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Abstract

The conversion oh-C4H19 was undertaken on MoffHZSM-5 catalyst at 773—-973 K and the phases of molybdenum
species were detected by XRD. The XRD results show that bulk M@©OHZSM-5 can be readily reduced lbyCsH1o
to MoO, at 773K and Mo@ can be gradually carburized to molybdenum carbide above 813 K. The molybdenum carbide
formed from the carburization of MoQwith n-C4H1o below 893 K isat-MoC; . with fce-structure, while hcp-molybdenum
carbide formed above 933 K. During the evolution of Ma® MoO;, (>773 K) or the carburization of Mog£to molybdenum
carbide (>813 K), deep oxidation, cracking and coke deposition are serious, in particular at higher reaction temperatures, these
lead to the poor selectivity to aromatics. AromatizatiomeZsH1o can proceed catalytically on both MG/HZSM-5 and
MoO,/HZSM-5, the distribution of the products for the two catalysts is similar below 813 K, but the activity ffC M@ SM-5
is much higher than that for MoZHZSM-5. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction reactions can be catalysed effectively by bifunctional
catalysts with acid sites and dehydrogenation sites.
Butane is one of the important building blocks Zeolites containing 10-membered-ring, e.g. ZSM-5,
for many chemicals, its catalytic upgrading has been ZSM-22 and MCM-22, are often chosen as the acidic
extensively studied, e.g. dehydrogenation to butylene materials due to their good resistance to coke deac-
or butadiene [1-5], isomerization tebutane [6-10], tivation. Noble metals are one of the most efficient
dehydro-isomerization by one-step tobutylene dehydrogenation components for the upgrading of
[11-17], aromatization [18-22], etc. Most of these n-C4H1o.
Since the 1970s, the similarities in the properties
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be able to catalyse the upgrading 0fCsH1p. In
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perature for 24 h, followed by a drying at 393K for

the present work, we selected the aromatization of 12h and a calcination at 773K in air for another 6 h.

n-C4H10 as the model reaction.
For the aromatization of-C4H19, many compo-

The sample of Mo@HZSM-5 was pressed, crushed
and sieved into granules with the size of 425-600

nents supported on HZSM-5 have been tested, e.g. Pt,before the reaction test.

Mo, Cr, Cu, V, Ni, Ga, In, Zn, etc. [18-22,30-37]. The
preferred catalysts are Zn/HZSM-5 and Ga/HZSM-5,
while the active component, Zn or Ga, can be lost
during the reaction [37]. As a solution, Ga or Zn
is inserted into the framework of HZSM-5, but this

The catalytic performance of Mo/HZSM-5 was
tested in a fixed bed micro-reactor comprising af a
13mm x 3mm stainless steel tube containing 0.5g
of catalyst. The reactants, 10% (viW)CsH10 (99%,
BOC) balanced by He (99.99%, BOC), flowed through

leads to the decrease in the activity. It is reported that the reactor with a rate of 7.5ml/min controlled by

H-Ga (or Zn, Ge)-ZSM-5 [38-41] modified by Pt
gives optimal results despite thaC4sH10 is seriously
cracked on Pt/HZSM-5 [22,41].

The catalytic performance of Mo/HZSM-5 for the
aromatization ofn-C4Hjg is reported poor [30], but
some problems are noticed in the operation condi-

mass flow controllers (Brooks, The Netherlands). In
most cases, MogHZSM-5 was in situ pre-reduced
by H,. After this pre-treatment, the gas was switched
from H, to He and flushed through the reaction sys-
tem at lower temperature for enough time, then the
temperature of the reactor was increased to and kept at

tions: the catalyst was seldom pre-treated before the the reaction temperature for 0.5 h before the reactants
reaction, the reaction temperature was usually below were introduced into the reaction system.

823K and the total reaction time was short. When
n-C4H1o converted over supported M@Othe bulk
molybdenum species were mainly kept as MoO
under those conditions [42]. While it is suggested that
Mo,C/HZSM-5 is the active catalyst for the arom-
atization of CH [43,44] or GHs [45] although the
precursor is MO@HZSM-5. So, it is suspected that
Mo2C/HZSM-5 might be more effective for the arom-
atization of hydrocarbons than MeZSM-5 and
that the poor caburization of MaQs responsible for
the low aromatization performance of Mo/HZSM-5
as reported in the literature.

