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Abstract

Barium sulfate with lamellar and tubular microstructure was developed through a surfactant templating route under different synthesis con-
ditions. Lamellar barium sulfate was synthesized through direct combination of Ba2+ and SO4

2− in an aqueous solution containing sodium
dodecyl benzene sulfonate (SDBS). Agglomerate barium sulfate nanotubes were obtained by the reaction of Ba2+ and CaSO4 in the SDBS aque-
ous solution. Preparation of regular single barium sulfate nanotubes was achieved by the controlled hydrolysis of dimethyl sulfate in an aqueous
solution containing Ba2+ and SDBS. As revealed by transmission electron microscopy characterization, the tube wall thickness was 7–8 nm, and
the inner diameter was about 6 nm. When such mesostructured barium sulfate was loaded with VOSO4 and sulfuric acid (100%), it performed
excellently in catalyzing oxidative conversion of methane to methanol using molecular oxygen. The conversion proceeded at a relatively lower
temperature (under 250 ◦C) than over general solid catalysts, and the selectivity to methanol remained high when methane conversion increased
to an acceptable level. When the reaction proceeded stably, the one-pass conversion of methane was about 30%, and the selectivity to methanol
could reach 50%.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The development of mesostructured inorganic materials has
been widely considered one of the most promising areas in re-
cent years. These materials have expected applications in many
fields, including catalysis, coatings, membranes, and electron-
ics. A vast body of knowledge of synthesis and physical and
chemical properties has been accumulated and thoroughly re-
viewed [1–3]. Mesostructure build-up of a wide variety of
inorganic materials, including metal sulfides, nitrides, oxides,
phosphates, and polyoxometalates, has been attempted [4–10].
Generally, the self-assembly mechanism of structure-directing
agents is used for the evolution of mesophases. The properties
of structure-directing agents may have a significant effect on the
alignment and patterning of the resultant mesophases. Surfac-
tants are the most commonly used structure-directing agents.
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Rapid progress in the synthesis of mesostructured materials
has demonstrated the possibility of preparing mesostructured
sulfates through the surfactant-templating route [11–13]. Such
inorganics have two impressive properties that could stimu-
late extensive exploration of their mesostructure building and
related application in catalysis [14]: they are thermally stable
and chemically inert in many extreme conditions, and have at-
tractive potential in the organization of mesostructures and the
possibility of combining properties of different components in a
unique composite material. To the best of our knowledge, there
have been no detailed reports on the synthesis of mesostruc-
tured sulfates and related applications in catalysis.

In a recent communication [15], we reported the excellent
performance of barium sulfate nanotube arrays in supporting
sulfates for low-temperature methane activation. In the present
work, we present detailed information on the preparation of
three types of mesostructured barium sulfate (lamellar, agglom-
erate nanotube, and single nanotube) under various preparation
conditions.
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http://dx.doi.org/10.1016/j.jcat.2006.01.029


F. Li, G. Yuan / Journal of Catalysis 239 (2006) 282–289 283
Scheme 1. Schematic illustration of the catalyst particles diluted by fine inert glass beads (100 mesh).
2. Experimental

2.1. Synthesis of mesostructured barium sulfate

The surfactant-templating synthesis was used to develop
such mesostructured materials. Anionic surfactant (SDBS) was
the organic structure-directing agent. Barium sulfate was gener-
ated by three different methods: (1) direct combination of Ba2+
and SO4

2− in aqueous solution, (2) reaction between CaSO4
and Ba2+ in aqueous solution, and (3) controlled hydrolysis of
dimethyl sulfate in the presence of Ba2+ in aqueous solution.

