
1766

Korean J. Chem. Eng., 32(9), 1766-1773 (2015)
DOI: 10.1007/s11814-015-0031-0

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: dolee@uos.ac.kr, woohc@pknu.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

High performance of manganese oxide octahedral molecular sieve adsorbents
for removing sulfur compounds from fuel gas

Phuoc Hoang Ho*, Seong Chan Lee*, Jieun Kim**, Doohwan Lee**,†, and Hee Chul Woo*,†

*Department of Chemical Engineering, Pukyong National University, San 100, Yongdang-dong, Nam-gu, Busan 608-739, Korea
**Department of Chemical Engineering, The University of Seoul, 13 Siripdae-gil, Dongdaemun-gu, Seoul 130-743, Korea

(Received 3 December 2014 • accepted 5 February 2015)

Abstract−Properties of porous manganese oxide adsorbents for adsorptive removal of tert-butylmercaptan (TBM)
from CH4 fuel gas were investigated at ambient temperature and atmospheric pressure. The adsorbents were prepared
by oxidation reactions of Mn2+ with KMnO4 and via the sol-gel method by reduction of KMnO4 using fumaric acid as
the reducing agent. The effects of preparation method, precursor, temperature, and time for the structure and desulfur-
ization properties of the resulting adsorbents were studied. Cryptomelane octahedral manganese oxide molecular sieve
(OMS-2) adsorbents exhibited high breakthrough TBM adsorption (1.3-2.5 mmol g−1) with the properties varied by
the synthesis condition. The OMS-2-Ac prepared by the oxidation reactions of manganese acetate resulted in smaller
OMS-2 crystallites with higher surface area compared to those prepared from manganese sulfate and chloride precur-
sors, and it exhibited an enhanced TBM adsorption uptake. TBM adsorption capacity of OMS-2 could be further
enhanced by introducing Cu into the structure. This gave rise to a markedly high TBM breakthrough adsorption
(7.4 mmol g−1) for Cu-OMS-2 (7.8 wt% Cu doping), which is significantly greater than the values reported for acti-
vated carbon, zeolite, and other porous oxide based solid adsorbents at similar conditions in the literature.

Keywords: Adsorptive Desulfurization, Manganese Oxide Molecular Sieve, Tert-Butylmercaptan, Fuel Processing, Fuel
Cell

INTRODUCTION

Selective removal of organosulfur compounds from gaseous hy-
drocarbon fuels, such as thiophenes, thiols, and sulfides that are
commonly used as odorants for warning of fuel leakage, is a signif-
icant fuel processing step for clean hydrogen production for polymer
electrolyte membrane fuel cell (PEMFC) [1-3]. The presence of such
organosulfur species even in minute concentrations (ppm) can re-
sult in a gradual and significant degradation of the fuel processing
catalysts and Pt-based electrodes by irreversible poisoning [4,5].
Adsorptive removal of organosulfur species at ambient temperatures
is considered an effective and viable fuel desulfurization method
for fuel cells, because it is a significantly simpler than the conven-
tional catalytic hydrodesulfurization (HDS) process [6]. Various
solid adsorbents, including activated carbons [3,7-9], zeolites [2,
10-17], and porous metal oxides [18-20], have been studied for this
purpose. In general, these studies demonstrated that adsorptive
desulfurization properties of the solid adsorbents could be enhanced
by various modifications such as modulation of surface acid-base
characteristics, incorporation of metal ions or clusters of high sul-
fur adsorption affinities, and variation of pore structure and mate-
rial properties.

