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Catalytic performance of Mo/HZSM5 and Ru-Mo/HZSM5 catalysts prepared by vaporization-deposition of molybdenum trioxide
and impregnationwith ammoniumheptamolybdatewas analyzed in terms of catalyst activity and selectivity, nitrogen physisorption
analyses, temperature-programmed oxidation of carbonaceous residues, and temperature-programmed reduction. Vaporization-
deposition rendered the catalyst more selective to ethylene and coke than the catalyst prepared by impregnation. This result was
assigned to lower interaction of molybdenum carbide with the zeolite acidic sites.

1. Introduction

Catalytic methane dehydroaromatization is a potential alter-
native to methane steam reforming to produce hydrogen. It
is also an alternative for production of valuable aromatics
from oil-associated gases that are usually flared. Since its first
report in 1993 [1], however, methane dehydroaromatization
continues to be a challenge from both scientific (nature of
catalyst active sites) and industrial (catalyst activity and
stability) points of view [1–9]. The most promising catalyst
is Mo/HZSM5 [1, 10–13]. Dehydroaromatization of methane
on Mo-zeolite catalysts has been proposed to follow an
initial induction period during which Mo is reduced to
molybdenum carbide (MoCx). Methane activation occurs on
MoCx which leads to the formation of ethylene and hydrogen.
Ethylene then reacts on the zeolite acidic sites to formaromat-
ics [14, 15]. The acid sites and channel structure of the zeolite
and the state and location of Mo species are fundamental
factors for good catalytic performance [16].

A number of different preparation methods and incor-
poration of different promoters have been reported [10,
17, 18]. In particular, Weckhuysen et al. [10] reported that
the incorporation of molybdenum onto the HZSM5 zeolite

by impregnation produced a catalyst that displayed higher
activity and shorter initial induction period than solid state
ion-exchanged materials. Tessonnier et al. [19] reported that
catalysts prepared by direct vaporization-reaction of MoO

3

displayed increased activity and limited deactivation. Reports
also indicate that incorporation of rutheniumonMo/HZSM5
catalysts improves catalyst performance [17, 20, 21].

The work reported here shows a comparison of the cat-
alytic performance of Mo/HZSM5 and Ru-Mo/HZSM5 cata-
lysts prepared by impregnation and vaporization-deposition
and the results are interpreted in terms of catalyst character-
ization analyses.

2. Experimental

2.1. Catalyst Preparation. Four catalyst samples were pre-
pared and labeled as follows: MV and RMV for Mo/HZSM5
and Ru-Mo/HZSM5 samples prepared by vaporization-dep-
osition of MoO

3
and MI and RMI for Mo/HZSM5 and

Ru-Mo/HZSM5 samples prepared by impregnation with
(NH
4
)
6
Mo
7
O
24
⋅4H
2
O. Materials and reagents used were

HZSM5 zeolite (Si/Al = 15, CBV3020E, Zeolyst Internation-
al, PA), MoO

3
(99.95%, Alfa Aesar), (NH

4
)
6
Mo
7
O
24
⋅4H
2
O
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(99.98%, Sigma-Aldrich), and RuCl
3
(99.98%, Sigma-Al-

drich).
For the two samples prepared by vaporization-deposition

ofMoO
3
, driedMoO

3
, measured to contain a finalMo load of

4.0 wt%, was added to a small amount of nanopure water in
a beaker. For the sample containing Ru (RMV), dried RuCl

3
,

measured to contain a final Ru load of 0.5 wt%,was also added
to the beaker. Next, the content of the beaker was sonicated
until complete dispersion. After that, dried HZSM5 zeolite
was added to the beaker to obtain a paste. This mixture was
dried overnight at room temperature and then for 2 hours at
100∘C. The solid obtained was crushed and calcined under
flowing air (UHP, Norco Inc., ID) in a straight quartz tube
reactor placed in a split furnace (Mellen). The temperature
was increased from room temperature to 700∘C in 2 hours
and maintained at 700∘C for 30 minutes. Finally, the powder
obtained was crushed, pressed, and sieved to obtain particles
in the 40–60 mesh range.

For preparing MI and RMI, (NH
4
)
6
Mo
7
O
24
⋅4H
2
O was

dissolved (along with dried RuCl
3
for the case of RMI) in

a minimal amount of water and added to the dried zeolite.
Next, the impregnated material was dried, calcined, crushed,
and sieved as for the case of MV and RMV.

For comparison, a blank sample was prepared using only
zeolite that was mixed with similar amount of water as used
for the actual catalyst samples, dried, and calcined at 700∘C
for 30 minutes.

