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ABSTRACT: The performance of γ-Fe2O3 as sorbent for H2S removal at low temperatures (20−80 °C) was investigated. First,
γ-Fe2O3/SiO2 sorbents with a three-dimensionally ordered macropores (3DOM) structure were successfully prepared by a
colloidal crystal templating method. Then, the performance of the γ-Fe2O3-based material, e.g., reference γ-Fe2O3 and 3DOM γ-
Fe2O3/SiO2 sorbents, for H2S capture was compared with that of α-Fe2O3 and the commercial sorbent HXT-1 (amorphous
hydrated iron oxide). The results show that γ-Fe2O3 has an enhanced activity compared to that of HXT-1 for H2S capture at
temperatures over 60 °C, whereas α-Fe2O3 has little activity. Because of the large surface area, high porosity, and nanosized active
particles, 3DOM γ-Fe2O3/SiO2 sorbent shows the best performance in terms of sulfur capacity and utilization. Moreover, it was
found that moist conditions favor H2S removal. Furthermore, it was found that the conventional regeneration method with air at
high temperature was not ideal for the composite regeneration because of the transmission of some amount of γ-Fe2O3 to α-
Fe2O3. However, simultaneous regeneration by adding oxygen in the feed stream allowed the breakthrough sulfur capacity of FS-
8 to increase up to 79.1%, which was two times the value when there was no O2 in the feed stream.

1. INTRODUCTION

Gaseous sulfur compounds are poisonous materials widely
present in industrial feed gases such as natural, coal oven, and
liquefied petroleum gases. The presence of a few parts per
million of sulfur compounds can corrode equipment and
pipelines, poison catalysts, and result in considerable economic
losses. In addition, sulfur compounds in these fuel gases will
ultimately be oxidized to sulfur dioxide that is then emitted into
the atmosphere, causing health and environmental damage.
Therefore, it is necessary to reduce the level of sulfur
compounds in feed gases prior to their use.
As the most important contaminant sulfide, H2S has received

considerable attention. A number of materials that can
effectively remove H2S from feed gas streams at high
temperatures have been identified, but the ultimate goal is to
develop materials that can remove H2S at low temperature
because costs can be substantially reduced.1 Amine solutions,1,2

activated carbon,1,3 molecular sieves,4 as well as metals or
mixed-metal oxides have been used for this purpose.5−12 Garces
et al.5 investigated zinc oxide with a bimodal pore size
distribution as a desulfurizing sorbent in a fixed-bed reactor at
60−400 °C. The results showed that the sorption capacity of
the sorbent increased with sulfidation temperature and reached
87% of the theoretical maximum desulfurization at 400 °C.
Song et al.6 prepared a highly dispersed nano zinc oxide on the
surface of reduced graphite oxide and used this composite for
H2S adsorption at ambient temperature. Carnes et al.7

synthesized several nanocrystalline metal oxides by sol−gel or
aerogel methods as materials for hydrogen sulfide removal.
These nanocrystalline metal oxides were found to be

considerably more reactive than commercial samples as a
result of their higher surface areas and higher intrinsic
reactivities. Efstathiou’s group8−10 developed novel Fe−Mn−
Zn−Ti−O and various Zn−Ti-based mixed-metal oxides by
sol−gel methods and tested them for low-temperature removal
of H2S from a gas mixture containing H2, CO2, and H2O. It was
found that the nominal chemical composition (metal atomic
percent) of the solid adsorbent was an important factor in the
particle size and morphology of the crystal phases formed.
Different sulfidation mechanisms for each of the mixed-metal
oxides were observed. Baird et al.11−13 have investigated
feroxyhyte (FeOOH), mixed cobalt−zinc oxides, and mixed
cobalt−iron oxides as low-temperature H2S adsorbents. Their
results showed that the method used to prepare the precursors
and the characteristics of the oxides were two key factors
important for production of efficient low-temperature adsorb-
ents of H2S. Lattice diffusion played a major role in the rate-
determining step. High surface area oxides provide additional
H2S adsorption sites, and lower-density oxides aid the diffusion
of ions through the oxide bulk. A special form of iron oxide
prepared by partially dehydrating α-FeOOH has been utilized
for simultaneous removal of COS and H2S, where COS is
hydrolyzed to H2S and then stabilized as iron sulfide on the
surface of the iron oxide.14 These examples from the literature
indicate that high surface area and porosity, low density, and
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nanosized particles are advantageous for metal oxide desulfur-
ization.
Among the solid metal oxide sorbents, iron oxides are widely

