Catalysis Letters Vol. 112, Nos. 3—4, December 2006 (© 2006 )
DOI: 10.1007/s10562-006-0209-5

239

Methane dehydrogenation and aromatization over 4 wt% Mn/HZSM-5
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Methane dehydrogenation and aromatization over

4 wt%

Mn/HZSM-5 in the absence of an oxidant

(GHSV = 1600 mL h™! g7!) was investigated. Mn/HZSM-5 was prepared by impregnation of HZSM-5 with manganese acetate
tetrahydrate solution; Mn3;Oy4 formed was the precursor of active phase for methane activation. The induction period over Mn/
HZSM-5 catalyst before aromatic products appear was long at 700 °C. This period shortened with a rise of the reaction
temperature to 800 °C. XPS and TPO results showed that the partly carburized or carburized Mn species formed are probably

responsible for methane activation.

KEY WORDS: methane aromatization; Mn/HZSM-5; active phase.

1. Introduction

In the past decade, researchers have been searching
for new effective catalysts for methane aromatization
other than Mo/HZSM-5. The catalytic performance of
Mo/MCM-22 catalyst was found to be comparable with
that of Mo/HZSM-5 [1]. Besides Mo, transition metal
ions (TMI), such as Fe, V, W and Cr, can also modify
HZSM-5 zeolite [2] for the selective conversion of
methane to C,-hydrocarbon and aromatic compounds,
although catalytic performances are usually lower than
that of Mo/HZSM-5 catalyst. Rather than the carbides,
the suboxides located on the external surface of zeolite
were proposed as the active phases of all the TMI-
modified HZSM-5 for methane activation. Zn/ZSM-5,
an active catalyst for paraffin aromatization was also
found to be active for methane activation [3]. In addi-
tion, Inui et al. [4] reported that methane could be
converted to aromatic compounds (benzene and tolu-
ene) over Pt/H-Ga-Silicates catalyst prepared by means
of rapid crystallization. Methane conversion of 4.2%
and an aromatics selectivity of over 90% were obtained
at 700 °C.

It was reported that manganese species exhibited
good performance in methane oxidative coupling reac-
tion [5]. It was also reported that MnO, supported on
silica and silica-alumina can catalyzed the transforma-
tion of methane to higher hydrocarbons in the absence
of oxygen, showing that manganese oxide can activate
methane [6]. Li er al. found that with Mn’" ion-
exchanged into HZSM-5, the performance of MoO;/
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MHZSM-5 for methane aromatization is enhanced by
the suppression of deactivation [7]. However, research
work on methane aromatization over Mn/HZSM-5 has
never been conducted. In this work, methane aromati-
zation over Mn-modified HZSM-5 in the absence of an
oxidant was studied to determine whether an active and
stable catalyst can be obtained. To elucidate the nature
of the active phase on the Mn/HZSM-5 catalyst the
catalyst was characterized by XPS and TPO and the
processes of catalyst activation was studied by TPSR.

2. Experimental
2.1. Catalyst preparation

The 4 wt% Mn/HZSM-5 catalyst was prepared by
impregnating HZSM-5 (SiO,/Al,03 = 50, Nankai
University, P. R. China) with the required amount of
manganese acetate tetrahydrate in aqueous solution at
room temperature for 30 h. The catalyst was then dried
at 120 °C for 6 h and calcined at 500 °C in air for 5 h.
The calcined sample was crushed and sieved to 2040
mesh for catalytic evaluation. The prepared catalysts
were examined by infrared spectroscopy and no dealu-
mination of the HZSM-5 was evident.

2.2. Catalyst evaluation

Catalytic reactions were carried out at atmospheric
pressure in a continuous fixed-bed quartz micro-reactor
(i.d. 4 mm) packed with 0.5 g catalyst. After the catalyst
was pretreated in helium (25 mL min~') at 700 °C for
30 min, pure methane was introduced into the reactor
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through a Brooks mass flow controller for reaction at
the required temperature. The reaction mixtures were
analyzed on-line by gas chromatography using a column
containing 5% Bentone 34 on Chromosorb W-AW for
the separation of aromatic products and a HayeSep D
column for the separation of CHy4, CO, CO», and other
light hydrocarbons. The reactor outlet pipeline and the
gas sampling valves were kept at a temperature above
160 °C for effective sampling of all the aromatic prod-
ucts. Methane conversion and carbon-containing prod-
uct selectivity were calculated on a carbon number basis.