2.2. Catalyst Reaction Studies. Reaction studies were per-
formed in a U-tube quartz reactor heated by an electric
furnace (Carbolite) as shown in Figure 1. Only one exper-
iment was performed at each reaction condition. Catalyst
samples in the 40–60 mesh range were loaded in the reactor
and a mixture of 20 sccm CH

4
(Scott Specialty Gases, Inc.,

PA) and 50 sccm N
2
(UHP, Norco Inc., ID) was flowed

through the catalyst bed at a total gas hourly space velocity
of 8,400 sccm/(gram catalyst × hour). The catalyst bed tem-
perature was ramped at 10∘C/min to reaction temperature
(i.e., either 600 or 700∘C) and then maintained at reaction
temperature for 6 hours. The gaseous stream exiting the
reactor was analyzed by gas chromatography on an SRI
Multiple Gas Analyzer #2 GC equipped with an MS13X
packed column and a TCD detector and a 60MXT1 capillary
column and FID detector. The lines between the reactor and
the GC inlet were heat-traced and maintained at 120∘C.

After 6 hours of reaction time, the flow of CH
4
was

stopped.The catalyst bed was maintained at reaction temper-
ature for an additional hour under flowing nitrogen and then
allowed to cool down to room temperature.The spent catalyst
sample was recovered for further analyses.

2.3. Catalyst Characterization. Nitrogen physisorption iso-
therms at liquid nitrogen temperatures were measured on a
Quantachrome Autosorb 1-C instrument. Samples were out-
gassed at 105∘C for four hours prior to the analysis. Isotherms
points in the P/P

0
= 0.05–0.10 range were used to calculate

the BET. surface area (SA) [22]. Micropore volume (MPV)
was estimated by the 𝑡-method [23].

1

2

3

3

44

4

5

5

6

6

7

8

9

10
11

12

13

14

TC

Figure 1: Outline of the experimental setup (not to scale). (1)
Methane, (2) nitrogen, (3) on-off valve, (4) pressure relief valve, (5)
mass-flow controller, (6) one-way check valve, (7) switching valve,
(8) furnace, (9) reactor, (10) inert material as preheating bed, (11)
catalyst, (12) thermocouple, (13) gas chromatograph, and (14) vent
to laboratory hood.

Temperature-programmed reduction (TPR) analyseswere
performed on a Pyris/Diamond TG/DTA thermogravimetric
analyzer under 100 sccm of flowing mixture of 5% v/v hydro-
gen in helium (certified, Norco Inc., Idaho). About 12.5mg
of sample was loaded in the thermogravimetric analyzer pan,
dried at 100∘C for 30min, and heated at 15∘C/min from 100
to 900∘C. The derivative of the weight change with time as a
function of sample temperature was used to report the TPR
profiles. The curves are displayed offset for clarity.

Temperature-programmed oxidation (TPO) of coke de-
posited on spent catalyst samples was performed in a similar
manner as the TPR analyses. The only two differences were
the use of flowing air (hydrocarbon free, Norco Inc., Idaho)
instead of the hydrogen/heliummixture and heating to 700∘C
instead of 900∘C. Weight differences between 100 and 700∘C
were measured directly and corrected for the weight increase
expected for oxidation of Mo and Ru in the samples.

3. Results and Discussion

Reaction testing experiments showed formation of hydro-
gen, ethylene, propylene, benzene, toluene, and xylenes. A
summary of hydrocarbon apparent production rates at 3 h
and 6 h TOS is shown in Figure 2. A wealth of informa-
tion becomes apparent from this figure: (i) for any given
catalyst, higher reaction rates were obtained at the higher
temperature as expected, (ii) catalysts prepared by impreg-
nation showed higher activity, with total production rates
approximately three to six times higher than catalysts pre-
pared by vaporization-deposition, (iii) catalysts prepared by
impregnation showed higher selectivity to aromatics (lower
selectivity to ethylene) in comparison to catalysts prepared
by vaporization deposition, (iv) all catalysts were deactivated,
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Table 1: Nitrogen physisorption results.

Samples Fresh Spent at 600∘C Spent at 700∘C
SA [m2/g] MPV [cc/g] SA [m2/g] MPV [cc/g] SA [m2/g] MPV [cc/g]

Original zeolite 403 0.12
MV 197 0.05 203 0.05 199 0.05
MI 327 0.10 290 0.08 275 0.08
RMV 175 0.05 194 0.05 161 0.04
RMI 221 0.06 252 0.07 227 0.06

MV MV MI MI MV MV MI MI RMV RMV RMI RMI RMV RMV RMI RMI
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Figure 2: Summary of hydrocarbon instantaneous apparent production rates. Catalysts, reaction temperatures, and times on stream as
indicated.

and (v) ethylene production rateswere less affected by catalyst
deactivation than aromatics production rates.

