading (10%w/w) were
prepared by an efficient Two-Solvents (hexane/water)
impregnation route to understand how the different features
of the supports affect the H,S sorption capacity. The combined
use of >’Fe Mossbauer Spectroscopy and DC magnetic
measurements was exploited to study the iron oxide phase. In
order to study the effect of different pore dimensions, SBA-15
(@ = 7 nm) and MCM-41 (@ = 2 nm) composites, both as
micrometric particles with hexagonal porous structure, were
prepared. Finally, MCM-41-based systems with the same pore
dimension (@ = 2 nm) as micrometric and nanometric particles
were synthesized to study the influence of the channels
length.

Experimental

Chemicals

All chemicals were of analytical grade and used as received
without further purification. Hexadecyltrimethylammonium
bromide (CTAB, 98%), Pluronic P123, Ethanol (azeotropic
95.6%), Ethyl acetate (EtOAc, 99.8%), Ammonium hydroxide
(NH4OH, 28% NH3in H,0), Tetraethyl orthosilicate (TEOS, 98%),
Iron (lll) nitrate-nonahydrate (>99.5%), n-Hexane (95%) were
purchased from Sigma-Aldrich. Distilled water was used for all
the experiments.

Preparation of Hexagonal mesostructured silica (SBA-15, MCM-41)

SBA-15 was obtained according to the procedure reported by
Zhao et al.22 MCM-41 supports with different particles size
were prepared by setting up different synthetic approaches,
starting from a procedure reported in the literature for
micrometric systems.?> The detailed description of the
synthetic routes used to obtain the different MCM-41 supports
is reported in the following.

Support preparation

MCMA41_M. Micrometric silica particles were synthesized by
using 1 g of hexadecyltrimethylammonium bromide (CTAB) in
200 mL of distilled water and keeping the solution under
stirring at 300 RPM for 3 hours at room temperature. Then, 87
mL of ethanol and 21 mL of ammonium hydroxide were added;
after 20 min, the stirring speed was increased to 600 RPM
before adding 3.79 mL of tetraethyl orthosilicate. The starting
transparent solution became white opalescent and the
resulting dispersion was kept for 19 hours under mild stirring
(300 RPM). Finally, the white solid was separated from the
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solution by centrifugation and washed three times with 20 mL
of a 1:1 V/V mixture of ethanol and water. The solid was dried
overnight at 80 °C and then calcined at 550 °C for 4 hours
(heating rate, 5 °C min-1) to remove the organic template. The
complete removal of the surfactant was verified by FTIR
analysis (Fig. S1t).

MCMA41_N. Nanometric (100-200 nm) silica particles were
obtained by using the following procedure: an aqueous
solution of CTAB (0.4 g of CTAB in 400 mL of distilled water)
was kept under stirring (300 RPM) for 1 hour and 12 mL of
ammonium hydroxide and 1 mL of ethyl acetate were
subsequently added. After 5 min, the stirring speed was
increased to 600 RPM, and 1 mL of TEOS was then added. The
resulting opalescent dispersion was kept for 3 hours under
mild stirring (300 RPM). Separation, washing, drying and
calcination processes were performed as reported for the
MCM41_M. The complete removal of the surfactant and of
ethyl acetate was verified by FTIR analysis (Fig. S1¥).

Sorbents preparation

Mesostructured silica-based Fe;03 composites were prepared
via a Two-Solvents impregnation route using n-hexane and
water as solvents.2® Typically, 0.1 g of silica (SBA15,
MCM41_M, MCM41_N), dried at 120 °C for 48 hours in air,
were suspended in 12 mL of n-hexane and kept under stirring
at 300 RPM for 2 hours at room temperature, then a suitable
amount of the metal precursor aqueous solution
(Fe(NOs3)3-9H,0) was added drop-wise. The necessary volume
of solution was calculated according to the pore volume
determined by Ny-physisorption analysis (Table S1t), as
requested for the incipient wetness impregnation methods.?*
After 2 hours, the dispersion was heated at 80 °C in a hot-plate
until complete evaporation of the hexane, and then kept in an
oven at 80 °C overnight. Finally, the product was calcined at
500 °C (heating 2 °C min?l) for two hours in order to
decompose the iron nitrate. The composites are labelled as
Fe_support (Fe_SBA15, Fe_MCM41_M, Fe_MCM41_N). The
theoretical loading of the active phase corresponds to the
actual loading due to the choice of the incipient wetness
impregnation route that does not involve any liquid/solid
separation and washing steps.