Lamellar barium sulfate was synthesized through direct
combination of Ba2+ and SO4

2− in aqueous solution contain-
ing SDBS. The SDBS (0.025 mol) was dissolved in 150 mL
of deionized water in a 500-mL, three-necked, round-bottomed
flask containing a magnetic stirring bar and fitted with an ad-
ditional funnel and condenser. BaCl2 (0.036 mol) dissolved
in 50 mL of water was added to the solution dropwise under
vigorous stirring. The solution became hazy. After 30 min of
stirring, the solution was heated to reflux, then 50 mL of 0.7 M
Na2SO4 aqueous solution was added dropwise over 90 min un-
der vigorous stirring. After every several drops, the addition
was momentarily stopped, to allow the block precipitate to ho-
mogenize. After all of the Na2SO4 was added, the reaction
mixture was kept at reflux for 24 h, cooled to room tempera-
ture, and stored for several days. The solution was filtered to
collect the solid material. The surfactant molecules in the re-
sulting material were twice extracted by a 50-mL mixture of
ethanol and diethyl ether (V/V = 2:1) and a 50-mL mixture of
concentrated HCl and ethanol (V/V = 1/5). Finally, hot acetone
was used to extract the fresh sample for 3 h or longer, to remove
the remaining surfactant molecules.

Agglomerate barium sulfate nanotubes were synthesized by
the reaction between Ba2+ and CaSO4 in aqueous solution.
Then 0.03 mol anhydrous CaSO4, 125 mL of aqueous solu-
tion containing SDBS (0.025 mol), and BaCl2 (0.04 mol) were
sealed in a 250-mL stainless steel autoclave and heated to
135 ◦C. The reaction continued for 8 h. The resulting mixture
was cooled to room temperature and stored for several days.
The solid materials were collected by filtration, and the surfac-
tant molecules were removed as in the preceding method.

Single barium sulfate nanotubes were synthesized by con-
trolled hydrolysis of dimethyl sulfate in aqueous solution con-
taining Ba2+ and SDBS. The 0.025 mol SDBS was dissolved
in 100 mL of deionized water and placed into a 500-mL three-
necked, round-bottomed flask. Then 50 mL of 0.7 M Ba2+
aqueous solution was added dropwise. When the solution be-
came hazy, 7 mL of pure dimethyl sulfate was added; the reac-
tion mixture was kept at 80–85 ◦C under vigorous stirring for
36 h, then cooled to room temperature and stored for several
days. The solid material was collected and purified as in the
foregoing methods.

2.2. Preparation of the catalyst for methane oxidation and
catalytic activity measurement

Well-developed BaSO4 nanotubes were used to support
VOSO4 and concentrated sulfuric acid for oxidation of methane
to methanol. VOSO4 was introduced by impregnating the fresh
nanotubes in VOSO4 aqueous solution, followed by drying in
vacuum at room temperature. Before the catalyst test, the fresh
sample was doped with concentrated sulfuric acid (100–103%),
which was prepared by bubbling SO3 into 98% H2SO4. In this
case, the solubility of sulfate in concentrated sulfuric acid could
be neglected because the amount of sulfuric acid used was just
sufficient to dope the solid catalyst. Methane oxidation was
conducted in a conventional fixed-bed reactor. The acidified
sample was mixed with glass beads (100 mesh) of the same
volume and packed in a conventional fixed bed reactor (Ti al-
loy, � 0.8 cm × 30 cm). The catalyst particles were diluted
by fine inert glass beads, as shown schematically in Scheme 1.
The dead volume was filled with glass wool. Argon was used
as a carrier gas. Argon, oxygen, and methane flows were con-
trolled by mass flow control. The reactor column was heated in
an electronic tube furnace with three independent heating units
(1 cm × 10 cm) controlled by temperature-program controllers
(sensitivity ±0.5 ◦C). The product analysis was performed on
a DB5 column (30 m × 0.25 mm) using a VG Trio200 with
a thermal conductivity detector (TCD) or mass spectrometry
(MS) detector. He was used as the carrier gas. The column tem-
perature increased from 60 to 300 ◦C at a rate of 10 ◦C/min and
maintained at 60 ◦C for 2 min. The working temperature of the
TCD was 180 ◦C, and the ion source temperature of the MS
detector was 200 ◦C. Conversion and selectivity are defined as

%conversion ≡ [CH4]inlet − [CH4]outlet

[CH4]inlet
× 100

and

%selectivity to methanol ≡ [CH3OH]
[CH4]inlet − [CH4]outlet

× 100.