We recently reported the unique adsorptive desulfurization prop-
erties of cryptomelane manganese oxide octahedral molecular sieves

(OMS-2) in gaseous hydrocarbon fuels [21]. OMS-2 exhibited un-
precedented high breakthrough adsorption capacity and selectivity
for tert-butylmercaptan (TBM) at ambient temperature and atmo-
spheric pressure in the presence of tetrahydrothiophene (THT) and
dimethyl sulfide (DMS). The results were largely different from those
previously reported for activated carbon and zeolite based adsor-
bents, considering that TBM usually showed weaker adsorption
than THT and DMS on these previously studied porous solids.
OMS-2 has one-dimensional pore structure with primary MnO6

octahedral building units linked at their edges and vertexes to form
2×2 square tunnels with the pore size approximately 0.46 nm×0.46
nm [22]. It has a composition of KMn8O16·nH2O with the potas-
sium cation K+ placed inside the tunnel for charge balancing [23].
The co-presence of Mn+2, Mn+3, and Mn+4 ions in the framework
yields an average oxidation state of ~3.8 for Mn, and the balanc-
ing K+ can be exchanged with other metal cations [22-25]. OMS-2
based materials have been recently studied for uses such as oxida-
tive catalysts [26-29], electrodes [30], battery materials [31], and
adsorbents [32].

In this work, we investigated adsorptive desulfurization proper-
ties of porous manganese oxides prepared via different synthetic
routes: (i) oxidation of Mn2+ in aqueous acid using KMnO4 reagent,
(ii) sol-gel based reaction between KMnO4 and fumaric acid. The
preparation method, manganese precursor, synthesis temperature,
and time had significant effects on the physicochemical and desul-
furization properties of the resulting manganese oxide adsorbents.
In addition, the TBM uptake amount on OMS-2 could be increased
with an increase in the amount of Cu doped into the structure,
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indicating significant additional roles of Cu for the selective adsorp-
tion of TBM. Cu-OMS-2 (7.8 wt% Cu) exhibited a considerably
high breakthrough TBM adsorption of 7.4 mmol-S g−1, which was
much higher than those previously reported for activated carbon
and zeolite based porous solid adsorbents.

EXPERIMENTAL

1. Synthesis of OMS-2 Adsorbents
OMS-2 adsorbents were hydrothermally prepared with modifica-

tions of a method reported in the literature varying manganese pre-
cursor, hydrothermal temperature, and time [22]. Typically, an aque-
ous Mn2+ solution was prepared by dissolving 26mmol of a manga-
nese precursor (MnSO4, MnCl2, Mn(CH3COO)2, or Mn(HCOO)2)
in a mixture of 20 ml deionized water and 1.5 ml concentrated
HNO3. These Mn precursors were purchased from Aldrich and
used without further purification. A separate aqueous permanganate
solution was prepared by dissolving 18.4 mmol KMnO4 (≥99%,
Aldrich) in 40 mL deionized H2O and was then added dropwise
iinto the Mn2+ precursor solution with vigorous stirring. The mix-
ture was transferred to a Teflon-lined stainless steel autoclave and
then placed in an electric oven at 373 K for 24 h. The resulting black
precipitates were centrifuged and washed three times with copi-
ous amounts of deionized H2O. The solid samples were dried at
383 K for 12 h and calcined at 723 K for 2 h in air. The resulting
OMS-2 samples prepared with manganese-sulfate, -chloride, -ace-
tate, and -formate precursors were designated OMS-2-Sf, OMS-2-
Cl, OMS-2-Ac, OMS-2-Fm, respectively. In addition, OMS-2-Ac
samples were prepared at various temperatures (313-453 K) and
times (0.5-48 h) to investigate the effects of hydrothermal condi-
tions. In a different synthetic route, OMS-2 was prepared by a sol-
gel method utilizing KMnO4 and fumaric acid according to the
method reported by Ching et al. [33]. The resulting sample was
denoted OMS-2-Sg. In addition, copper doped OMS-2, denoted
Cu-OMS-2, was also prepared by the same procedure utilizing a
mixture of aqueous solutions of manganese acetate and copper
acetate with varying amounts of copper in the precursor solution.
The resulting Cu-OMS-2 samples were dried at 383 K for 12 h and
calcined at 723 K for 2 h in air.
2. Characterizations

Powder X-ray diffraction (XRD) patterns were obtained with
graphite-monochromatized Cu K