To prove this idea, the comparison of the catalytic
performance of Mo/HZSM-5 containing different

The analysed products were sampled on line by
six-way valves. @-Cs hydrocarbons were analysed
by a Varian 3400 CX GC equipped with a 30m
PLOT-AI>O3 capillary column, and other heavier hy-
drocarbons were analysed by a Varian 3400 with a
30m HP-1 capillary column. In the latter case, the
sampler was kept at 513 K, the tube between the out-
let of the reactor and the sampler was kept at 473 K.
H2, CO,, H20 and coke deposits were not analysed.
To calculate the carbon balance, the volume of the
effluent was measured by a wet gas flow meter. The
conversion oh-C4H10 and the selectivity to the prod-
ucts were expressed by C% and calculated based on
the number of hydrocarbons in the effluent analysed

molybdenum species is necessary. But the knowledgeby GC.

in this aspect in literatures is not enough. Thus, the
objectives of this work are to investigate the aroma-
tization performance of Mo/HZSM-5 with different
molybdenum phases and to explore the possibility to
upgraden-C4H10 using Mo/HZSM-5 catalysts.

2. Experimental

MoO3/HZSM-5 was prepared by incipient wetness
impregnation method. HZSM-5 (SiAI,0O3 = 80,
SeeT 425nt/g, CBV 8014G, Zeolyst Interna-
tional) was impregnated with the aqueous solution
of ammonia paramolybdenate (A. R.) at room tem-

The X-ray powder diffraction patterns of Mo/
HZSM-5 samples were obtained with a Siemens
D-5005 diffractometer 2 mode, Cu kx Radiation),
the scanning step was 0.014 he nature of the crys-
talline phases was checked using the XRD patterns
in literatures and the database of the Joint Committee
on Powder Diffraction Standards (JCPDS). When the
reduced or the carburized Mo/HZSM-5 were char-
acterised by XRD ex situ, the catalyst sample was
cooled rapidly down to room temperature in He flow
after the reaction and passivated by 1% of D) at
room temperature for 10-12 h. Then the sample was
taken out of the reactor quickly and characterised by
XRD immediately.



S Yuan et al./Journal of Molecular Catalysis A: Chemical 180 (2002) 245-258

3. Results

3.1. Effect of the pre-reduction of MoO3/HZSM-5
on the conversion of n-C4H1g

The relatively weak XRD signals ef-MoC;_, (to
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of molybdenum metal, the reduction temperature
was controlled in the range of 673-773K and the
ramp rate was 10K/min. The XRD pattern of the
pre-reduced sample is shown in Fig. 1. For the fresh
MoO3/HZSM-5 (Fig. 1b), the strong peaks witld at
23.2, 25.6, and 27°2are typical of MoQ, the charac-

be convenient, fcc-molybdenum carbide is labelled as teristic peaks of HZSM-5 at 23.0, 23.8, and 24a2e

a-MoCj_y in this paper, similarly, hcp-molybdenum
carbide is labelled a$-Mo2C) led us to choose
40wt.% Mo/HZSM-5 (40wt.% is for Mo) as the
catalyst in order to observe clearly the evolution of
the molybdenum phases during the conversion of
n-C4H1o [46]. The temperature, wher&G ., ion =
0, is 643K for the aromatization af-C4H1g in ther-
modynamics [47], but when the temperature was
below 773 K, the activity of the 40 wt.% Mo/HZSM-5
(SiOy/Al,03 = 80) catalyst was quite low. To
improve the activity, the reaction temperature could
be higher, while this would lead to the sublimation of
MoOj3 and the destruction of the framework of ZSM-5
by MoO;s [48]. Separate experiments prove that these
side effects are weak on pre-reduced M4¥.SM-5,
so the catalyst was pre-reduced by kit relatively
lower temperature before the reaction.
MoO3/HZSM-5 was reduced to MofHZSM-5
using H-TPR method. To avoid the formation

very weak, which is obviously due to the high load-
ing of MoO;s. After the pre-reduction (Fig. 1c), many
typical peaks of Mo@ disappear and the remained
MoOs3 peaks are weak, while the peaks due to MoO
(25.9, 36.9, 53.4, 60.3, 66.5, and 78.8tc.) are ob-
served. It is obvious that the bulk M@Qransforms
into MoO, during the pre-reduction.