2.3. Characterization of the as-synthesized materials

X-ray photoelectron spectroscopy (XPS) was used to deter-
mined the surface atomic ratio of V(IV) to Ba2+. The XPS
measurement was carried on an ESCALab200I-XL (VG Sci-
ence) spectrometer using Al-Kα X-radiation at 15 kV × 20 mA,
equipped with a hemispherical electron analyzer. All XPS peak
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Fig. 1. Lamellar barium sulfates synthesized through direct combination of Ba2+ and SO4
2− in SDBS aqueous solution. (a) Depicts the lamellar architectures with

lower magnification and (b) and (c) present closer views of the lamellar structures.
positions were calibrated by the binding energy of C1s at
284.6 eV as reference. Eclipse V2.1 data analysis software sup-
plied by the manufacturer was used for manipulation of the
acquired spectra. The XPS intensity ratio of the signals from
the metal elements of the sulfates and the support (In+

M /I 2+
Ba )

reflects the dispersion of the sulfates over the support. Good
dispersion leads to a high intensity ratio (In+

M /I 2+
Ba ). The final

value was in the range of 0.1–0.16. Transmission electron mi-
croscopy (TEM) is the main characterization tool in this work.
It gives clear images of microstructures of the as-synthesized
sample and reliable information about the nanoarchitecture
building under various preparation conditions. Porosity prop-
erties of the regular barium sulfate nanotubes are characterized
by N2 adsorption analysis conducted on a Quantachrome Au-
tosorb Automated Gas Sorption System.

3. Results and discussion

3.1. Preparation of mesostructured barium sulfate

Lamellar barium sulfates were obtained by rapid precipita-
tion of barium sulfate through the direct combination of Ba2+
and SO4

2− in SDBS aqueous solution. Fig. 1 shows the lamel-
lar microstructures of the as-synthesized sample. Fig. 1a de-
picts the lamellar architectures with lower magnification, and
Figs. 1b and 1c present closer views of the lamellar structures.
From these TEM images, different layers of the given local
region could be distinguished; the gaps between layers are uni-
form. However, such micro architectures are in a very low-order
state, and when the surfactant molecules are removed, the re-
maining solid structures are unstable. In aqueous solution, if
surfactant molecules (SDBS) direct the buildup of mesophases,
then spherical or cylindrical micelles, or even higher-order
phases, may be formed through self-assembly [16]. In this case,
rapid precipitation of barium sulfate from the aqueous solution
makes the structure-directing agents (SDBS) ineffective. The
assembly of SDBS anions over the fresh barium sulfate precip-
itate and the subsequent gradual fusion of such little chips lead
to the final lamellar microstructures.
Tubular barium sulfate is obtained through the self-assembly
mechanism of SDBS. There are two sources of barium sul-
fate: reaction between CaSO4 and Ba2+ in aqueous solution
and controlled hydrolysis of dimethyl sulfate in the presence
of Ba2+. In aqueous solution, there is a marked difference be-
tween the solubility product constants of CaSO4 and BaSO4.
BaSO4 is less soluble in water than CaSO4 (KBaSO4/KCaSO4 is
about 0.44 × 10−5 at 25 ◦C). In the presence of Ba2+, the dis-
solution equilibrium of CaSO4 in aqueous solution is broken.
The sulfates are precipitated with Ba2+ to form more insoluble
BaSO4 and CaSO4 dissolved continuously to maintain the dis-
solution equilibrium. The TEM images of the as-synthesized
sample are shown in Fig. 2. Visually, such microarchitectures
could be considered agglomerate nanotubes. Significantly, it
can be established here that controlling the precipitation rate
and model of barium sulfate can facilitate the generation of
high-order microarchitectures. Controlled precipitation of bar-
ium sulfate through reaction between Ba2+ and CaSO4 is not a
very efficient process for controlling generation of barium sul-
fate, but it improves the regularity of the final microarchitecture,
based on a comparison of Figs. 1 and 2.