used to capture sulfur from industrial gases over a wide range of
temperatures.1 This feature is inherently due to the various
forms of iron oxides, which, according to the literature, include
oxides, hydroxides, or oxide-hydroxide forms.15,16 Most iron
oxides have the ability to capture sulfur, each being more suited
to a different temperature range. For example, hematite (α-
Fe2O3) is activated at 300−400 °C while hydrated iron oxides
or hydroxides effectively remove H2S at ambient temperature.
The latter can be traced as the earliest sorbents for H2S removal
at ambient temperature.1,16,17 However, little is known
regarding the desulfurization behavior of maghemite (γ-
Fe2O3). To the best of the authors’ knowledge, the report
from Gong et al.18 is the only paper mentioning that γ-Fe2O3 is
effective for sulfur removal at low temperatures. Maghemite is
well-known for its wide application in magnetic recording and
information storage devices.19,20

Maghemite occurs naturally in soils as a weathering product
of magnetite or as a product of heating other Fe oxides. It
exhibits an inverse spinel crystal structure, with vacancies in the
cation sublattice. Each unit cell of maghemite contains 32 O2−

ions, 21 Fe3+ ions and 2 1/3 vacancies.15,21−23 It is
thermodynamically unstable and transforms to the most stable
form, α-Fe2O3. The conventional commercial process for
production of γ-Fe2O3 is a costly and cumbersome multistep
procedure involving dehydroxylation of FeOOH, reduction of
hematite, and controlled oxidation of Fe3O4.

15,24

Recently, an iron oxide sorbent with a novel structure
composed of three-dimensionally ordered macropores
(3DOM) has been fabricated.25 This 3DOM sorbent combines
high porosity with interconnected macropores, large surface
area, and nanosized active particles, advantageous properties
that result in excellent desulfurization performance at medium
temperatures.25 Moreover, a stable γ-Fe2O3 was found to be
easily prepared using a colloidal crystal templating method
when silicon was added to the precursors. This work reports
the possibility of γ-Fe2O3 as a sorbent for H2S removal at low
temperature (20−80 °C) and evaluates the performance of γ-
Fe2O3 with these novel 3DOM structures. The influence of
silicon on the formation of γ-Fe2O3 and its performance in H2S
removal is also presented in detail.

2. EXPERIMENTAL SECTION
2.1. Synthesis of 3DOM γ-Fe2O3/SiO2 Sorbent. 3DOM

γ-Fe2O3/SiO2 sorbents were synthesized by the colloidal crystal
templating method.25−27 All the materials used and the detailed
procedures of preparation can be found in Supporting
Information. The obtained 3DOM γ-Fe2O3/SiO2 sorbents
were named after their iron-to-silicon mole ratios as FS-1, FS-2,
FS-4, FS-8, and FS-16. FE was the prepared sorbent which did
not contain silicon in precursors. To compare the sulfur
removal performance of the synthesized sorbent, three
reference samplespure analytical reagent γ-Fe2O3, α-Fe2O3,
and a commercial adsorbent HXT-1 provided by Shanxi Clean
Companywere used for references in this study. The main
component of HXT-1 is amorphous hydrated iron oxide.
2.2. Performance Tests. Sulfur removal evaluations were

conducted in a 6 mm inner diameter downflow fixed-bed
reactor with a water jacket at atmospheric pressure. The
temperature of the reactor was controlled by adjusting the
water jacket temperature. The breakthrough experiments were