α
 radiation operated at 40 kV and

30 mA (X’pert-MPD, Philips). The spectra were taken in the 2θ
range from 5 to 80o with a scanning rate of 4o min−1. The struc-
ture and morphology of the samples were characterized by field
emission scanning electron microscopy (FE-SEM, JSM-7500F, JEOL)
and transmission electron microscopy (TEM, JEM-2100, JEOL).
The atomic compositions of the samples were obtained using induc-
tively coupled plasma - atomic emission spectrometry (ICP-AES,
ICPE-9000, Shimadzu). Thermogravimetric analysis (TGA, TGA7-
Pyris-1, Perkin-Elmer) was conducted by raising the temperature
from 323 to 1,173 K (ramping rate=10 K min−1) in N2 atmosphere
to investigate the thermal properties of the samples. BET surface
areas were determined from N2 adsorption-desorption isotherms
obtained in a volumetric apparatus (BELSORP-MAX, BEL Japan)
at 77 K. The oxidation states of the manganese and copper species

in the OMS-2 and Cu-OMS-2 were characterized by X-ray photo-
electron spectroscopy (XPS, MultiLab 2000, Thermo Scientific).
3. TBM Adsorption Measurement

Adsorption uptake and selectivity of TBM on the adsorbents
were obtained in a fixed-bed glass reactor (8 mm I.D.) packed with
100 mg of the adsorbent (particle size 160-225μm) at 303 K and
atmospheric pressure. The TBM uptake measurement and subse-
quent regeneration of the adsorbents proceeded in three sequen-
tial steps: pretreatment, TBM adsorption, and thermal regeneration
of the sample. In the pretreatment step, the sample was treated at
723 K for 2 h in flowing He (99.999%) and then naturally cooled
to 303 K under the He atmosphere. In the TBM adsorption mea-
surement step, a gaseous mixture containing 100 ppm TBM in CH4

(certified) was introduced into the reactor at a flow rate of 50 ml
min−1. The effluent sulfur concentration was analyzed online with
a gas chromatograph (HP 5890 II) equipped with a capillary col-
umn (HP-1, 30 m - 0.32 mm - 0.25μm) and a flame ionization
detector (FID). The breakthrough TBM adsorption capacity of an
adsorbent is defined as the amount of TBM adsorbed on the sam-
ple before its detection in the effluent (the detection limit of FID
determined to be ~0.1 ppm). This was calculated from the inlet
concentration of sulfur (Co), inlet flow rate (Q), breakthrough time
t (min), and mass of adsorbent mads (g) according to the following
equation:

After saturation of the adsorbent with the sulfur, thermal regenera-
tion of the adsorbent was conducted by temperature programmed
desorption (TPD) of the adsorbed sulfur species. The sample was
purged in flowing He (50 ml min−1) at 303 K for 1 h, and the tem-
perature was raised to 773 K at a ramping rate of 10 K min−1.

RESULTS AND DISCUSSION

1. Effects of Manganese Precursor and Synthesis Method for
OMS-2

The manganese (II) precursors of different anionic salt forms
(sulfate, chloride, acetate, and formate) utilized for the preparation
of cryptomelane OMS-2 had considerable effects on the resulting
structure, morphology, and TBM adsorption properties. This hydro-
thermal preparation method involves oxidation of Mn2+ in aque-
ous acid in the presence of strong KMnO4 reagent. The properties
of these samples were largely different from the OMS-2 obtained
by a sol-gel route via reduction of KMnO4 by fumaric acid. Fig. 1
shows the XRD patterns of the samples prepared by different meth-
ods and manganese precursors; a reference diffraction pattern of
cryptomelane OMS-2 is displayed with a JCPDS number for com-
parison. The results indicate formation of typical cryptomelane
OMS-2 crystal structure on the samples prepared by the Mn2+ oxi-
dation using (a) MnSO4 (b) MnCl2, and (c) Mn(CH3COO)2 pre-
cursors. Utilization of (e) Mn(HCOO)2 resulted in the formation
of pyrolusite MnO2, which has a small pore dimension (0.23×0.23
nm [34]) inaccessible to TBM and other larger organosulfur spe-
cies. The OMS-2 crystal structure was also observed on the sam-
ple prepared by the sol-gel method. These XRD results did not show