Characterization

Low-angle (26 = 0.8°-2.5° for SBA-15 and 20 = 0.9°-6° for
MCM-41) and wide-angle (20 = 10°-70°) X-ray diffraction
patterns were recorded on a Seifert instrument with a 6—0
geometry and a Cu Koo anode. The lattice parameter was
calculated by the equation

— 2le()

a
S

Textural analyses were carried out on a Micromeritics 2020
system by determining the nitrogen adsorption—desorption
isotherms at -196 °C. Prior to analyses, the samples were
heated for 24 hours under vacuum to 250 °C (heating rate, 1 °C
min). The Brunauer—Emmett—Teller (BET) specific surface
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area was calculated from the adsorption data in the P/Po range
0.05-0.17 for MCM-41 and 0.05-0.3 for SBA-15. The total pore
volume was calculated at P/Pp = 0.99 for MCM41_M, SBA15
and corresponding composites, while at P/Po= 0.87 in the case
of the nanometric MCM41_N and relative composite, due to
the evident interstitial condensation. The mean pore diameter
was determined by applying the Barrett—Joyner—Halenda (BJH)
model to the isotherm desorption branch. The wall thickness
was calculated as the difference between the lattice
parameter (ao) and the pore diameter (Dpore)-

Dynamic Light Scattering (DLS) measurements were conducted
by a Malvern Instrument Zeta Zetasized Ver 7.03, equipped
with a He-Ne laser (A = 663nm, max 5 mW) and operating at a
scattering angle of 173°. For the analyses, 2 mg of silica
particles were dispersed in 2 mL of water and sonicated for 2
min. The dispersion was then transferred in a plastic cuvette
and analysed. The hydrodynamic diameter was estimated only
for the nanometric sample (MCM41_N).

Transmission electron microscopy (TEM) images were
obtained by means of a JEOL200CX microscope operating at an
accelerating voltage of 160 kV and a JEOL JEM 2010 UHR
microscope equipped with a Gatan Imaging Filter (GIF). EDS
measurements were carried out in STEM mode using a FEl
Talos F200X scanning/transmission electron microscope with a
field-emission gun operating at 200 kV, equipped with a four-
quadrant 0.9-sr energy dispersive X-ray spectrometer. Finely
ground samples were dispersed in ethanol and sonicated, the
suspensions were then dropped on carbon-coated copper
grids. The particles size distribution was determined for the
nanometric sample (Fe_MCM41_N) by manual counting, using
Adobe Photoshop and considering the nanoparticles as
spheres. The mean particle size (<Dtem>) and the standard
deviation were calculated by fitting the particles size
distribution data with a Gaussian function.

FTIR spectra were collected in the range 400-4000 cm-! using a
Bruker Equinox 55 spectrophotometer. The samples were
analysed after dispersing the powders in KBr pellets.

57Fe M0ssbauer spectra were measured for the Fe_SBA15 and
Fe_MCM41_M samples in the transmission mode with 57Co
diffuse into a Rh matrix as the source, moving with constant
acceleration. The spectrometer (Wissel) was calibrated by
means of a standard o-Fe foil and the isomer shift was
expressed with respect to the standard at room temperature.
The fitting of the spectra was performed with the help of the
NORMOS program using Lorentzian profiles.

The magnetic properties of the Fe_MCM41_M sample were
studied by using a Quantum Design SQUID magnetometer
(Hmax = £ 55 kOe). Zero field cooled-field cooled (ZFC-FC)
protocols were used to record the magnetization versus
temperature curves within 5-300 K under a 25 Oe magnetic
field. The ZFC curve was obtained by heating up the sample
from 5 K to 300 K under magnetic field after a cooling process
under a zero-magnetic field. The FC curve was obtained by
cooling the sample from 5 K to 300 K under a 25 Oe magnetic
field. The field dependence of the magnetisation at 5 K has
also been studied. The magnetisation values have been
normalised for the mass of the active phase (emu/gact).
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Elemental analysis (CHNS) was carried out with an EA 1108
CHS-O analyzer (Fisons Instruments) by total combustion of
the samples in an oxygen and helium mixture.