carried under the following conditions unless specially
mentioned. The H2S concentration at the inlet was 500 mg/
m3 balanced with high-purity nitrogen (nitrogen content higher
than 99.999% in gas). A 2 cm height of 0.08 g of 3DOM
sorbents or reference samples mixed with quartz sands (SiO2)
in the form of small particles of 40−60 mesh was sandwiched in
the reactor. The space velocity was 11 671 h−1. The influence of
water on H2S capture was investigated by making the feed gas
go through a water saturator at different temperatures (10, 20,
40, and 60 °C with a relative humidity of 10.23%, 18.75%,
55.39%, and 141.04%, respectively). The concentration of H2S
in the gas exiting the reactor was measured continuously using
a gas chromatograph equipped with a photometric detector
(FPD). The sulfidation test was stopped at the breakthrough
point, which was defined by a sulfur content of 1 mg/m3.
Breakthrough sulfur capacity is defined as grams of sulfur
captured per 100 g of sorbent at the breakthrough point. The
utilization of iron oxide for desulfurization is calculated based
on the maximum theoretical sulfur capacity of 60 g per gram of
iron oxide.17 The grain size can be measured by transmission
electron microscopy (TEM) or calculated based on the Sherrer
formula:

λ β θ=D K / cos

where D is the average grain size, K the Sherrer constant
(0.891), and λ the X-ray wavelength (0.15405 nm). β and θ
represent full-width at half-maximum of an observed peak and
diffraction angle, respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Synthesized Sorbents.

The synthesized sorbents were first analyzed by X-ray
diffraction (XRD) measurement to confirm the mineral phase
structures. The results are shown in Figure 1a. The references
γ-Fe2O3 and α-Fe2O3 are also characterized; the corresponding
XRD patterns are shown in Figure S1 in Supporting
Information.
As shown in Figure 1a, characteristic peaks corresponding to

γ-Fe2O3 were found in all the prepared sorbents except FE,
which did not contain silicon in the precursors. The intensities
of the peaks were greater with an increase of Fe/Si molar ratio,
which suggests an increase in crystal size.25,28 In addition, it was
observed that α-Fe2O3

25,27,28 was present in the sorbent FS-16
and was the only mineral phase in the sorbent FE. Obviously,
silicon species have a remarkable influence on the crystal form
of iron oxide even though they cannot be detected in all the
sorbents because of their amorphous state.
Fourier transform infrared (FTIR) spectra of the γ-Fe2O3/

SiO2 sorbent are shown in Figure 1b. The strong, broad peak at
3451 cm−1 can be assigned to the O−H symmetric and
antisymmetric stretching vibrations of the water molecules.29

The peak at 1635 cm−1 can be assigned to the H−O−H
bending vibrations. Si−O−Si backbone vibrations at 1126 and
1079 cm−1 are associated with the formation of a condensed
silica network, and a weak peak associated with noncondensed
Si−OH groups at 964 cm−1 is also present.30 The fairly sharp
peaks at 640 and 447 cm−1 are assigned to Fe−O−Fe.31 The
FTIR analysis indicated the appearance of SiO2 and that the
samples comprised metal oxides doped with silica.
XPS spectra of FS-8 are shown in Figure 2. The binding

energies (BEs) of 710.3 and 723.8 eV, in Figure 2a, are
characteristic of Fe 2p3/2 and Fe 2p1/2 of Fe2O3,

32−34

respectively. These results reveal the existence of Fe2O3, which
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is in agreement with the XRD result. The BEs of 711.7 and
725.2 eV correspond to the signals of Fe 2p3/2 and Fe 2p1/2
of FeOOH.32,35,36 The absence of the peak of FeOOH in XRD
patterns results from the limited sensitivity of XRD toward the
minority species. The BE of O 2p in Fe2O3 is 530.5 eV33,34,37

(in Figure 2b), and 531.7 eV belongs to FeOOH.32,33 Another
BE of 533.4 eV fits best to O 2p of absorbed H2O.