Nitrogen physisorption analyses are shown in Table 1.
The original zeolite sample had a BET surface area (SA) of
403m2/g and micropore volume (MPV) of 0.12 cc/g. Once
the Mo or Ru + Mo components were added, the porosity
of the samples became lower. Lower SA and MPV after
incorporation of Mo have been reported previously [24].
This decrease in porosity was more marked in the case of
vaporization-deposition than in the case of impregnation. For
a given preparation method, the sample that contained Ru
showed a more marked decrease in porosity as well. This
change is indicating that Mo- and Ru-containing species
blocked a fraction of zeolite microporosity. Table 1 also shows
that the porosity of the samples did not change much due to
use.

The presence of carbonaceous residues on the spent sam-
ples was studied by TPO using a thermogravimetric analy-
zer. The curves obtained are shown in Figure 3. This figure
shows that the oxidation of carbonaceous residues produced
TPO peaks around 425 and 468∘C for samples used at
600 and 700∘C, respectively. MI and RMI samples used at
700∘C showed tails at temperatures higher than 500∘C. For
the particular case of MI, temperatures higher than 600∘C
were required to complete the oxidation of carbonaceous
residues.

From TPO weight differences between 100 and 700∘C,
the total amount of carbonaceous residues may be estimated.
However, TPO conditions were expected to oxidize not only
carbonaceous residues but also the carbided molybdenum
usually proposed as the active Mo species [25, 26] and the
ruthenium component. In other words, weight reductions
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Figure 3: Temperature-programmed oxidation of carbonaceous
residues on (a) MV 600∘C, (b) RMV 600∘C, (c) MI 600∘C, (d) RMI
600∘C, (e) MV 700∘C, (f) RMV 700∘C, (g) MI 700∘C, and (h) RMI
700∘C.

are expected from the oxidation of carbonaceous residues,
but weight increases are expected from the oxidation of
carbided molybdenum or ruthenium. In fact, sample MV
produced weight gains around 366 and 427∘C, respectively
(see Figure 3, curves a and e). These weight gains may be
related to the aforementioned oxidation of carbided molyb-
denum. Considering that the samples in this study contained
4wt% of Mo, which becomes Mo

2
C in the early stages of

the reaction experiment and produces MoO
3
in the TPO

analysis, the percent weight increase expected in the TPO
analysis would be 1.7 wt%. Similarly, for samples RMV and
RMI, which also contain 0.5 wt% Ru in addition to 4wt%
Mo, the expected weight increase would be 1.9 wt%. Then, to
estimate the total amount of carbonaceous residues shown in
Table 2, the total weight change between 100 and 700∘C was
adjusted by 1.7 wt% in MV andMI samples and by 1.9 wt% in
RMV and RMI samples.

Table 2 shows that spent samples contained carbonaceous
deposits ranging from 2.5 to 6.0 wt% and that higher amounts
were found in catalysts used at the higher temperature and
in catalysts prepared by impregnation. The fact that spent
samples had surface areas similar to fresh ones is indicating
that pore blockage was not the main cause for catalyst
deactivation. Therefore, the most likely reason was coverage
of active sites by carbonaceous residues.

The experimental protocol applied in this work did not
allow for continuous measurement of carbonaceous residue
deposition. Thus, Figure 2 is not showing the production
of carbonaceous residues. However, once the total amount
of carbonaceous residues is known from TPO analyses, it
can be compared with the total (integrated) amount of
products exiting the reactor. Figure 4 was constructed for
this purpose. For this figure, the integrated amounts of
hydrocarbon products exiting the reactor (i.e., ethylene,
propylene, benzene, toluene, and xylenes) were calculated by
integrating, over the six hours that the experiments lasted,
using instantaneous production rates calculated from GC

Table 2: Carbonaceous residues measured by TPO.

Sample MV MI RMV RMI
Spent at (∘C) 600 700 600 700 600 700 600 700
Carbon deposits [wt%] 2.5 3.3 3.7 5.5 2.7 4.1 3.8 6.0

Table 3: Weight loss within the 300–900∘C range during tempera-
ture-programmed reduction.

Sample MV RMV MI RMI
Weight loss (wt%) 1.2 1.4 0.9 1.3

analyses at different times on stream. Carbonaceous residues
were assumed to consist of elemental carbon. Figure 4(a)
shows that, from an integrated point of view, the catalysts
containing Ru were more active. Figure 4(b) shows that the
selectivity to hydrocarbon products exiting the reactor was
higher (i) on catalysts prepared by impregnation, (ii) on
catalysts containing Ru, and (iii) at 700∘C than at 600∘C.
Figure 4 also shows that only between 24% (case of MV at
600∘C) and 72% (case of RMI at 700∘C) of the methane
converted was transformed into hydrocarbon products that
exited the reactor.