Desulphidation and regeneration activity evaluation of sorbents

To determine the desulphidation and regeneration activity, 50
mg of composite were placed on a quartz wool bed (50 mg) in
a vertical quartz tubular reactor coaxially located in an
electrical furnace. Before desulphurization, a pre-treatment at
300 °C for 30 min under helium flow was performed to remove
air and water from the sorbent and the reactor. Then, a
reactant gas containing 15200 ppm of H,S in Helium (inlet
flow, 20 cm3 min-1) was fed to the reactor and the H,S content
in the outlet flow during the adsorption test was monitored by
a quadrupole mass spectrometer (Thermo Electron
Corporation), with a detection limit for H,S of about 50 ppm.
At the same time, H,O and SO; signals were also monitored.
When the outlet concentration of H,S reached 15200 ppm, the
measure was stopped and the system was purged in flowing
helium (20 cm3 min?) for 1 hour. The amount of sulphur
retained per unit mass of sorbent was determined when the
outlet H,S concentration attained 100 ppm by the formula:

sulphur retention capacity (SRC) = %

where Fs is the mass flow rate of sulphur (mg of S s1), B; is the
breakthrough time (s) and W is the sorbent weight (g),
referring to the composite. The sulphur retention capacity of
the sorbents was obtained as the difference between the B:
value of the composite and the B; value of the bare support.
The error on the SRC values was estimated at 2 mgs g %sorbent by
carrying out several sulphidation cycles on fresh portions of
the commercial sorbent Katalkojy 32-5. The regeneration
process was performed on a Thermoquest 1100 TPD/R/O
apparatus equipped with a thermal conductivity detector
(TCD) and a quadrupole mass spectrometer (QMS) for
monitoring SO, and O; signals. The composite was heated
under air flow (20 cm3 min-1) up to 500 °C (heating rate, 10 °C
min-1) and the temperature was kept constant for 3 hours. To
identify the samples after different cycles of sulphurization or
regeneration processes, a letter (S o R, respectively) and a
number (denoting successive cycles) were added in the sample
name.

Results

Sorbent characterization

Fig. 1a reports the wide angle XRD patterns of the bare SBA-15
and MCM-41 supports (SBA15, MCM41_M, MCM41_N) and
the corresponding Fe;03 micrometric and nanometric
composites calcined at 500 °C with 10%w/w of Fe,03
(Fe_SBA15, Fe_MCM41_M, Fe_MCM41_N). Besides the typical
broad reflection of the amorphous silica at about 22°, the
presence of two broad and weak reflections at about 35° and
62° indicates the formation of a highly-dispersed iron oxide,
probably in the form of very small nanoparticles. Maghemite is
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the most probable phase, showing the most intense reflection
at around 36° (PDF card #139-1346).20

In order to ascertain the iron oxide crystalline phase, the
samples Fe_SBA15 and Fe_MCM41_M have been further
studied by room temperature (RT) 5>/Fe Madossbauer
Spectroscopy (Fig. 1b). The spectra show a doublet with an
isomer shift of 0.34 £ 0.01 mm s for both samples, ascribable
to very small maghemite nanoparticles.2>-27 Further
information about the particles size and its distribution can be
extracted by the FWHM values of the doublet. FWHM has
been found equal to 0.49 £+ 0.01 mm st and 0.74 +£0.01 mm s
for Fe_MCM41_M and Fe_SBA15, respectively. This difference
can reasonably be ascribed to different maghemite particles
size: the higher value for Fe_SBA15 suggests the presence of
particles larger than those of the Fe_MCM41 sample according
to the bigger pore size. The presence of maghemite instead of
hematite as the active phase is consistent with the magnetic
behaviour observed for the sample Fe_MCM41_M by
magnetic field (M vs H) and temperature (M vs T) dependences
of the magnetisation (Fig. 1c-d). Indeed, the M vs H curves at 5
K show the typical ferro/ferrimagnetic behaviour with a
hysteresis loop (H=1.59 + 0.08 kOe; M,=1.7 + 0.1 emu/gact)
and a saturation state reached at about 40 kOe, giving rise to a
saturation magnetisation (Ms) of 8 + 1 emu/gact. These features
are ascribable to a ferrimagnetic phase and suggest the
presence of the active phase as maghemite nanoparticles. The
low Ms value could be justified by the presence of canted
spins, as expected for ultrasmall particles.?82° The M vs T
curves show a typical paramagnetic/superparamagnetic
behaviour with a ZFC magnetisation staying at about O
emu/ga.t and a FC curve diverging from the ZFC one at
temperatures higher than 20 K.