35 As shown
in Figure 2c, the BE of 102.6 eV (SiO2, O 2p 532.6 eV38) is
attributed to SiO2, which agrees with the FTIR results.
Combined with the XRD results, it is known that the silicon

in these sorbents is in the form of highly dispersed amorphous
SiO2. These results seem to indicate that two effects arise from
the inclusion of silicon. On the one hand, SiO2 can disperse and
inhibit the growth of iron oxide crystals. The higher the content
of SiO2, the smaller the grain size of iron oxide. On the other
hand, SiO2 can help to stabilize the γ-Fe2O3 form and hamper
its transformation to α-Fe2O3 during the calcination process. A
similar role for yttrium in the formation of γ-Fe2O3 has been
reported by Tao et al.39 Ayyub et al.40−42 also reported that the
transition from γ-Fe2O3 to α-Fe2O3 phases is size-dependent
and that a decrease in particle size seems to improve the
stability of γ-Fe2O3. Therefore, it is likely that SiO2 plays a role
in hampering the γ−α transition by reducing the particle size of
γ-Fe2O3.
Scanning electron microscopy (SEM) and TEM analyses

were carried out to investigate the morphology and structure of
the sorbents. As shown in Figure 3, all sorbents exhibit a
3DOM structure that is open and interconnected. These

interconnected networks and well-ordered macropores provide
greater mass transfer ability and a larger inner surface area.
TEM of the sorbents reveals that nanocrystallized particles are
formed in the structure with mesopore-sized void spaces
between the crystallites. The sizes of the nanocrystallized
particles in the sorbents are listed in Table 1. Clearly, the size of
the nanocrystallized particles increased with the molar ratio of
iron to silicon.
N2 sorption analyses were performed to determine the

surface areas and porous structures of the FS sorbents, and the
nitrogen adsorption−desorption isotherms are shown in Figure
S2 in Supporting Information. All the sorbents showed a type II
isotherm, and a significant increase of N2 adsorption was
observed at pressures beyond 0.8 P/P0. The results are
consistent with those for many 3DOM macroporous materials.
Pore distribution indicates the presence of mesopores in the
materials. The parameters of the sorbents are summarized in
Table 1, showing that the BET surface areas are in the range of
72.1−125.8 m2/g. The average pore size was in the range of
7.50−9.0 nm and decreased as the Fe/Si molar ratio increased.
The texture parameters of reference sorbents are also shown in
Table 1.

3.2. Testing of γ-Fe2O3 for H2S Removal. The activity of
γ-Fe2O3 for H2S removal was first evaluated in a fixed bed
reactor using an analytically pure reagent as reference. The
experiment was carried out at a temperature range of 20−80
°C, with typical conditions described in the Experimental
Section. Comparative experiments with a commercial sorbent,
HXT-1, and reference α-Fe2O3 were also conducted under the
same conditions. The test results are shown in Figure 4.
As shown in Figure 4a, γ-Fe2O3 captured little sulfur at 20 °C

with a sulfur capacity of 0.65%, and the breakthrough time at 40
°C, about 25 min, was also very short with the sulfur capacity
only 1.43%. However, a much longer breakthrough time could
be obtained at higher temperature. At 60 °C, the breakthrough
time was about 50 min and a sulfur capacity of 3.24% was
achieved. Moreover, the breakthrough time at 80 °C increased
significantly to 150 min, and the corresponding sulfur capacity
reached 10.58%. The comparative results with reference α-
Fe2O3 and the commercial sorbent, HXT-1, are shown in
Figure 4b, demonstrating that α-Fe2O3 has almost no activity
for sulfur capture while γ-Fe2O3 performed worse than HXT-1
at low temperature but better at higher temperatures.
It has been reported that a lattice diffusion is involved during

the interaction of adsorbed H2S with solid metal oxide.1,7−10

Lattice diffusion, also termed “ion diffusion” or “the solid-state
diffusion”, means the ion migration or ion exchange in the
lattice of oxide,43−47 which is required to complete the reaction
of metal oxide in the bulk with H2S. It was reported that at low
temperature this lattice diffusion is very hard and that therefore
the desulfurization process was controlled by lattice diffusion.
However, the mechanisms for the low-temperature diffusion of
ions through the solids are still not well-understood.1,48,49 It is
suggested that defect and vacancy may contribute to this
diffusion. For example, the vacancy of zinc in ZnO sorbent was
found to improve the transfer of ions in the lattice during the
reaction of H2S with ZnO.1 Kim et al. also reported the great
enhancement of vacancies on the diffusivity of ion transport in
the bulk of the cathode material.50