S mmol g−1
( )  = 

q ml min−1
( ) t min( )× Ci, o ppm( ) 10−6

××

22.4 ml mmol−1
( ) mads g( )×

---------------------------------------------------------------------------------------------------
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any additional formation of other crystal phases on the samples.
Fig. 2 shows FE-SEM (a)-(d) and TEM (a1)-(d1) micrographs

of OMS-2 samples prepared using different synthetic methods and
precursors. The results revealed typical needle-like crystalline mor-
phology of OMS-2 on OMS-2-Sf (a), (a1), OMS-2-Cl (b), (b1), and
OMS-2-Ac (c), (c1) in which OMS-2 crystallites a few microme-
ters in length were clustered into bundles. Crystallite size increased
in the order shown: OMS-2-Ac<OMS-2-Sf<OMS-2-Cl. OMS-2-
Sg prepared by the sol-gel method displayed a different morphol-
ogy with non-uniform large crystallites and irregular shapes. Table 1
displays elemental composition, average crystal size, and BET sur-
face area of the samples. The average crystal sizes estimated from
the XRD results by the Debye-Scherrer method were in agreement
with the SEM and TEM results, confirming relatively larger crys-
tals of OMS-2-Sg followed by OMS-2-Sf, OMS-2-Cl, and OMS-2-
Ac. Elemental composition and BET surface area results also indi-
cated that the sample prepared using the manganese formate pre-
cursor (MnO2-Fm) was different from OMS-2 with a completely
different composition and surface area. The results suggest that OMS-
2 crystal growth rate and its formation selectivity were attributed
largely to the type of manganese precursors.

Fig. 3 shows TGA analysis results for the manganese oxide sam-
ples. The results demonstrated that (a) OMS-2-Sf, (b) OMS-2-Cl, (c)
OMS-2-Ac, and (d) OMS-2-Sg exhibited similar thermally induced
weight loss characteristics between 323 and 1,173 K. The MnO2-
Fm sample displayed a different weight loss characteristic with a
higher thermal stability. Collectively, three characteristic major weight
losses of OMS-2 samples were observed in the range of 323-473 K,
673-873 K, and 973-1,073 K, respectively. The weight loss at 323-

473 K was due to desorption of physisorbed water, and the loss at
673-873 K was attributed to the removal of chemisorbed oxygen
and water from the surface. The weight loss at 973-1,073 K was
due to thermal decomposition of OMS-2 structure with evolution

Fig. 1. XRD pattern of porous manganese oxide adsorbents prepared
by different synthesis methods and precursors. Sample (a),
(b), (c), (e): oxidation of Mn2+ by KMnO4 using different
Mn precursors; sample (d): sol-gel reaction with reduction
of KMnO4 by fumaric acid.

Fig. 2. FE-SEM (a)-(d) and TEM (a1)-(d1) micrographs of OMS-2
adsorbents prepared by oxidation of Mn2+ using different
precursors; (a), (a1) MnSO4, (b), (b1) MnCl2, (c), (c1) Mn
(CH3COO)2, and by the sol-gel method via (d), (d1) reduc-
tion of KMnO4 by fumaric acid.

Table 1. Properties of porous manganese oxide adsorbents prepared
by different methods and precursors

Sample
Element composition Average crystal

size (nm)
BET surface
area (m2 g−1)K (wt%) Mn (wt%)