All these findings suggest that the active phase in all the
composites is made by ultrasmall ferrimagnetic particles of
maghemite, in agreement with the Moéssbauer data.

Journal Name

Fig. 2 a, d, and g report the low angle XRD patterns of the
calcined supports and the corresponding composites.

All samples show three reflections (100), (110), (200)
indicating a long-range order related to a hexagonal pore
structure (space group p6mm). d-spacing (dio0) and cell
parameters (ao) have been calculated for each sample and are
reported in Table 1. Higher values of the digo and ap have been
found for SBA15 in comparison with MCM41 suggesting, as
expected, larger pore size and thicker wall. The mesostructure
is retained in the composites, but a slight shift of the
reflections toward higher angles is observed, suggesting a
slight shrinkage of the pore structure as a consequence of the
presence of the active phase.2°

Fig. 2 b, e, and h report representative TEM images of the
supports (MCM41_M, MCM41_N and SBA15). Micrometric
particles are observed for SBA15 (Fig. 2h) and MCM41_M (Fig.
2b) while spheroidal nanometric particles are obtained in the
case of MCM41_N (Fig. 2e).

In agreement with low angle XRD results, TEM analysis
confirms the presence of an ordered porous structure with
pores dimension of about 2 nm and 7 nm for MCM41 and
SBA15, respectively. In the case of MCM41_N, an important
reduction in the particle size from the micrometer to the
nanometer range is observed, caused by the use of ethyl
acetate during the synthesis. In the case of the nanometric
sample (MCM41_N), the particles size distribution calculated
by TEM images and the hydrodynamic particle size distribution
determined by DLS measurements have been compared (Fig.
2e, inset). As expected, the particles size obtained by DLS
(Average Hydrodynamic size = 147 nm, Dispersity = 25%) is
higher than that obtained by TEM (Average Particle size = 110
nm, Dispersity = 25%).
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Fig. 1 Wide angle XRD patterns of bare SBA15 and MCM41 and different iron oxide based composites (Fe_SBA15; Fe_MCM41_M and Fe_MCM41_N) (a), °’Fe Mossbauer spectra of
Fe_SBA15 and Fe_MCM41_M (b), field dependence (c), and temperature dependence of the magnetisation for the sample Fe_MCM41_M (d).
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Fig. 2 Low angle of bare supports and corresponding composites (a, d, g) Bright field TEM images of bare SBA15 (b), MCM41_M (e) and MCM41_N (h) at different magnifications.
STEM-EDX images of the composites Fe_SBA15 (c), Fe_MCM41_M (f) and Fe_MCM41_N (i). The comparison between the particles size distribution calculated by TEM and the
hydrodynamic particle size distribution determined by DLS measurements are also reported for the MCM41_N sample (Fig. 2e, inset).
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Table 1 Textural features obtained by N,-physisorption data for the supports and
the corresponding composites. Sggr=Surface area; V,=Pore volume; D,=pore
Relative standard deviation: %RSD(Sger)=2.1%; %RSD(V,)=1.1%;
%RSD(D,)=1.8%. d-spacing (dig0) and lattice parameter (ao) obtained from the X-
Ray diffraction data.

diameter.

Sample Seer Vo Dpore Wi d100 ao
(m’g?) (cm’g?) (nm) (nm)

MCM41_M 1063 0.76 2.3 1.7 3.49 40
Fe_MCM41_M 768 0.53 2.2 1.6 3.47 40
MCM41_N 1248 0.80 2.2 1.7 3.37 39
Fe_MCM41_N 1007 0.58 2.2 1.7 3.33 39
SBA15 763 1.10 7.1 4.2 9.29 11.3
Fe_SBA15 601 1.01 6.9 4.5 991 114

However, by taking into account the different phenomena at
the basis of the techniques, the results can be considered in
good agreement, being the dispersity equal to 25% in both
cases. STEM-EDX mapping of Fe has been also carried out in
order to get information about the dispersion of the active
phase within the support. Thanks to the recent development
of ultrasensitive energy-dispersive X-ray detectors, it has been
possible to acquire chemical maps with sub-nanometer spatial
resolution.3%31 The images reported in Fig. 2 ¢, f, and i show a
homogeneous distribution of Fe throughout the support for all
the samples, with significant
concentration at the external surface or isolated iron oxide

no evidences for iron
particles. Moreover, it is possible to notice that the iron oxide
particles size is very small, lower than the pore diameter,
confirming the wide angle XRD and 5’Fe Md&ssbauer data.

