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Methane dehydroaromatization (DHA) over Mo/ZSM-5 catalysts
- a new perspective environmentally-friendly way to obtain both
valuable aromatics and hydrogen

6CH, = C,H; +9H, bifunctional catalyst

CH,
MoO, =>Mo,C (or MoO,C,)

2CH, => C,Hs => C,H, on formed Mo,C (or MoO,C,),

equilibrium CH, conversion to benzene under non-oxidative
conditions at 720°C is about 12%.




Methane dehydroaromatization (DHA) over Mo/ZSM-5 catalysts:
main questions

- What is the nanostructure and localization of the active
molybdenum species ?

- What is the nature of unwanted carbonaceous deposits
formed during the reaction and how to minimize their
formation ?

- Reaction mechanism

- How to make the DHA of methane a commercially applicable
process ?




Approach - systematic study of the state of Mo at all stages of
Mo/ZSM-5 preparation and catalytic cycle:

- selection of molybdenum precursor )
OQI
. . . . @, %
- preparation of impregnation solutions > .osf@,
VU
. . (o)
- catalyst after treatment in air at 110°C, 500°C and 700°C, K
\
- catalyst after pretreatment in Ar at 720°C &
%
%
: Ly
- catalyst after the CH, DHA reaction at 720°C > %o
2
%
- past reaction catalyst after treatment in O, at 600°C N

depending on Si/Al ratio in the parent H-ZSM-5 and on Mo content




Preparation of Mo/ZSM-5 catalysts

Method of incipient wetness impregnation of zeolite H-ZSM-5 by
solution of ammonium heptamolybdate ((NH,);Mo,0,,*4H,0, AHM)
at controlled value of solution pH

VARIATION of CONDITIONS

U U
Impregnation thermal treatment
e concentration of AHM solution e temperature
e pH of AHM solution e composition of medium
 Si/Al atomic ratio of (air, Ar)
H-ZSM-5 zeolite U
-

PHYSICO-CHEMICAL PROPERTIES and ACTIVITY of
Mo/ZSM-5 CATALYSTS




Investigation of Mo/ZSM-5 catalysts by group of methods
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Laboratory flow setup for CH, DHA
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Test conditions: load = 1.0 cm3(0.6 g); fraction = 0.25-0.5 mm

flow = 13.5 cm3/min;

GHSV =810 h!




Catalytic activity of Mo/ZSM-5 catalysts (Si/Al=17)
iIn DHA of methane: dependence on Mo content
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The maximum catalytic activity (CH, conversion ~ 14%) and
benzene formation selectivity (70%) were observed
for the samples with 2-5% Mo.




Composition of gaseous reaction products
(2% Mo/ZSM-5 catalyst (Si/Al=17))
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The benzene and hydrogen are main products.




Conversion, vol.%
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Catalytic activity of 2% Mo/ZSM-5 catalysts
iIn DHA of methane: dependence on Si/Al ratio
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The activity and selectivity increase

with Si/Al change from 45 to 17.

50 100 150 200 250 300 350 40(

Reaction Time, min.




Catalytic activity of 2% Mo/ZSM-5 catalyst (Si/Al=17)
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iIn DHA of methane: stability

OWI S A &2 8 10 19 14 16 18 91 99 9 t’. ’Ul 17 1T 71T T 717 717 77177
0 2 4 6 8 101214 16 18 20 22 24 0 5 10 15 20 25 30 35 40 45 50 55 60 6
Reaction Time, h Reaction Time, h
The catalyst performance The oxygen treatment with
is decreasing with time on following methane re-admission

methane stream.

leads to recovery of catalyst
performance.
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HRTEM (2% Mo/ZSM-5)

During the reaction, particles of -Mo,C
with sizes 2-15 nm are forming
on the ZSM-5 surface.

The surface of Mo,C particle is covered
by graphite layers with thickness of ~2 nm. ¢
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HRTEM (10% Mo/ZSM-5 , CH,/720°C/6h)

During the reaction, Mo-containing

clusters with sizes ~1 nm are
forming in the ZSM-5 channels.

a flat projection of zeolite crystal
grows with an increase of crystal
thickness, and these particles are

absent on the side projections

The particle number density on
of zeolite crystal.




HRTEM (2% Mo/ZSM-5, CH,/720°C)

During the reaction, carbonaceous
deposits are forming on the ZSM-5
surface in the form of friable
disordered layer with thickness

up to 3 nm.

The content of friable carbonaceous
deposits is increasing with time
on stream.




HRTEM (2% Mo/ZSM-5, 0,/520°C/2h)

The treatment of the Mo/ZSM-5 catalyst in oxygen stream at 520°C for 2 h
leads to formation of Mo-O-contained clusters on zeolite surface similar to
those in parent Mo/ZSM-5 catalysts.




DTA CxHy +(x+y/4)O, = xCO , + y/2H,0 (weight loss)

MO,C (204 gimol) + 4 O = 2 MOO3 (585 g/maiy + CO, (weight gain)
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For the 2 and 10% Mo/ZSM-5 catalysts and reaction duration between 0.5 and 6 h,

carbonaceous deposits in the catalysts with Si/Al = 17 are characterized by a

single maximum of the exothermal burn-out effect. The content of carbonaceous

deposits and extent of their condensation degree (C/H ratio) are increasing with

time-on-stream.
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The Mo-containing clusters localized in zeolite channels can

be the active centers for DHA of CH,.




Conclusions:

1. The maximum values of Mo/ZSM-5 catalytic activity (total CH, conversion
(14%) and C H formation selectivity (70%) are achieved at Mo content 2-5%
and are increasing upon the lowering of zeolite Si/Al ratio from 45 to 17.

2. Using the HRTEM it was shown, that during the reaction molybdenum carbide B-
Mo,C is formed on the ZSM-5 surface, and it is characterized by the lattice
parameters d,,, = 0.235 nm, d,,, = 0.26 nm and the particle size of 2-15 nm. It
was also demonstrated, that during the reaction Mo-containing clusters with
sizes ~ 1 nm are forming in the ZSM-5 channels.

3. In the course of reaction, the carbonaceous deposits are formed both on the
surface of Mo,C particles (in the form of graphite layers with lattice parameter
dyo, = 0.35 nm and thickness of approximately 2 nm) and on the zeolite surface
(in the form of friable disordered layer with thickness up to 3 nm).

4. The content of carbonaceous deposits and extent of their condensation (C/H
ratio) are increasing with time-on-stream.

5. The oxygen treatment with following methane re-admission leads to recovery of
catalyst performance.
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