OMS-2-Ac 4.3 59.1 12.7 110
OMS-2-Sf 4.7 62.0 19.5 104
OMS-2-Cl 4.1 58.8 17.6 077
OMS-2-Sg 4.8 59.4 30.4 057
MnO2-Fm - 66.5 27.0 019
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of lattice oxygen [22]. Fig. 4 shows the breakthrough TBM uptake
amounts on the porous manganese oxide adsorbents obtained by
different preparation methods and manganese precursors. The TBM
uptake on MnO2-Fm (0.5 mmol g−1) was significantly smaller than
those on the OMS-2 adsorbents due to small pore size and sur-
face area that are unfavorable for accommodation of TBM mole-
cules. The OMS-2 adsorbents exhibited TBM uptakes between 0.9
and 1.8 mmol g−1 depending on the method used for synthesis
and the manganese precursors. Higher breakthrough TBM uptakes
were observed on the OMS-2 samples prepared via the Mn2+ oxi-
dation (1.4-1.8 mmol g−1) than on OMS-2-Sg obtained by the sol-
gel method via KMnO4 reduction (0.9 mmol g−1). A higher TBM
adsorption was observed on OMS-2-Ac with a value approximately
130% greater than those on OMS-2-Sf and OMS-2-Cl. Therefore,
OMS-2-Ac was chosen for the following studies on the effects of
synthesis temperature, time, and Cu doping of OMS-2 for the selec-
tive TBM removal.

2. Effect of Hydrothermal Temperature
OMS-2-Ac adsorbents were prepared at various hydrothermal

temperatures between 313 and 453 K for 24 h, and their structures,
morphologies, and TBM adsorption properties were investigated.
Fig. 5 displays XRD results on these samples. The results clearly indi-
cate that cryptomelane OMS-2 was well developed on the samples
prepared between 313 and 373 K. The sample prepared at 413 K
exhibited additional diffraction peaks at 28.6, 56.7, and 59.4o indi-
cating considerable formation of pyrolusite MnO2 structure. On
the sample prepared at 453 K, the XRD pattern was largely differ-
ent, indicating dominant development of Mn2O3 crystal structure
on this sample prepared at the elevated temperature. Fig. 6 displays
FE-SEM (a)-(e) and TEM (a1)-(e1) micrographs on these porous
manganese oxide samples prepared at various temperatures. The
results demonstrated typical needle-like morphologies of OMS-2
crystallites on the samples prepared between 313 and 413 K. The
size of these crystallites increased with hydrothermal temperature
in agreement with the XRD results. Crystallite sizes were particularly
high on the sample prepared at 413 K, exhibiting densely clustered
manganese oxide crystallites, which was likely due to the presence
of pyrolusite MnO2 phase. The sample prepared at 453 K revealed
a rod-like morphology of Mn2O3 crystallites (several microns in
size) that were dominantly formed at this excessively high reac-
tion temperature.

The differences in crystal structures and morphologies of these
manganese oxides resulted in considerable differences in their physi-
cochemical and desulfurization properties. Fig. 7 shows TBM break-
through uptake amounts and BET surface areas of the manganese
oxide samples prepared at different synthesis temperatures for 24 h.
A decrease in surface area was observed for OMS-2 from 130 to
110m2 g−1 as the synthesis temperature increased from 333 to 373K.

Fig. 3. Thermogravimetric analysis (TGA) results on porous man-
ganese oxide samples prepared by different methods and pre-
cursors.

Fig. 4. Breakthrough TBM uptake amount on the porous manga-
nese oxide adsorbents prepared by different methods and
Mn precursors.

Fig. 5. XRD patterns of OMS-2-Ac samples prepared at various hy-
drothermal temperatures for 24 h.
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The surface areas on the samples prepared at 413 and 453 K were
particularly small with values of 47 and 5 m2 g−1 due to dominant
formation of MnO2 and Mn2O3 crystal phases, respectively. The
thermal weight loss of the OMS-2 samples prepared between 313
and 373 K exhibited similar characteristics as determined from TGA
analysis, but the extent decreased with temperature, suggesting that
crystallinity of OMS-2 was enhanced as the synthesis temperature
increased. The weight loss characteristics of the samples prepared
at 413 and 453 K were substantially different from those of OMS-2

with enhanced thermal stability that reflected substantial forma-
tion of MnO2 and Mn2O3 structures at these high temperatures.
TBM adsorption on OMS-2 samples exhibited a gradual decrease
from 2.8 to 1.9 mmol-S g−1 with increasing synthesis temperature
from 333 to 373K. TBM adsorption on the manganese oxides, which
consisted mainly of MnO2 (413 K) and Mn2O3 (453 K), were sig-
nificantly lower than those on the OMS-2 adsorbents.
3. Effect of Hydrothermal Synthesis Time