Fig. 3 reports the nitrogen adsorption-desorption isotherms
and the pore size distributions (PSD) of both the supports and
the relative composites. The textural parameters of the
different samples are listed in Table 1.

MCM41 supports (MCM41_M and MCM41_N) and the
corresponding composites (Fe_MCM41_M and Fe_MCM41_N)
exhibit characteristic IVB type behaviour according to IUPAC
classification:32 besides a microporous contribution, the
presence of a mesoporous one is clearly indicated by the
existence of a well-defined step in the 0.2-0.3 P/P, range as a
consequence of the capillary condensation. The nanometric
systems (MCM41_N and Fe_MCMA41_N) show a further
condensation step above 0.90 ascribable to interparticles
voids, which indirectly reflects the small particle size of these
samples.33 The impregnation process induces, as expected, a
reduction in the surface area values (Table 1) mainly due to a
significant decrease in the extent of mesopores adsorption.
This is a clear indication of the efficiency of the impregnation
route in dispersing the active phase within the mesoporous
channels. Pore size distribution curves, calculated from the
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desorption branch (BJH method), confirm these findings, being
the PSD centred at similar values for both the supports and the
relative composites, although with a lower intensity for the
latters. As expected, MCM41_M and MCMA41_N show
channels and wall thickness of about 2 nm, while SBA15, has
pores of about 7 nm with thicker walls of about 4 nm (Table 1).
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Fig. 3 N, adsorption-desorption isotherms and pore size distributions of the bare MCM-
41 and SBA-15 and their corresponding iron oxide-based sorbents.

Sulphidation and regeneration processes

For each sorbent, three sulphidation cycles have been carried
out in order to investigate the stability of the sorbent's
performance (see Fig. S6t). B: and SRC values of the
micrometric (Fe_MCM41_M) and nanometric (Fe_MCM41_N)
MCM-41-based sorbents are compared with the SBA-15-based
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sorbent (Fe_SBA15) and a commercial
sorbent (Katalcojw 32-5) (Table 2).

In the first sulphidation run, the Fe_MCM41_M micrometric
sorbent the best sorption capacity (SRC =
38 Mgs Zsorbent 1), i.e. 1.5 times higher than that of nanometric
Fe_ MCM41_N and 2.5 times higher than that of both
Fe_SBA15 and the commercial Katalcojyw 32-5 (Table 2).
However, though preserving the highest SRC value, the
Fe_MCM41_M sample shows a remarkable decrease (42%) in
the sulphur retention capacity in the successive sulphidation
processes. Such extent of reduction is significantly higher than
that (26%) observed for the nanometric Fe_MCM41_N
sorbent. By converse, the Fe_SBA15 sorbent does not show
any difference of the SRC value between the first and the
successive sulphidation runs (16 mgs gsorbent™t). However, it is
worthy of note that the H,S-removing performance of
Fe_MCMA41_M is always better than that of the SBA-15-based
composite, since its SRC value after the first sulphidation step
remains constant at 22 mgs Zsorbent 1. The worst performance is
exhibited by the commercial sorbent, whose SRC value, after
the first sorption run, decreases to almost zero considering the
experimental error.

The sulphidation process has been monitored by quadrupole
mass spectrometry, which is proved to be an extremely useful
technique, being able to follow the formation of the different
gas species that can form during the different processes. The
first sorption step of the most sorbent
(Fe_MCMC41_M) is shown in Fig. 4a.

The removal of H,S corresponds to the formation of a large
amount of H,O accompanied by a small amount of SO,
according to the substitution reaction (equation 1) reported in
the following. Fe;S; is known to be a thermodynamically
unstable phase that easily converts to pyrite20 and Fes3S,>34
(equation 2) or pyrite, pyrrhotite and sulphur3> (equation 3,
where a, 3, y are the relative molar amounts). The formation
of a small amount of SO, is justified by the redox reaction of
H,S which can lead to the formation of FeO (equation 4), as
suggested by some authors;3¢ as a consequence, a small
amount of FeS can be formed (equation 5). Therefore, in the
selected operating conditions, the sulphidation process is

unsupported ZnO

shows

promising

governed by the substitution reaction.