2.3. Catalyst characterization

The decomposition of catalyst precursor was studied
using a Perkin Elmer TG6 thermogravimetric analyzer
and a Perkin Elmer DTA7 differential thermal analyzer.
An uncalcined Mn/HZSM-5 sample was prepared by
impregnating HZSM-5 with the required amount of
manganese acetate tetrahydrate in aqueous solution at
room temperature for 30 h and then dried at 50 °C. An
8 mg sample was used for the thermogravimtric analysis
(TG) and a 20 mg sample was for the differential ther-
mal analysis (DTA) experiment. The samples were
heated from 30 to 900 °C at a rate of 10 °C min~' in a
stream of air of flow rate 20 mL min™'. For comparison,
manganese acetate tetrahydrate (MTA) was also ana-
lyzed under the same condition.

XPS spectra were acquired with an ESCALAB MK-
II spectrometer (Al-Ko: 1486.6 eV, 15 mA and 15 kV).
The Si 2p line at 102.8 eV was taken as references for BE
calibration. The used sample was cooled to room tem-
perature quickly after reaction and kept in helium until
introduction into the spectrometer for measurements.

2.4. Temperature-programmed surface reaction

Temperature-programmed surface reaction (TPSR)
was carried out in a quartz tubular microreactor (i.d.
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4 mm) containing 80 mg of Mn/HZSM-5 sample, using
a HP G1800A mass spectrometer for product monitor-
ing. The sample was pretreated in helium by heating
from room temperature to 800 °C at a rate of 15 °C
min~!, held at that temperature for 10 min and then
cooled to room temperature. The gas was then switched
to a reactant stream of 10 vol% methane in helium and
the reactor then heated at the rate of 10 °C min~' from
room temperature to 800 °C. Methane and the evolved
products: CO, CO,, C,Hy4, and C¢Hg were continuously
monitored at m/e 16, 28, 44, 26, 78, respectively.

2.5. Temperature-programmed oxidation

The temperature-programmed oxidation (TPO)
investigation was conducted with Mn/HZSM-5 samples
(22 mg) which had been used for the methane aromati-
zation reaction for 6 h at different temperatures. A
sample was first heated at 120 °C for 30 min and then
cooled to room temperature in helium. It was then
heated in an O,/He mixture (8 vol% oxygen) from 40 to
800 °C at a rate of 8 °C min~'. The effluent from the
reactor was analyzed online by mass spectrometry with
an HP GI800A mass spectrometer.

3. Results and discussion
3.1. Thermal analysis

The DTA-TG profiles of the uncalcined 4 wt% Mn/
HZSM-5 and manganese acetate tetrahydrate (MTA)
are shown in figure 1. For MTA an initial endothermic
weight loss at around 100 °C, corresponding to the lost
of water of crystallization was observed. The manganese
acetate formed was stable up to 250 °C, at which a
drastic weight loss with two exothermic peaks was
observed. We deduce that the first exothermic process
was resulted from surface oxidation and the second
from bulk oxidation of manganese acetate. The weight
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Figure 1. DTA-TG profiles of manganese acetate tetrahydrate (MTA) and uncalcined 4 wt% Mn/HZSM-5: (a) MTA, TG; (b) MTA-DTA;
(c) uncalcined Mn/HZSM-5, DTA; (d) uncalcined Mn/HZSM-5, TG.
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loss is attributed to the formation of Mn304 from
manganese acetate since the observed weight lost of
39.3% is in close agreement with the predicted value of
39.5% for the process. A small exothermic peak with a
slight weight increase (1.5%) at around 600 °C was
associated with the transformation of Mn3;O4 to man-
ganic oxide. The reactions for these three stages are
shown in the following scheme:

Mn(CH;COO0), - 4H,0 %MH(CH3COO)2 280~350C

~600C
MIl3 04 — Mn203

Similar changes were observed over the uncalcined
4 wt% Mn/HZSM-5 sample except that the decompo-
sition temperature of manganese acetate was completed
below 300 °C. The shift in decomposition temperature
of manganese acetate in comparison to that of MAT is
possibly due to its dispersion as minute clusters on the
HZSM-5 crystals. The results of thermal analysis sug-
gest that at the calcination temperature of 500 °C, the
mangano-manganic oxide formed and is the precursor
of the active catalyst.