Synthesis of regular barium sulfate nanotubes (BSNT) was
achieved by SDBS templating hydrolysis of dimethyl sulfate
in the presence of Ba2+ in aqueous solution. Fig. 3 shows
TEM images of such well-prepared single barium sulfate nan-
otubes. Fig. 3a shows a single barium nanotube and Fig. 3b
is the TEM image of several folded nanotubes. It is demon-
strated that the resulting microstructure is well organized as
cubic tubular structures with a hollow center. The outer diam-
eter is about 20 nm, the tube wall thickness is 7–8 nm, and
the inner diameter is about 4–7 nm. Nitrogen sorption analy-
ses were carried out to characterize the porosity properties. The
isotherm of the resultant materials is very similar to a type IV
isotherm. There is a steep slope at high relative partial pressure
and a hysteresis loop (Fig. 4). The isotherm and adsorption–
desorption curve are typical for mesoporous materials. A BET
surface area of about 42 m2/g was calculated for the resul-
tant materials. The pore size distribution curve obtained by the
DH method shows that the pore size is mainly in the range of
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Fig. 2. Tubular barium sulfate obtained through the reaction between CaSO4 and Ba2+ in SDBS aqueous solution.

Fig. 3. TEM images of such well-prepared barium sulfate nanotubes. (a) Shows a single barium nanotube and (b) is the image of several folded nanotubes.
Fig. 4. N2 adsorption isotherm at −195.65 ◦C and BET plot (the left insert) and
pore size distribution (the right insert) for barium sulfate nanotubes.

4–7 nm, confirming the information on nanotube size obtained
from the TEM images. The total pore volume is 0.087 cc/g
(P/P0 = 0.99378). The lamellar and agglomerate tubular bar-
ium sulfates have very low surface areas (lamellar, 2.3 m2/g;
agglomerate tubular, 6.7 m2/g) and poor porosity properties.

The growth mechanism of barium sulfate nanotubes may
involve two main steps: the generation of barium sulfate and
the organization of the nanostructure directed by the surfac-
tant templates. In our experimental observation, the resulting
nanostructure of the as-synthesized materials has a subtle re-
lationship to the hydrolysis of dimethyl sulfate, which leads
directly to the generation of barium sulfate. A schematic illus-
tration of the possible hydrolysis process of dimethyl sulfate
is shown in Fig. 5. Because dimethyl sulfate is not soluble in
aqueous solution, the hydrolysis may occur at the interface be-
tween the two phases. SDBS, which had been added to the
BaCl2 aqueous solution before dimethyl sulfate, could facil-
itate the high dispersion of dimethyl sulfate. As a result, it
may self-assemble to form a membrane over the interface be-
tween the dimethyl sulfate phase and the aqueous phase, and
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dimethyl sulfate molecules can diffuse across it. Dimethyl sul-
fate molecules in the aqueous phase are hydrolyzed to release
sulfate, after which barium sulfate is generated and precipitated
on the hydrophilic side of the surfactant membrane. The hy-
drolysis of dimethyl sulfate depicted above can be understood
as a controlled sulfate-release process, which may be the rate-
determining step for the generation of barium sulfate. Fig. 6
shows the TEM images of tubular structures built at the incip-
ient state of mesophase patterning from a sample obtained in
a highly dilute barium chloride aqueous solution. As proposed

Fig. 5. Schematic illustration of the growth of barium sulfate nanotubes.
above, barium sulfate was generated and precipitated on the hy-
drophilic side of the column formed by the self-assembly of
surfactant molecules. Such a mechanism governs the organiza-
tion of tubular barium sulfate nanostructures.