To investigate the effects of synthesis time for TBM adsorption
properties of OMS-2, samples were prepared for various hydro-
thermal times from 2 to 48 h at 373 K. Fig. 8 shows the XRD results
on these samples. It is obvious that cryptomelane OMS-2 was the
only and dominant crystal phase on these samples, and its crystal-
linity increased with hydrothermal synthesis time. The SEM and
TEM micrographs for these samples, shown in Fig. 9, agree well
with the XRD results. The typical needle-shaped OMS-2 crystal-
lites clustered into bundles could be observed after 2 h of reaction,
and their sizes gradually increased with synthesis time.

Fig. 6. FE-SEM (a)-(e) and TEM (a1)-(e1) micrographs of porous
manganese oxide samples prepared at various temperatures
for 24 h.

Fig. 7. Breakthrough TBM uptake on OMS-2-Ac adsorbents at dif-
ferent temperature (a) 313 K, (b) 333 K, (c) 373 K, (d) 413 K,
and (e) 453 K.

Fig. 8. XRD spectra of OMS-2-Ac samples prepared at 373 K for
different synthesis times.
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Fig. 10 shows TBM adsorption uptake amounts for these OMS-
2 adsorbents. The highest TBM adsorption was obtained on the
OMS-2 prepared for 2 h (2.5 mmol g−1) and the value decreased a
little to 1.8-1.9 mmol g−1

 for the rest of the samples prepared for
6-24 h. A lower TBM uptake was observed on the sample prepared
for 48h (1.3mmol g−1) likely due to its larger crystal size with lower
surface area. The high breakthrough TBM uptake on OMS-2 (2.5

mmol g−1, WHSV=0.5) was about 2.6 times higher than NaY (0.95
mmol TBM g−1) and H-β (0.94 mmol TBM g−1, WHSV=5.0) [35],
8.3 times higher than ETS-10 (0.3 mmol TBM g−1, WHSV=1.3)
[18], and 11.9 times higher than activated carbon (0.21 mmol TBM
g−1, WHSV=2.5) [3]; the TBM feed concentrations in these previ-
ous studies are the same at 30 ppm while the weight hourly space
velocity (WHSV, ml mg−1 min−1) is different as indicated. This con-
siderably high TBM breakthrough uptake on OMS-2 adsorbents
suggests their superior applicability for the adsorptive removal of
TBM in the fuel desulfurization process for fuel cells.
4. Effect of Copper Dopant

The properties of four different Cu-OMS-2 samples doped with
various amounts of Cu were investigated. The samples were desig-
nated Cu-OMS-2(1.4), Cu-OMS-2(2.5), Cu-OMS-2(4.8), and Cu-
OMS-2(7.8), where the number in the parentheses indicates the
amount of copper (wt%) on the samples as determined from ele-
mental analysis. All samples showed similar XRD patterns to that
obtained for OMS-2 with no indication of segregated Cu metallic
particles on the structure. Table 2 shows elemental compositions,
crystal sizes, and surface areas for these samples. The results indi-
cate that an increase in the copper doping level from 1.4 to 7.8 wt%
led to an increase in the crystal size of Cu-OMS-2 from 11.9 to 19.5
nm and a slight decrease in BET surface area from 121 to 90 m2 g−1.
The TGA analysis results on these Cu-OMS-2 samples showed simi-
lar characteristics to that of OMS-2, indicating that the structure
and thermal stability did not vary with the level of Cu doped into
the structure. Fig. 11 displays breakthrough TBM adsorption uptake
on Cu-OMS-2 samples as a function of Cu doping amounts. The

Fig. 9. FE-SEM (a)-(d) and TEM (a1)-(d1) micrographs of OMS-2-
Ac samples prepared at 373 K for different synthesis times.