It is known that γ-Fe2O3 has the same inverse spinel crystal
structure as Fe3O4, but with all the iron cations being in a
trivalent state.15 The charge neutrality of γ-Fe2O3 is maintained
by the presence of cation vacancies. The effect of cation

Figure 1. XRD patterns of FS-1, FS-2, FS-4, FS-8, FS-16, and FE (a)
and FTIR spectra of FS-2, FS-4, and FS-8 (b).
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vacancies on ion transport has been used for efficient sodium
ion transport in hollow γ-Fe2O3 nanoparticles as a cathode
material.23 In the case of removal of H2S by γ-Fe2O3, the
vacancy is also considered to favor the lattice diffusion of ions
and thus improves the ability of the material to capture sulfur.
In fact, there are many other factors that could influence the

performance of the sorbent. Surface area, density, morphology,
and porosity are important,8−10,13,49 while dispersion of active

site, surface acidity and basicity, and rearrangement of the
crystal after sulfidation, etc. are also reported to play a
significant role.8−10,25,51 It is well-known that γ-Fe2O3 and α-
Fe2O3 are polymorphs. The former is metastable, whereas the
latter is very stable. They have different crystal structures and
thus have different physical and chemical properties which
therefore lead to different performance.15,52,53 Reference γ-
Fe2O3 has lower density (4.87 g/m3),15 larger surface area, and

Figure 2. XPS spectra of FS-8: (a) Fe 2p, (b) O 1s, (c) Si 2p.

Figure 3. SEM and high-resoltuion TEM (HRTEM) images of 3DOM sorbents. SEM: (a) FS-2, (b) FS-4, and (c) FS-8. HRTEM: (d) FS-2, (e) FS-
4, and (f) FS-8.
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smaller grain size than that of α-Fe2O3, as shown in Table 1,
which results in a much better performance in H2S capture, as
compared with that of reference α-Fe2O3 in this study.
3.3. Evaluation of 3DOM γ-Fe2O3/SiO2 Sorbents for

H2S Removal. The desulfurization performance of the
synthesized 3DOM sorbents FS-1, FS-2, FS-4, FS-8, and FS-
16 were examined at 80 °C. Before the experiments, a blank
experiment was carried showing that 3DOM SiO2 did not
contribute to H2S removal. Figure 5a shows the breakthrough
curves for H2S removal compared with the results for γ-Fe2O3.
It can be seen that γ-Fe2O3 and all the 3DOM γ-Fe2O3/SiO2
sorbents achieve a very low exit H2S concentration (<0.1 mg/
m3) and a very sharp breakthrough curve. With the exception of
FS-1, all sorbents with a 3DOM structure show better
performance than reference γ-Fe2O3 and HXT-1, indicating a
very positive effect of the 3DOM structure on the sorbents. FS-
8 has the longest breakthrough time of 9.4 h and the highest
sulfur capacity of 40.61% among these sorbents (Figure 5b).
Because of its low iron oxide content, FS-1 performs very
poorly compared to the other 3DOM sorbents. In contrast,
although the Fe2O3 content of FS-16 is the highest of these
sorbents, a very short breakthrough time and low capacity were
observed. This result could be attributed to the presence of α-
Fe2O3 as revealed by XRD. The very poor adsorption capacity
of α-Fe2O3 (as shown in Figure 5b) cannot contribute to
desulfurization.
The utilization of iron oxide for desulfurization by these

sorbents is shown in Figure 5b. It is apparent that all of the
3DOM sorbents have higher utilization than γ-Fe2O3 and α-

Fe2O3. Desulfurization is a reaction between the metal oxide
and hydrogen sulfide, and pore-closure will occur during the
process because of the larger volume of the product compared
to that of the reactant.54,55 Consequently, increasing diffusion
resistance in the pores of the sorbent makes it difficult to react
completely with the inner active sites, resulting in a low
utilization of active components. In contrast, the 3DOM
sorbents, characterized by many interconnected macropores
and mesopores in the skeleton, can significantly alleviate
diffusion resistance and greatly increase accessibility to the
inner part of the sorbent for more complete reaction.
Furthermore, the very large surface area, together with the
nanosized active particles, provides far more active sites for H2S
removal. It can be concluded that the combination of the