3.2. Methane aromatization over Mn/HZSM-5 catalyst

The catalytic performance of the 4 wt% Mn/HZSM-
5 as a function of reaction temperature (7}) at a reactant
flow of 1600 mL h™' g™' is summarized in table 1 and
figure 2. At T, = 700°C, the major gas phase products
in the first 60 min of reaction were CO, CO,, and H,O,
and a trace of C,-hydrocarbon (mainly ethane) pro-
duced via the oxidative coupling reaction of methane,
making use of the oxygen from the catalyst precursor.

Following this initial induction period, ethylene
became the main C,-hydrocarbon and aromatic com-
pounds appeared. The aromatic yield increased initially
with reaction time and reached a maximum of 1.9% at a
methane conversion of 2.1% after 2 h, followed by a
moderate decrease to a nearly constant level. After 6 h
on-stream, about 1.0% aromatic yield could be
obtained. At the same time, the C,-hydrocarbon yield
increased continuously with on-stream time. With a rise
in T, from 700 to 800 °C, the induction time shortened

and the maximum aromatics yield was observed at an
earlier reaction time. C,-hydrocarbon and aromatics
yields as well as C,H4/C,Hg ratio also increased with
increasing reaction temperature. At 7, = 800 °C and at
2 h on-stream time, 6.9% methane conversion, 6.3%
aromatics, and 0.6% C,-hydrocarbon yields were
observed; the C,H4/C,Hg ratio reached 5.3:1. However,
at the higher temperature, the activity of the Mn/
HZSM-5  catalyst became  unsustainable. At
T, = 750 °C, the aromatics yield decreased from 4.0%
at 2 h to 2.0% at 6 h while the C,-hydrocarbon yield
increased only marginally from 0.4% to 0.5% during the
same time period. At 7,= 800 °C, the catalyst deacti-
vated completely for aromatization reaction after ca.
4 h. Both the C,-hydrocarbon yield and the C,H4/C,Hg
ratio first increased and then drastically decreased. The
highest C,-hydrocarbon yield was ca. 1% after 4 h.

3.3. Temperature-programmed surface reaction,
and X-ray photoelectron spectroscopy

The result of the TPSR of 10% methane in helium
over Mn/HZSM-5 is shown in figure 3). Methane con-
sumption and CO,(CO and CO,) formation started at
ca. 580 °C and CO, evolution could be divided into
three stages: (i) from 580 to 750 °C, CO, was the main
carbon-containing products and three small peaks were
observed at 600 °C, 650 °C, and 700 °C; (ii) from 750-
800 °C, CO evolution became dominant while the evo-
lution of COs,slowed down; and (iii) after ca. 10 min
reduction at 800 °C, CO, production stopped com-
pletely. The evolution of ethylene and benzene started
and increased monotonically with the time of reaction.
At the same time CO evolution began to slow down. The
TPSR results suggest that the production of high
hydrocarbons must be preceded by the reduction of
mangano-manganic oxide.

The Mn 2p, O 1s, and C 1s spectra of the 4 wt% Mn/
HZSM-5 catalysts before and after reaction with pure
methane at 700 °C are shown in figure 4. Over the fresh
sample, the peak at 641.8 eV is consistent with the
expected binding energy (BE) of the Mn 2ps, electron
of Mn;Oy [5]. The O 1s spectra showed a strong peak at
532.4 eV and a small one at 530.2 eV. The former can be

Table 1
Methane aromatization over 4 wt% Mn/HZSM-5 catalyst at different temperatures in the absence of an oxidant

Reaction temperature CH, Conversion

Selectivity (mol%) Yield (mol%)

(°C) (mol%)

C,Hy C,Hg CeHg C;Hyg CoHg C, Aromatics
700 2.1 5.9 2.6 78.6 3.2 9.7 0.2 1.9
750 44 5.8 2.7 76.1 2.8 12.6 0.4 4.0
800 6.9 7.6 1.5 75.6 34 11.9 0.6 6.3

GHSV = 1600 mL h™"' g™! and data were recorded 2 h after the start of reaction.