Table 2. Properties of Cu-OMS-2 adsorbents prepared with different Cu doping level

Materials
Element composition Average crystal size

(nm)
BET surface area

(m2 g−1)Cu (wt%) K (wt%) Mn  (wt%)
OMS-2-Ac - 4.3 59.1 12.7 110
Cu-OMS-2 (1.4) 1.4 4.3 56.6 11.9 121
Cu-OMS-2 (2.5) 2.5 4.4 56.4 13.1 117
Cu-OMS-2 (4.8) 4.8 4.1 55.0 14.8 097
Cu-OMS-2 (7.8) 7.8 4.0 51.7 19.5 090

Fig. 10. TBM breakthrough uptake of OMS-2-Ac samples prepared
at 373 K for different synthesis times.
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results indicate that even a small amount of Cu doping (1.4 wt%)
in OMS-2 induced a 2.3-times increase in TBM uptake from 1.9
to 4.2 mmol-S g−1. Further increases in the Cu doping amounts in

OMS-2 led to gradual increases in TBM uptake amounts, reach-
ing a value of 7.4 mmol-S g−1 on Cu-OMS-2 (7.8).

Fig. 12 shows the XPS spectra on the fresh and the spent Cu-
OMS-2(4.8) samples. The results displayed Mn2p3/2 binding energy
(BE) for the fresh sample at 642.4 eV, while that for the spent sam-
ple was 640.7 eV. The former could be assigned to the BE of Mn4+

to lattice oxygen, suggesting that manganese species were present
dominantly as Mn4+ in the structure, while the latter indicates the
existence of Mn-S bonds [36]. It was also confirmed that the Cu2p3/2

BE at 933.9eV was attributed to the Cu-O atomic bonds for the fresh
sample, whereas the spent sample showed this BE at 931.9 eV,
indicating formation of Cu-S bonds in the structure. The results
support the strong adsorptive interactions of TBM with Mn and
Cu on the adsorbent surfaces, resulting in the high TBM adsorp-
tion capacity and selectivity of OMS-2. The results agree with our
previous findings that TBM adsorption on OMS-2 and Cu-OMS-
2 is strong and that considerable amounts of residual sulfur could
not be removed by simple thermal regeneration [21].

CONCLUSIONS

Porous manganese oxides were prepared by various synthesis
methods, precursors, temperatures, and time and investigated for
adsorptive removal of TBM from fuel gas. Cryptomelane OMS-2
was formed by oxidation reactions of Mn2+ at 373 K when manga-
nese-acetate, -sulfate, and -chloride were utilized as the Mn pre-
cursor, and sol-gel method via reduction of KMnO4 by fumaric
acid. The type of manganese precursors had significant effects on
the OMS-2 crystal growth rate and its formation selectivity. The
OMS-2 crystallites developed from manganese sulfate and chlo-
ride precursors were larger with enhanced crystallinities than that
prepared from manganese acetate at the same synthesis condition.
In addition, pyrolusite MnO2 was formed rather than OMS-2 when
manganese formate was used as the precursor, indicating signifi-
cant contributions from the anion types of the Mn precursors. The
oxidation reaction temperature also had significant effects on the
formation of OMS-2. The typical OMS-2 crystal structure was well
developed between 313 and 373 K, but higher temperatures led to
significant formation of the unfavorable MnO2 and Mn2O3 crystal
phases. A considerably high breakthrough TBM uptake of 2.5 mmol
g−1 was obtained for OMS-2, which is greater than previously re-
ported values for activated carbon, zeolite, and porous metal oxide
based solid adsorbents. Copper dopants in Cu-OMS-2 played sig-
nificant roles exhibiting a gradual enhancement in TBM adsorp-
tion amounts with increasing Cu doping level. A markedly high
TBM adsorption (7.4 mmol g−1) was obtained for Cu-OMS-2 con-
taining 7.8 wt% Cu. The XPS studies revealed sulfidation of the
adsorbents due to strong bonding of sulfur species with the Mn
and Cu species on the structure, which is in good agreement with
the low thermal regenerability of OMS-2 adsorbents as reported in
our previous work.
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