Table 1. Texture Parameters of 3DOM and Reference
Sorbents

sample SBET (m2/g) average pore size (nm) grain size (nm)

FS-1 125 7.50 3.0
FS-2 120 8.28 4.6
FS-4 120 9.00 6.3
FS-8 113 8.21 8.1
FS-16 72 8.26 9.9
γ-Fe2O3 82 9.75 11.6
α-Fe2O3 36 2.44 54.2
HXT-1 87 3.70 

aThe grain size of FS-16 and α-Fe2O3 was calculated based on the
Sherrer formula.

Figure 4. Breakthrough curves of reference γ-Fe2O3 at different temperatures (a) and sulfur capacity of reference γ-Fe2O3, α-Fe2O3, and HXT-1 at
different temperatures (b).

Figure 5. Breakthrough curves (a) and sulfur capacity and utilization
(b) of 3DOM and reference sorbents at 80 °C.
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advantageous features of high porosity with interconnected
macropores, large surface area, and nanosized active particles,
contribute to the very high utilization of γ-Fe2O3 in the 3DOM
sorbents.
In addition, to confirm the structural changes during

sulfidition, the sulfided 3DOM sorbents were characterized
by SEM and nitrogen adsorption. Compared with the fresh
3DOM sorbents, although the surface area decreased (shown in
Table S1 in Supporting Information), the 3DOM structure was
maintained very well (shown in Figure S3 in Supporting
Information).
The performance of 3DOM γ-Fe2O3/SiO2 sorbent for H2S

removal was also tested at different temperatures using sample
FS-8. The breakthrough curves are shown in Figure 6. It can be

seen that the breakthrough times of the absorbent were
extremely short at 20 and 40 °C, indicating very poor activity at
low temperature. However, the activity increased remarkably as
the temperature was increased to 60 and 80 °C, with
breakthrough times of 3.5 and 9.4 h, respectively. This
temperature sensitivity is similar to that for γ-Fe2O3, shown
in Figure 4. When the breakthrough curves of γ-Fe2O3 and FS-8
at different temperatures are compared, it can be seen that FS-8
performs better than γ-Fe2O3 at temperatures above 60 °C.
3.4. Influence of Moisture on H2S Removal. H2S

adsorption tests of reference γ-Fe2O3 were also carried out in
moist conditions, in which the feed gas was humidified by
bubbling through a water bath at the temperatures of 10, 20, 40,

and 60 °C with a relative humidity of 10.23%, 18.75%, 55.39%,
and 141.04%, respectively. The influence of humidity on H2S
removal and the corresponding breakthrough sulfur capacities
at different water content are shown in Figure 7. The results
reveal that the water content in the feed gas has a remarkable
influence on H2S removal. The performance of reference γ-
Fe2O3 was best when relative humidity was 10.23%, with a
breakthrough time of 3.4 h and sulfur capacity of 14.03%. It has
been reported that water increases hydrogen sulfide uptake by
promoting dissociation of H2S.

56 However, increasing the water
content further led to a negative effect on H2S adsorption. For
example, when relative humidity was 141.04%, the break-
through capacity was only 4.95%. This is because too much
water can block the interior pores of the material, prohibiting
the diffusion of H2S through the sorbent.
The desulfurization behavior of the 3DOM γ-Fe2O3/SiO2

sorbent was also evaluated in a moist atmosphere (RH =
10.23%) at 80 °C, where a negative influence on H2S uptake
was found. Another experiment, in which FS-8 was preheated at
200 °C for 2 h, resulted in almost no H2S adsorption activity. It
is suggested that, because of its very porous nature, 3DOM γ-
Fe2O3/SiO2 actually has adsorbed water molecules on the
surface, which is in agreement with the XPS results. This
adsorbed water favors the promotion of H2S adsorption.