The reaction results af-C4H10 on MoO3/HZSM-5
and pre-reduced Mo§lHZSM-5 at 773K are shown
in Fig. 2a and b. An induction period is observed in
both cases and the variation of product distribution is
similar. For the fresh Mo@IHZSM-5 (Fig. 2a), the
induction period is~80min. During the induction
period, the initial selectivities to CHand GHj4 are
32 and 24%, respectively, they both decrease quickly
with the reaction time, the selectivity to aromatics is as
low as 10% at the beginning while increased-t80%
in the end of the induction period. For the pre-reduced
MoO3/HZSM-5, the induction period is just about

Intensity (a. u.)
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Fig. 1. The XRD patterns of: (a) HZSM-5, (b) Ma®ZSM-5, (c) pre-reduced MogIHZSM-5.
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Fig. 2. The variation of product distribution with time on stream

during the conversion af-C4H1p at 773K on: (a) MOQ/HZSM-5,
(b) pre-reduced Mo@HZSM-5.

30 min, the initial selectivities to CHand GHj are

13 and 15%, respectively, while the selectivity to aro-
matics increases from 25 to 45% during the induction
period.

These demonstrate that the variation of the
selectivity to CH (or CoH4 and aromatics) with the
reaction time during the induction period (Fig. 2a and
b) is similar to the variation of the selectivity to GH
(or CoH4 and aromatics) caused by the pre-reduction
of MoOs3/HZSM-5 as shown by the initial selec-
tivities to the products in Fig. 2a and b. Because
the bulk molybdenum species of M@®IZSM-5
changes into Mog after the pre-reduction (Fig. 1)
and the bulk MoQ@ are hardly further carburized at
773K (cf. Fig. 6a), it is reasonable to conclude that
the change in MoQ of Mo/HZSM-5 during the in-
duction period is the reduction of MaOto MoO,
and that the variation of the product distribution is
partially related to the consumption of oxygen in
MoOs.

The rather low initial selectivity to aromatics for
MoO3/HZSM-5 and the increase in the selectivity
to aromatics with the reduction of MaQto MoO,
(Fig. 2a) indicate that the aromatization performance
of MoOz/HZSM-5 is poor and lower than that of
MoO,/HZSM-5. This could be explained by the pro-
duction of CQ from the deep oxidation afi-C4H1o,
as indicated by the consumption of oxygen and the
low carbon balance (50-70%, which is not shown
here) during the induction period, and the serious
cracking reaction as suggested by the decreased selec-
tivities to CHy, CoH4 and GHg with the consumption
of oxygen in the Mo/HZSM-5.

3.2. Conversion of n-C4H1 at different temperatures
on pre-reduced MoO3/HZSM-5

Fig. 3 presents the conversion nfC4H1o as the
function of temperature and time on stream. The ini-
tial conversion increases to 100% when the reaction
temperature rises from 773 up to 893 K. The initial
conversion in the case of 773 or 813K is relatively
higher, then decreased gradually to a stable value.
While for the case of 853 K, no stable conversion but
a maximum conversion is observed, the time for the
maximum conversion is at about 5 h at 853 K. The con-
version at 893K (or 933 and 973 K) reaches its max-
imum (~100%) at the starting point and keeps there
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Fig. 3. The variation of the conversion ofC4H; with time on stream over pre-reduced MgBZSM-5 at different reaction temperatures.

for a period of time, then the conversion decreases, the conversion changes little within the next 2 h. But

the higher the reaction temperature, the faster the the conversion oh-C4Hig is surprisingly increased

conversion decreases. from 40% at 170min to 60% at 300 min and then
For the reaction at 853 K, the variation of conver- decreases gradually again.

sion with reaction time is quite different. In the first The carbon balance of the reaction at different tem-

50 min, the conversion decreases from 57 to 40% and peratures is shown in Fig. 4. The figure discloses that

100

Carbon Balance (%)

1 | 1 1 1 1 " 1 ' 1 L 1

0 150 300 450 600 750 900
Time on Stream (min)