Fe,03 + 3H,S — Fe,S3 + 3H,0 Y
2 F3253 g FeSZ + FE3S4 (2)
Fe,S; = a FeS, + BFeS, +vS 3)

3 Fe,05 + H,S - 6 FeO + S0, + H,0  (4)
FeO + H,S - FeS + H,0 (5)

Unfortunately, due to the low content of the iron oxide active
phase (10%w/w), and to the ultrasmall size of the particles
(lower than the pore size), wide angle XRD analysis is not able
to give incontrovertible information about the crystallographic
phases formed during the sulphidation-regeneration processes
(wide angle Fig. in S4t) and to confirm the proposed reaction
scheme for H,S removal.

This journal is © The Royal Society of Chemistry 20xx

The regeneration process of Fe_MCM41_M was carried out by
heating the sample under flowing air (20 cm3 g1) at 500 °C
with a heating rate of 10 °C min1; the outlet gas composition
was monitored by both a thermal conductivity detector (TCD)
and a quadrupole mass spectrometer (QMS). The results are
reported in Fig. 4b. The TCD profile is characterized by the
presence of two main peaks: the first one, centred at about
210 °C, corresponding to the O, consumption (upper curve,
QMS (03)), and the second one due to a slow SO, release at
about 300 °C, as confirmed by the QMS (SO;) bottom curve. A
similar behaviour has been observed for Fe_SBA15, while, for
the nanometric Fe_MCM41_N sorbent, a very slow gradual
release of SO; is recorded up to 500 °C (Fig. S3t). This is in
agreement with the possible reactions, expressed by equations
6,37 738 and 8, of the different iron sulphides with oxygen
which lead to the regeneration of the iron oxide phase.

4FeS, + 110, — 2 Fe,05 + 8 S0, (6)
Fe354_+202 - 2F€304+ 4S (7)

FeS, +x0, — Fe,0; + xS0, (8)
The reduced phase (FeS) could instead lead to the formation of
sulphur:3°

1
4 FeS+30, > 2Fe;03+ 5 S (9)

In order to justify the decrease in the performance after the
first H,S-removing step, the possibility of a non-complete
regeneration has been investigated by CHNS measurements.
The result evidences the presence of 1.4 wt% of sulphur in the
regenerated sample and justifies the decrease in the SRC value
as mainly due to the presence of residual iron sulphides. It
cannot be excluded, however, that the active phase, when
submitted to the regeneration process, undergoes changes in
surface properties or crystallinity degree, as suggested in the
literature.20

Table 2 Breakthrough time (Bt) and sulphur retention capacity (SRC) of fresh and
regenerated iron oxide-based sorbents. R1 and R2 refer to the first regeneration and
the second regeneration, respectively. The error in SRC value is estimated to be + 2
mgS gsorbent-1.

Sample Sulphidation B (s) SRC (Mgs gsorbent™)
run

Fe_ MCM41_M 15t 295 38
Fe_ MCM41_M_R1 2nd 169 22
Fe_ MCM41_M_R2 3 169 22
Fe_ MCM41_N 15t 187 25
Fe_ MCM41_N_R1 2nd 163 18
Fe_ MCM41_N_R2 3rd 153 17
Fe_SBA15 1st 125 16
Fe_SBA15_R1 2nd 112 15
Fe_SBA15_R2 3 125 16
Katalcom 32-5 1st 122 16
Katalcom 32-5_R1 2nd 10

Katalcom 32-5_R2 3rd 13
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Regenerated sorbents characterization

In order to verify the stability after repeated sulphidation-
regeneration cycles, Ny-physisorption and low angle XRD
measurements have been performed on the MCM-41
composites after the third regeneration step
(Fe_MCM41_M_R3 and Fe_MCM41_N_R3) and the results
have been compared with those of the fresh sorbents (Fig. 5
and Table 3).
Low angle XRD analyses indicate that, despite the repeated
sulphidation-regeneration cycles, the micrometric
Fe_MCMA41_M sample retains the hexagonal pore structure
(Fig. 5a). Surface area, pore volume, and pore size distribution
_1o are also preserved, confirming the high stability of this
sorbent. Conversely, a partial structural collapse as well as a
worsening of the textural properties are observed for the
nanometric sorbent (Fig. 5b), the latter ascribable to the
decrease in both micro and mesopores contributions that lead
to an almost completely microporous structure.
In order to better understand the actual reasons behind the
. . w5 (50, behaviour of the nanometric sorbent, by considering that the
g o n. - sorbents have been tested three months later than their
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Table 3 Textural features obtained by N,-physisorption data for fresh and three
times-regenerated composites. d-spacing (dig) and lattice parameter (ap)
obtained from the X-Ray diffraction data.