3.5. Regeneration of 3DOM γ-Fe2O3/SiO2 Sorbents.
Regeneration is generally required to reduce the cost of
desulfurization. Therefore, the regenerability of the 3DOM γ-
Fe2O3/SiO2 sorbents was also examined in this study.
Considering the transformation temperature of γ-Fe2O3, the
regeneration of the sulfide sorbents was tested at medium
temperature using 5% O2 in nitrogen with a flow of 200 mL/
min. The regeneration was initially conducted at 300 °C. Once
the level of SO2 in the outflow was below 5 mg/m3, the
temperature was raised to 400 °C to continue regeneration. A
poor sulfur capture performance after regeneration, confirmed
by an experiment (shown in Figure 8b) which shows that the
sulfur capacity of the regenerated sorbent was only 11.28%, less
than one-third of that of the fresh material. The XRD analysis
(shown in Figure 8a) of the regenerated sorbent shows that
iron oxide was present in both the γ and α forms although no
sulfur species were found after regeneration. Furthermore,
compared with the fresh sorbent, the surface area of the
regenerated FS-8 sorbent decreased significantly, from 113 to
78 m2/g, as revealed by nitrogen adsorption characterization.
The α-Fe2O3 formed during regeneration, together with the

Figure 6. Breakthrough curves of FS-8 at different temperatures.

Figure 7. Breakthrough curves (a) and sulfur capacity (b) of reference γ-Fe2O3 at 80 °C with different relative humidity.
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decreased surface area, led to the poor performance of
regenerated FS-8.
A revivifying in situ method (simultaneous sulfidation and

regeneration), which can result in a much simpler and more
economical process of desulfurization by hydrated iron oxide,
was tried on FS-8 for H2S removal. Specifically, a mixture of
oxygen (5%) and 500 mg/m3 H2S in nitrogen was introduced
to the reactor for sulfidation of FS-8 at 80 °C. The results,
shown in Figure S4 in Supporting Information and Figure 8b,
illustrate that a much longer breakthrough time of 18.23 h and
much higher capacity of 79.1% can be obtained, which is almost
twice that observed when oxygen is absent from the inlet gas.
Elemental sulfur was clearly seen on the surface of the sorbent,
which was also revealed by XRD analysis (Figure 8a).
3.6. Reactions Involved in Removal of H2S by γ-Fe2O3.

It is considered that the reaction between γ-Fe2O3 and H2S can
occur through a direct exchange of sulfur and oxygen ions to
form sulfide and water.

+ → +Fe O 3H S Fe S 3H O2 3 2 2 3 2 (1)

Because of the presence of the other active site FeOOH (in
Table 2)32,33,35,38 on the surface, as revealed in Figure 9, H2S
could also react with FeOOH:

+ → +2FeOOH 3H S Fe S 4H O2 2 3 2 (2)

XRD of the spent sorbent FS-8, as depicted in Figure 8a,
showed that compared to the fresh material, new peaks
corresponding to elemental sulfur were present. No evidence of
Fe2S3 was detected. The existence of elemental sulfur as well as
γ-Fe2O3 in the exhausted sorbent indicates that regeneration

can occur when the sorbent is exposed to air during sample
preparation for XRD characterization.

+ → +2Fe S 3O 2Fe O 3/4S2 3 2 2 3 8 (3)

Considering the desulfurization behavior of γ-Fe2O3 under
the atmosphere containing oxygen, it is suggested that the
overall process of desulfurization in the presence of oxygen in
the feed gas is that described in eq 4, which is the combination
of eqs 1 and 3:

+ → +2H S O 2H O 1/4S2 2 2 8 (4)

Although Fe2S3 was not found in the spent sorbent, full
regeneration cannot be concluded. The spent FS-8 sorbent was
further examined by XPS. As shown in Figure 9, no evidence
for the presence of Fe2S3 could be found, but elemental
sulfur,33,57 Fe3S4,