Temperature-programmed reduction curves are shown
in Figure 5 and reduction weight losses are listed in Table 3.
The weight loss within the 100–300∘C temperature range in
Figure 5 is assigned to water desorption. Sample MV (curve
b) showed weight losses assigned to reduction phenomena
starting around 600∘C with relatively well-defined peaks at
670 and 765∘C. Sample RMV (curve c) showed reduction
starting around 365∘C and peaks around 407, 615, and 790∘C.
Sample MI (curve d) showed reduction starting around
500∘C, a peak at 645∘C, and a less defined region at higher
temperatures where reduction was still occurring. Finally,
sample RMI (curve e) showed reduction starting around
310∘C that continued at higher temperatures with less defined
peaks at 500 and 735∘C.

The reduction of supported MoO
3
species has been pro-

posed to occur in two steps, that is, MoO
3
→ MoO

2
and

MoO
2
→Mo [27].The temperatures at which the two reduc-

tion steps occur give an indication of molybdenum disper-
sion. Higher reduction temperatures have been associated
with largermolybdenumparticles. In addition, broader peaks
have been associated with stronger interaction with the
support [27]. From Figure 5, it is apparent that the samples
prepared by impregnation contained molybdenum more
highly dispersed than the samples prepared by vaporization.
Furthermore, one would expect weight losses of 2.0 wt%
or 2.1 wt% for complete reduction of Mo or Ru + Mo in
4wt% Mo/HZSM5 and 0.5 wt% Ru + 4wt% Mo/HZSM5
samples, respectively. Comparing these expected values to
the actual results shown in Table 3, it is clear that reduction
was not complete. The higher difference between expected
and measured weight losses was shown by samples pre-
pared by impregnation. More incomplete reduction has been
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Figure 4: Two views of integrated catalyst selectivity to hydrocarbons leaving the catalyst (white) and carbonaceous residues remaining on
the catalyst (black).

0.00

0.15

100 300 500 700 900

D
er

iv
at

iv
e w

ei
gh

t (
%

/m
in

) a

b

e

d

c

−0.15

−0.30

−0.45

−0.60

−0.75

Temperature (∘C)

Figure 5: Temperature-programmed reduction of fresh (a) blank
zeolite sample, (b) MV, (c) RMV, (d) MI, and (e) RMI samples.

associated with stronger interaction between Mo particles
and supports [27]. Results in Table 3 also show that higher
weight losses, associated withmore complete reduction, were
produced in the presence of Ru. This result is in agreement
with a previous report on the promoting effect of Ru on Mo
reduction [16].

Ding and coworkers [28] have shown that higher selec-
tivities to desired aromatics are related to active Mo species
residing in the internal channels of the zeolite structurewhere
spatial constraints inhibit chain-growth mechanisms that
lead to carbon deposition.Therefore, the higher selectivity to
aromatics displayed by the samples prepared by impregnation
is an indication of a higher accessibility of the primary prod-
uct (ethylene) to the acidic sites. However, this higher accessi-
bility to acidic sites is not a consequence of higher surface area
since sample RMI had a surface area only 12% higher than
sample MV, whereas both activity and aromatics selectivity

of the former were much higher. The better performance is
likely a consequence of molybdenum being more dispersed
and closer to acidic sites as TPR data suggest. With respect
to the samples prepared by vaporization-deposition, their
higher selectivity to carbon along with the lower interaction
of Mo with acid sites found by TPR suggests that they may
have contained an important fraction of MoCx residing on
the external surface of the catalyst.

4. Conclusions

Methane dehydroaromatization catalyst selectivity was stud-
ied on Mo/HZSM5 and Ru-Mo/HZSM5 catalyst samples
prepared by two different methods: vaporization-deposition
of MoO

3
and impregnation with ammonium heptamolyb-

date. Vaporization-deposition rendered the catalyst more
selective to ethylene and coke than the catalyst prepared
by impregnation. This result is assigned to the formation
of larger, more difficult to migrate into the zeolite chan-
nels, molybdenum oxide clusters when the vaporization-
deposition method was applied. An important fraction of
these clusters may have remained on the external surface
of the zeolite and away from internal acid sites. Once those
clusters were carbided, they became the active sites for
methane activation and production of intermediate ethylene-
like fragments but were located too far from the internal
zeolite acid sites for subsequent reactions. The eventual
result was higher selectivity to coke and ethylene and less
selectivity to desirable aromatic products. On the other hand,
the ammonium heptamolybdate precursor likely produced
smaller MoO

3
clusters which migrated more easily into the

zeolite channels during sample calcination. In this case, the
ethylene-like fragments had a higher opportunity to react and
produce desirable aromatics. Addition of ruthenium to the
catalyst favored molybdenum dispersion and increased total
product yields in both cases.
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