SgeT Vp Dpore Wt
Sample (m2g?)  (cm3g?) (nm) (nm) dio Ao
Fe_MCM41_M 768 0.53 2.2 1.6 3.47 4.0
Fe_MCM41_M_R3 771 0.49 2.2 1.7 3.41 3.9
Fe_MCM41_N 1007 0.58 2.2 1.7 3.33 39
Fe_MCM41_N_aged 651 0.37 1.7 22 328 38
Fe_MCM41_N_R3 496 0.29 1.7 2.0 3.26 3.7

The comparison between the textural properties of the fresh
(as-prepared Fe_MCM41_N) and aged (Fe_MCMA41_N_aged)
nanometric sorbents (Fig. S21) pointed out that, during the
aging time, the water present in the air can react with the
silica surface by hydrolyzing the Si-O-Si bonds and forming
silanols groups. This induces the reorganization of the porous
structure with the consequent loss of mesoporosity.4°

Discussion

The obtained results highlight that the use of MCM-41, as an
alternative support to the most common SBA-15 and other
porous amorphous alumina and silica, leads to efficient and
highly regenerable sorbents for H,S removal at mid-
temperature. Furthermore, being the composite regenerable
at temperatures even lower than the temperature of the
sulphidation process (300 °C), the iron oxide active phase
proves to be promising for the development of a new
generation of solid sorbents for processes based on IGCC
systems, also due to its low cost and low-toxicity.2! MCM-41 is
rarely used in applications at mid- and high-temperature4142
probably because of the possible collapse of the mesoporous
structure, “theoretically fragile” owing to its small pore size
and small wall thickness. This work clearly shows that, at the
same conditions, in terms of sulphidation (300 °C) and
regeneration (500 °C) temperatures, MCM41_M-based
sorbents retain their stability as the most robust counterpart
based on micrometric SBA-15. The porous structure stability of
the support might be correlated to the size of the particles,
since the micrometric Fe_MCM41_M sorbent retains its
porous structure also after the third regeneration at 500 °C in
air, which is not the case of the nanometric Fe_MCM41_N
samples (Table 3).

In order to study the effect of the pore size and the
corresponding surface area, a comparison of the SRC values
between the two micrometric sorbents (Fe_MCM41_M and
Fe_SBA15 ) (Fig. 6a) with the same hexagonal porous (p6mm)
structure and iron oxide content (10% w/w) is carried out. The

This journal is © The Royal Society of Chemistry 20xx
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results highlight that the surface area seems to be the key
factor for improving the performance. In fact, being the kinetic
diameter of H,S and N, very similar,3 the surface area
calculated by Ny-physisorption should be considered as the
effective surface accessible to H,S molecules.#* Going from
micrometric SBA-15 to micrometric MCM-41 an increase of
28%-30% in the surface area has been observed for both the
bare supports (SBA15 MCM41_M, see Table 1) and the
corresponding composites (Fe_SBA15 and Fe_MCM41_M). As
a consequence, the SRC value for Fe_MCM41_M is always
higher than that for Fe_SBA15, and from the second
sulphidation step it stabilizes at a value 35% higher than that
of Fe_SBA15. These findings are in contrast with those
obtained by other authors* for ZnO-based sorbents, who
found a better performance for the SBA-15-based sorbents
than for the MCM-41 ones. This result could be justified by
considering both the different impregnation strategy and the
different active phase, its dispersion in the
mesochannels. In fact, it is reported in the literature that zinc

as well as

cations have a high affinity for silanol groups; this strong
interaction induces the formation of a thin layer of amorphous
zinc oxide phase,17:2046 while small iron oxide nanoparticles are
instead formed from () using the
impregnation strategy.2°