Cy: GHy + GyHe
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Figure 2. The catalytic performance of 4 wt% Mn/HZSM-5 catalyst at different temperature as a function of on-stream time. GHSV =
1600 mL h™" ¢”', @ 700 °C, W 750 °C, A 800 °C.

assigned to oxygen atoms of HZSM-5 zeolite [8],
whereas the latter to Mn;Oy4 [5]. While it was reported
that the binding energy of Mn 2p; ), for different oxides
of manganese varied by only a very small value, making
it difficult to assign the oxidation state of Mn solely by
binding energy [9], Fujiwara et al. [10] pointed out that a
satellite peak with considerable intensity at a binding
energy of ca. 5 eV higher than the corresponding main
Mn 2p;,, peak might denote the existence of manganese
(II). In the used catalyst, a satellite peak at 647 eV
developed, suggesting that reduction of mangano-man-
ganic oxide to manganese (II) species possibly associated
to manganese monoxide occurred during the methane

aromatization reaction. In addition, the 530.2 eV O 1s
peak associated with manganese became very small and
the main Cls signal broadened slightly and shifted from
284.4 to 283.9 eV.

3.4. Temperature-programmed oxidation

TPO-MS data obtained over the used 4 wt% Mn/
HZSM-5 catalysts that had been used as catalyst at dif-
ferent temperatures (700-800 °C) are shown in figure 5.
Over the 700 °C-reacted sample, CO, production started
at about 310 °C, and four features were observed at 400,
480, 570, and 620 °C; the latter two were accompanied
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Figure 3. TPRS-MS profiles showing methane consumption and
product evolution over 4 wt% Mn/HZSM-5 catalyst. Heating rate:
10 °C min™".

with water production, showing that the carbon species
contained hydrogen. With T raised from 700 to 750 °C,
the amount of carbon oxidized at 400 °C decreased,
whereas that at 490 °C carbon increased. Meanwhile,
oxidation temperatures of the two hydrogenated cokes
shifted to 610 and 660 °C, respectively. At 7, = 800 °C,
three features were observed in the CO, production pro-
file: a shoulder at ca. 490 °C and two broad ones at 580
and 660 °C. Water peaks started at ca. 500 °C. Carbon
deposition on the catalyst surface increases with the
temperature of the methane aromatization reaction. The
amount of carbon burnt away as CO, from the 750 °C
and 800 °C reacted samples were 1.8 times and 3.5 times
respectively that over the 700 °C reacted sample.

The nature of the coke deposited on catalysts by the
methane aromatization reaction has been investigated
with different methods. Using The UV-Raman spec-
troscopy, Ma et al. [11] detected a band at 1606 cm ™
with a broad shoulder at ca. 1400 cm™' on Mo/HZSM-5
after reaction at 700 °C. These were assigned to the
C=C stretching mode from polyaromatic, substituted
aromatic or even graphite species and to the C-H

641.8 eV

Mn 2p

Satellite

670 665 660 655 650 645 640 635

530.2 eV

I (@)

s — (b)
538 536 534 532 530 528 526 524
Binding Energy (eV)

Figure 4. XPS spectra of 4 wt% Mn/HZSM catalysts: (a) before
reaction (b) after reaction at 700 °C for 4 h.

bending mode of these coke species respectively. The
absence of bands at about 3000 cm™' indicated that
there was no deposition of hydrogen-rich paraffinic coke
[11]. Likewise we assigned the slightly hydrogenated
cokes that burned off at 560 and 610 °C to polyaromatic
species at two kinds of Brensted acid sites [11]. In our
previous study on Mo/HZSM-5, the carbonaceous
depositions burned off at 490 °C without water could
not be hydrogenated in temperature-programmed
hydrogenation studies (TPH) [12] and was assigned to
carbide [13]. Comparing the TPO results of Mn/HZSM-
5 with those of Mo/HZSM-5, we deduce that on a used
Mn/HZSM-5, the unhydrogenated carbon species that
burnt off at around 400 and 480 °C is related to the
manganese oxy-carbide or carbide.