Many factors affect the resulting nanostructure, including
surfactant concentration, surfactant chain length, synthesis tem-
perature, barium sulfate source, and postsynthesis treatment.
The effects of the barium sulfate source have been discussed
in the foregoing paragraphs. Another important parameter is
the postsynthesis treatment—surfactant removal. In our experi-
ments, the surfactant molecules in the resultant composite solid
were removed though a liquid solvent extraction method. Com-
pared with calcination, this is a milder process and may min-
imize structural damage. Fig. 7 shows TEM images of the
sample derived from the same precursors as shown in Fig. 3,
but with the surfactant molecules removed by calcination at
450 ◦C for 6 h in air, not by liquid solvent extraction. Single
barium nanotubes can also be obtained (Fig. 7a) under such
calcination in air, but structural damage is very significant. As
revealed in Fig. 7b, there is a strong possibility that large-scale
Fig. 6. TEM images of tubular structures formed in the incipient state of mesophase patterning.

Fig. 7. TEM images of the sample derived from the same precursors as shown in Fig. 3, but the surfactant molecules were removed by calcination at 450 ◦C for 6 h
in air.
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Fig. 8. (a) Is the TEM image of barium sulfate nanotubes impregnated with VOSO4; (b) is the TEM image of the used catalyst.
microstructure collapse of the sample occurs during the calci-
nation process.

3.2. Oxidation of methane to methanol

As discussed above, barium sulfate has great potential in
catalysis applications because of two impressive properties.
Here, well-defined BSNTs were used to support VOSO4 and
concentrated sulfuric acid for the low-temperature oxidation of
methane to methanol. Compared with BSNTs, lamellar and ag-
glomerate tubular barium sulfate have very low surface areas
and poor thermal stability and thus are not suitable catalyst sup-
ports. The fresh BSNTs were impregnated in VOSO4 aqueous
solution, followed by drying in vacuum at room temperature.
Fig. 8a shows the dispersion state of the introduced VOSO4.
The BSNTs in the array are all loaded with VOSO4. The newly
impregnated VOSO4 layer can be visually distinguished from
the original tube wall of the BSNTs. Before the catalytic activ-
ity test, a minimum amount of concentrated sulfuric acid was
used to dope the catalyst sample.

Table 1 lists the results of the catalytic activity test. Con-
trol experiments were conducted over VOSO4/BaSO4, blank
BaSO4 nanotubes, and acidified BaSO4 nanotubes under the
same reaction conditions as acidified VOSO4/BaSO4. Blank
BaSO4 nanotubes showed no activity for the oxidation of
methane. VOSO4/BaSO4 and acidified BaSO4 had minimal
methane conversion. The main oxidation products are CO2 and
CO for VOSO4/BaSO4, and methanol and formaldehyde for
acidified BaSO4. Acidified VOSO4/BaSO4 showed relatively
high one-pass methane conversion (about 30%). Increasing re-
action temperature brought a marked increase in methane con-
version, whereas the selectivity to methanol fluctuated in a
narrow range of 50–60%, with no sharp decrease observed.
Methanol and formaldehyde are the intermediate products of
methane oxidation from methane to carbon dioxide when oxy-
gen molecules are used as an oxidant over solid-state catalysts.
The selectivity of intermediate products of any consecutive re-
action always increases markedly with decreasing conversion
[17–22]. But in our experimental observation, the selectivity
to methanol slightly increased with increasing methane conver-
sion due to reaction temperature elevation. There is a strong
possibility that methanol has evolved through a different mech-
anism than the partial oxidation over general solid catalysts
using dioxygen. A mechanistic issue arising here is the role of
concentrated sulfuric acid doping.