58 Fe2(SO4)3,
33,34,58 and FeS2

33,58 (in Table 2)
were detected. The reason why the latter three species could
not be found in the XRD spectra is that they may have been
present in very small amounts or in an amorphous form. TG
characterization of the spent sorbent, carried out in N2
atmosphere at a heating rate of 10 °C/min (shown in Figure
S5 in Supporting Information), indicated a sharp weight
decrease at 250 °C due to the evaporation of elemental sulfur
that was formed when the spent sorbent was exposed to air.
Above 270 °C there was no obvious weight loss, even at 480
°C, which is the decomposition temperature of ferric sulfate.
The results indicate that very little ferric sulfate was formed on
the sorbent.
On the basis of these results, it is possible to conclude that

Fe2S3 might convert to FeS2 and Fe3S4
16 because of its

thermodynamic instability.

→ +2Fe S FeS Fe S2 3 2 3 4 (5)

FeS2 can also be converted into Fe2(SO4)3, as described in eq
6, when O2 and H2O are present45

+ + → +4FeS 15O 2H O 2Fe (SO ) 2H SO2 2 2 2 4 3 2 4 (6)

Equations 1−6 represent a suggested mechanism for the
desulfurization process. The principal reaction during desulfur-
ization in the absence of oxygen should be eq 1, whereas eqs 1,
3, and 4 are mainly involved when oxygen is present in the feed
gas. However, depending on operating conditions such as
temperature or composition of the feed, other reactions may
occur.

4. CONCLUSIONS
3DOM γ-Fe2O3/SiO2 sorbents were successfully synthesized
using colloidal crystal templating method when silicon was
added to the precursors. SiO2 was in an amorphous state and
highly dispersed. It enhanced the dispersion of Fe2O3, which

Figure 8. XRD patterns of fresh, sulfided, and regenerated FS-8 (a)
and sulfur capacity of continuous and intermittent desulfurization (b).

Table 2. XPS Binding Energy (in Electronvolts) of Fresh and
Sulfided FS-832−38,57,58

material Fe 2p3/2, Fe 2p1/2 O 2p S 2p3/2, S 2p1/2 Si 2p

Fe2O3 710.3, 723.8 530.5  
FeOOH 711.7, 725.2 531.7  
SiO2  532.6  102.9
H2O  533.4  
Fe2(SO4)3 713.4, 726.9 532.1 168.3, 169.3 
FeS2 710.3, 723.8  162.2 
Fe3S4 708.9, 722.5  161.4 
S8   163.7, 164.2 
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stabilized the γ-Fe2O3 and hindered its transformation to α-
Fe2O3 during calcination. The performance of 3DOM γ-Fe2O3/
SiO2 sorbents and analytical pure reference γ-Fe2O3 for H2S
capture were evaluated, and the results were compared with
that of reference α-Fe2O3 as well as the commercial sorbent
HXT-1. It was also found that γ-Fe2O3 has an activity that is
enhanced compared to that of HXT-1 for H2S capture at
temperatures over 60 °C, whereas α-Fe2O3 has little activity.
The vacancy site in the lattice of γ-Fe2O3 facilitates the ion
diffusion. Furthermore, reference γ-Fe2O3 also has the lower
density, larger surface area, and smaller grain size than that of α-
Fe2O3. Therefore, reference γ-Fe2O3 has much better perform-
ance in H2S capture, as compared with that of reference α-
Fe2O3. Moreover, 3DOM γ-Fe2O3/SiO2 sorbents with the mole
ratios of iron to silicon ranged at 2−8 exhibited better
performance than reference γ-Fe2O3. It is believed that this is
contributed by its unique properties of 3DOM: very high
porosity with interconnected macropore, large surface area, and
nanosized active particles. Meanwhile, it was also found that FS-
8 had the highest sulfur capacity of 40.61%, as well as the
highest utilization of 76.15%. Moist conditions favored H2S
removal. It was also found that conventional regeneration
method with air at high temperature was not ideal for γ-Fe2O3/
SiO2 sorbents regeneration. However, through an in situ
regeneration process by adding O2 in the feed stream
(desulfurization and regeneration occur at the same time), a
breakthrough sulfur capacity of 79.1% of FS-8 was achieved.
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