In order to study the effect of the accessibility of the active
phase, a further comparison of the SRC values is attempted
using micrometric and nanometric MCM-41 based sorbents
(Fig. 6b). In the case of the MCM41_N support, nanoparticles
have been obtained by using ethyl acetate as growth inhibitor

iron salts same

during the synthesis. Reducing the particle size down to the
nanoscale induces a reduction in the pore length, thus
facilitating, at least in principle, the H,S accessibility to the iron
oxide active phase. Furthermore, the synthesized nanometric
composite (Fe_MCM41_N) showed a surface area (1007 m2g-1)
30% higher than that of the micrometric MCM-41 composite
(768 m2 g1). By considering the key role of the surface area
and the reduced length of the pores, nanometric systems
would be ideal sorbents for improving the sulphur retention
capacity. However, in all sulphidation steps, the nanometric
sorbent showed a worst performance when compared to the
micrometric one (Fig. 6b).
understood by comparing the Nz-isotherms and the low angle

The actual reason can be
XRD data recorded soon after its preparation (as-prepared),
after three months of aging (aged) and after the third
regeneration process (R3) (see Fig. 5). The decrease in surface
area from 1007 m2 g to 651 m? g1 (35% of reduction) can be
ascribed to the possible closing of the pores due to the
reaction with water present in the air after three months of

aging.
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Fig. 6 Comparison of SRC values of (a) micrometric sorbents: FeSBA15 versus
FeMCM41_M and (b) micrometric and nanometric MCM41 Fe_MCM41_M and Fe_
MCM41_N sorbents.

This is confirmed also by other studies reported in the
literature, in which it has been demonstrated that
nanoparticles of MCM-41 undergo evident changes in their
porous structure both when they are in contact with air4’ or
are dispersed in water.*849 A further decrease down to 496 m?
glis caused by the repeated sulphidation-regeneration cycles,
probably because of the presence of water formed in the
reaction between iron oxide and H,S during the sulphidation
process (equation 1). These findings demonstrate that, besides
the optimization of the surface area, an important factor to be
taken into account to design an efficient and regenerable
sorbent is the stability of the support porous structure, which
is strictly related to the accessibility of the active phase.
Although the micrometric and nanometric MCM-41 sorbents
are characterized by the same pore size distribution and wall
thickness, when the particle sizes are reduced down to the
nanometer scale, surface effects prevail, thus compromising
the sorbent performances. However, it should be underlined
that the nanometric sorbent (Fe_MCM41_N) shows a better
stability during the sulphidation-regeneration cycles, a
decrease of about 28% in the SRC value being observed
between the first and the second sulphidation step,
remarkable lower than that showed by the micrometric
sorbent (42%).

Conclusions

Mesostructured Fe;0:@MCM-41  composites have been
proved to be promising sorbents for H,S removal at mid-

temperature due to the high surface area and the

10 | J. Name., 2012, 00, 1-3
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homogenous dispersion of ultrasmall particles of maghemite
within the small mesopores. The comparison with an
analogous silica-based sorbent (Fe_SBA15) and with a
commercial sorbent highlights their superior performance,
with a sulphur retention capacity that reaches the highest
value for the micrometric MCM41-based sorbent (38 mgs
Ssorbent 1, compared to 25 mgs Zsorbent’t and 16 Mgs Gsorbent* for
the Fe_MCM41_N and Fe_SBA15 composites, respectively).
The optimization of the surface area by reducing the pore size
and wall thickness with respect to SBA15 was found to be a
remarkable aspect for the improvement of the sulphur
retention capacity. However, the comparison of the efficiency
of the micrometric and nanometric MCM41-based sorbents in
removing H,S evidenced that other factors, as the stability of
the porous structure during their storing and use, must be
taken into account. The repeated sulphidation-regeneration
cycles showed that, after a first decrease in the SRC value
between the first and the second sulphidation steps, the H,S
sorption capacity of the Fe,Os@MCM-41 composites is
preserved, suggesting their potential application as sorbents in
mid-temperature processes. The proposal of this class of
materials as alternative sorbents for highly efficient IGCC
plants is also supported by the results of their regeneration,
which was observed to occur at about 300 °C, temperature at
which the sulphidation step is performed. Furthermore, the
synthetic strategy of the composites is simple, reproducible,
and does not involve purification steps, thus allowing it to be
easily scaled-up.
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