Before discussing this issue, we first need to elucidate how
the experimental data were obtained from the FBR test. In the
Table 1
Experimental results of catalytic methane oxidation activity measurement

Catalysts Reaction temperature
(◦C)

CH4 conversiona

(%)
Selectivitya (%) Carbon balanceb

(%)CH3OH CH2O CO CO2

BaSO4 220 0 0 0 0 0 100
VOSO4/BaSO4 220 1.8 1.7 2.3 17.9 79.1 100
H2SO4/BaSO4 220 2.6 59 10.7 14 14.3 100
H2SO4/VOSO4/BaSO4 220 30.9 57.5 5.6 13.6 19.9 98.9
H2SO4/VOSO4/BaSO4 200 27 57 5.2 14.3 20.5 99.1
H2SO4/VOSO4/BaSO4 180 16 52 8.8 15.2 21 99.5

Note. Reaction conditions: 5 g catalysts were mixed with glass beads (100 mesh) of the same volume and packed in a conventional fixed bed reactor. The test was
carried out under atmosphere pressure. Argon was used carrier gas (PCH4/PO2 = 2.0, PCH4 = 20 kPa, flow rate = 20 mL/min).

a The reported catalytic activity data were determined after 80 min on the stream. The activity fluctuated markedly in the first 80 min. In the following test periods
from 80 to 200 min, the activity fluctuation was negligible.

b The level of carbon balance is defined as ([carbon containing molecules]outlet/[CH4]inlet) × 100.
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catalyst column, the catalyst particles were diluted by fine inert
glass beads (100 mesh) (Scheme 1) to decouple the hydrody-
namics and kinetics of the reactor. The fine dilution particles
determine the hydrodynamic performance, and the catalyst par-
ticles dictate the kinetic behavior. This bed dilution was also ap-
plied here to obtain a sufficient bed length, which can increase
the contact time between the reactant flow and the catalyst parti-
cles, thereby reducing the space velocity [23]. In many previous
studies on partial methane oxidation over solid catalysts at high
temperature [22], high space velocity was applied to increase
the selectivity to methanol; however, high space velocity and
short contact time led to very low methane conversion. In this
work, high methane conversion was achieved by maintaining
the space velocity at a low and acceptable level, but the selec-
tivity to methanol was >50%. This novelty may be due mainly
to concentrated sulfuric acid doped over the sulfate surface. As
shown in Table 1, the test results without H2SO4 doping were
very poor. BaSO4 and VOSO4 are soluble in hot concentrated
sulfuric acid. Under methane oxidation temperature, the doped
H2SO4 can dissolve the surface sulfate species, and H2SO4
films containing BaSO4 and VOSO4 are formed. Fig. 8b shows
a TEM image of the catalyst after the activity test. Compared
with Fig. 8a, here the solution of BaSO4 and VOSO4 causes fu-
sion of the tubular structures. The H2SO4 films are the active
sites for methane partial oxidation.

From a certain angle, methane oxidation over acidified
VOSO4/BaSO4 can be considered a heterogenized version
of the experiments in liquid sulfuric acid. Many high-yield
systems for the conversion of methane to methyl derivatives
have been operated in liquid sulfuric acid at low temperature
[24–35]. Under strong acidic conditions, VO2+ can be con-
verted to the more powerful oxidizing agent VO2

+ by dioxy-
gen [E0 = 1.0 V VO2

+/VO2+; E0 = 0.337 V VO2+/V3+;
E0 = 0.17 V SO4
2−/H2SO3; E0 = 1.22 V O2(g)/H2O]. In sul-

furic acid containing VO2
+, methane can be oxidized to form

methyl bisulfate, which has antioxidant properties [26]. This
compound can be readily hydrolyzed to methanol; the catalytic
cycle is shown in Scheme 2. For homogeneous systems, it is
difficult to separate the products from strong acid media. But
in this heterogenized process, methanol can be readily sepa-
rated from the thin H2SO4 films through mass transfer process
between the bulk flow and the solid catalyst surface. This in-
direct methane oxidation via antioxidative methyl bisulfate at
low temperature makes the conversion process show higher se-
lectivity to methanol than other processes over solid catalysts
at high temperature (above 500 ◦C). As shown in the catalytic
cycle, methanol is the final product; thus, methane conversion
can increase without reducing methanol selectivity. The low
reaction temperature could reduce the possibility of further
methanol oxidation. This also increases the apparent selectivity
to methanol. Barium sulfate dissolved in H2SO4 film is another
promoting factor for methane oxidation. Barium sulfate doped
with H2SO4 showed 2.6% methane conversion and 59% se-
lectivity to methanol. Recent studies [27,36] showed that the
cations of Group IIA can catalyze functionalization of methane
in liquid sulfuric acid solution. Here Ba2+ in the H2SO4 film