3.5. Active phase for methane activation

Based on results of XPS and '’C NMR studies,
Sexton et al. [14] reported that during methanol
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Figure 5. TPO-MS profiles of the products of oxidation of the
carbonaceous species deposited on the 4 wt% Mn/HZSM-5 catalysts
after 6h of reaction at different temperature. (a) 700 °C,
(b) 750 °C, (c) 800 °C.

conversion to aromatic compounds over ZSM-5, inter-
nal aromatic coke with a higher C 1s binding energy
(284.7 ¢V) predominated until the catalyst was essen-
tially deactivated; then external coke with a smaller C 1s
BE (284.3 ¢V) which was graphitic or composed of
highly condensed polyaromatics was formed. Solymosi
et al. [15] observed similar BE shift of C 1s to 283.7 eV
and broadening of the C 1s peak over Mo/HZSM-5
during methane aromatization and attributed this shift
to the mixture of carbon species including carbidic
carbon (283.3 ¢V), polymeric carbon (284.5 ¢V), and
amorphous/graphitic carbon (285.0 eV). Our reaction
results (figure 2) showed that at the reaction tempera-
ture of 800 °C, coke formation over Mn/HZSM-5 first
suppressed ethylene oligomerization and cyclization at
the acid sites that located mainly (>96%) inside the
zeolite channels [16, 17], resulting in an increase in
C,Hy/CoHg ratio and C,-hydrocarbon yield at the
expense of aromatics yield. Further coking on Mn sites
led to complete deactivation of the catalyst for methane
dehydrogenation and C,-hydrocarbon formation. The
relatively stable aromatics and C,-hydrocarbon yields
with time on-stream after the induction period at 700 °C
suggested that coke formation on Mn sites was not
severe at this temperature. Therefore, we argue that the
shift in the binding energy of surface C Is shown in
figure 4 was due to carburization of Mn;Oy4. At 700 °C
Mn carburization was not complete. Although the O 1s
signal associated with Mn was diminished, it was not
completely removed. We suggest that partially carbu-
rized Mn species, i.e. MnO,C, , with low carbon burnt
off temperatures was formed on 700 °C-reacted Mn/
HZSM-5 and was responsible for methane activation.
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Raising the reaction temperature to 800 °C could lead to
further carburization of the oxycarbide to carbide as
reflected in the rise in the carbon burnt-off temperature.
In the TPRS study, the formation of benzene was
observed to continue at an increasing rate even when
CO production started to diminish. If the drop in CO
production is taken to indicate the depletion of oxygen,
such depletion did not lower the rate of aromatic gen-
eration. This suggests that the carbide is also active and
the deposition of excessive inactive coke is probably the
cause of the eventual deactivation of the catalyst.

4. Conclusion

XPS and TPO results suggest the formation of car-
burized Mn species over the catalyst during the aro-
matization reaction. The carburized manganese is the
active phase for -catalytic methane aromatization
whereas the oxide precursor can only produce C,
hydrocarbons. The evolution of the manganese specie
over Mn/HZSM-5 during methane aromatization can be
represented in the following scheme:

CH, CO+H,0 CH,

C+H,

Inactive
Surface
Coke

Mn;O,

MnO,C, MnO,C,

Hence an induction period was required before aro-
matic products could be formed when Mn/HZSM-5
catalyst was prepared by impregnation of HZSM-5 with
manganese acetate tetrahydrate and then calcination at
500 °C, which produced Mn;0,4 supported on the zeo-
lite. The induction period can be shortened by raising
the reaction temperature from 700 to 800 °C but this
also hastened the complete deactivation of the catalyst.
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