Scheme 2. Proposed methanol formation catalytic cycles. X = OSO3H.
Fig. 9. The time-on-stream data of acidified VOSO4/BaSO4. Reaction conditions: 5 g catalysts were mixed with glass beads (100 mesh) of the same volume and
packed in a conventional fixed bed reactor. The test was carried out under atmosphere pressure. Argon was used carrier gas (PCH4/PO2 = 2.0, PCH4 = 20 kPa, flow
rate = 20 mL/min). (1) The methane conversion and (!) the selectivity to methanol.
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shows some promoting effect on the oxidative methane conver-
sion.

Fig. 9 shows time-on-stream data for acidified VOSO4/
BaSO4. Its activity fluctuated markedly in the first 60 min.
In the subsequent test periods from 80 to 200 min, the activ-
ity fluctuation was negligible, and the one-pass conversion of
methane was around 30%. The selectivity to methanol from
80 to 200 min was mainly in the range of 50–60%. After the
reaction ran for 300 min, the catalyst showed a propensity to
deactivation. At 480 min, the one-pass methane conversion de-
creased to about 16%, and the selectivity to methanol decreased
to about 35%. This propensity toward deactivation may be due
to two physicochemical processes: (1) the gradual fusion of
tubular structures resulting from the dissolution of sulfates in
hot H2SO4 films, and (2) the redispersion of H2SO4 in the re-
actor column, that is, the gradual wetting of inert glass beads.
The gradual fusion of tubular structures during the activity test-
ing, which has been clearly demonstrated by the TEM images
of the used catalyst (Fig. 8b), could lead to gradual loss of cat-
alytic surface area and cause catalyst deactivation. With the
mass transfer in the catalyst column, the doped H2SO4 could
be transported to coat the inert glass beads used as the bed dilu-
tion agents. This would cause the loss of the surface active sites
that are the hot H2SO4 films containing VOSO4 and BaSO4.

4. Conclusion

This work studied three synthesis routes for developing
mesostructured barium sulfate. The three routes used three dif-
ferent sources of barium sulfate, but all used SDBS as the
structure-directing agent. When barium sulfate was precipitated
by direct combination of Ba2+ and sulfate in aqueous solution,
lamellar structures were developed. When barium sulfate was
generated by the reaction between CaSO4 and Ba2+ in aque-
ous solution, the resultant materials showed a certain amount
of regularity in mesostructure organization. BSNTs were finally
obtained through controlled hydrolysis of dimethyl sulfate in
the presence of Ba2+ in aqueous solution. The resultant bar-
ium nanotubes have a regular tubular structure, with a tube
wall thickness of 7–8 nm and an inner diameter of about 6 nm.
Such well-prepared mesostructured barium sulfate has great po-
tential for applications in catalysis. It performed excellently
in supporting VOSO4 and concentrated sulfuric acid for low-
temperature oxidation conversion of methane to methanol. The
one-pass conversion of methane was about 30%, and the se-
lectivity to methanol could reach 50% when the reaction was
stable.

Such a heterogenized version of activating methane under
strong acidic conditions has many advantages over common
solid catalysts for methane oxidation. The conversion proceeds
at relatively lower temperatures (under 250 ◦C), and a high se-
lectivity to methanol can be maintained when methane conver-
sion increases to practicable levels. Although numerous related
issues require further investigation, such a methane activation
process provides useful information in the development of a di-
rect methane-to-methanol process on a large scale.
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