Fig. 4. The carbon balance during the conversiom-@sH1o over pre-reduced Mo§HZSM-5 at different reaction temperatures.
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the initial carbon balance is lower for the reaction (~42%) within 50 min and the selectivity to GH
temperatures above 813K but increases with the is simultaneously decreased from 100% to a stable
reaction time and reaches 70-85% at the late stage.minimum of ~25%.
The difference in the carbon balance of the reactionat The cases at 813K (Fig. 5a), 933K (Fig. 5d)
different temperatures mainly appears at the early and 973K (Fig. 5e), can be regarded as the special
stage, the starting carbon balance~i80% at 773K, cases of those at 853 and 893K, i.e. the variation of
while it decreases t6-50% at 813K, 40% at 853K, the product distribution at 813K is similar to that in
lower than 30% at 893 or 933 K. the first two stages at 853 or 893 K, the variation of
The variation of the product distribution in the the reaction at 933 or 973K is similar to the latter
effluent with temperature and time on stream is two stages at 853 or 893 K. But the periods of the first
shown in Figs. 2b and 5a-e. The hydrocarbon prod- two stages become shorter at higher reaction temper-
ucts in the gas phase are mainly £H>Hg, CoHa, ature (Fig. 5a—e), the rising reaction temperature also
CsHe, C3Hs, butylene and g-Cyo aromatics includ- leads to the increase in the selectivity to £Bnd
ing benzene, toluene, xylene and naphthalene. Thethe decrease in the selectivities to some other higher

selectivities toi-butane and € hydrocarbons are
lower than 5% in all cases, which are not shown in the
figures.

The variation of the product distribution in the
effluent at 853K (Fig. 5b) shows that there are at
least three stages. The first is in the first 90 min. The
initial selectivities to GHg, CHs and GHg are all
close to 25%. The selectivity tosE4 (or C;Hg and
aromatics) decreases with time, while the selectivity
to CH; reaches it maximum (28%) at 90 min, the

hydrocarbons as for the first two stages.

The XRD patterns of the catalysts after the
conversion of n-C4H1g at different temperatures
are shown in Fig. 6. After the reaction at 773K
for ~760 min (Fig. 6a), only the strong peaks due
to MoO, are observed, the rest peaks are ascribed
to ZSM-5.

For the Mo/HZSM-5 sample after the conversion of
n-C4Hjo at 853K (Fig. 6¢), no XRD peaks of MgO
are observed, the broad peaks at 36.8, 41.2, 61.6, and

selectivity to butylene also increases. The second is in 73.8 are due tax-MoCj_,. The peak at 36:8s much

the next 80 min, the selectivities to aromaticsHz
and GHg are stable, while the selectivity to buty-
lene is increased further to a maximum (15%). The
third period is from 170 to 300 min, the selectivities
to aromatics, @Hs and GHg rises up to 35, 13 and
12%, respectively, while the selectivities to butylene,
CHs and GHg decrease to~10, 15 and 15%, re-
spectively. When the reaction proceeds further, the
selectivity to aromatics is gradually decreased, which
is accompanied by a slow increase in the selectivity
to butylene, while the selectivity to the other products
is stable.

The variation of the product distribution of the
reaction at 893 K (Fig. 5c¢) is similar to that at 853 K,
but the product distribution changes a lot. The first
period is ~50min and the initial selectivities to
CHyg, CyHg, CoH4 and aromatics are 51, 2.5, 36 and
10.5%, respectively. In the second period, &0 to
~95min, CH, is the sole hydrocarbon product in the
gas. After 95 min, the selectivity tosEl4 (or CHg,
C3Hg and butylene) increases quickly from zero to its
stable maximum. While the selectivity to aromatics

higher than that at 41°2which might reflect the low
specific surface area of the formedMoCy_, [49].
Compare the XRD pattern of Fig. 6b to that of Fig. 6c,
the appearance of peaks at 41.3, 61.6 and°7#0
Fig. 6b suggests the formation afMoC;_, in the
case of 813 K.

The XRD pattern of the Mo/HZSM-5 sample after
the reaction at 893 K (Fig. 6d) is similar to that in the
case of 853K, but another small broad peak appears
at 34.3 in Fig. 6d. For the case at 933K (Fig. 6e),
the peak at 343becomes quite clear and the typi-
cal broad peak of&-MoC;_, at ~41° in Fig. 6d is
not observed but a broad peak appears at°39.8e
intensity of the peak at 3%3s a little weaker than
that of the peak at 37°0The XRD pattern of the sam-
ple treated byn-C4H1g at 973 K for 237 min (Fig. 6f)
is similar to that in Fig. 6e, the peaks at 34.3, 39.3,
61.6 and 74.4are all quite sharp and the intensity of
the peak at 393is stronger than that of the peak at
37.#. The three peaks withb2at 34.3, 37.3 and 395
are typical of3-Mo,C. Based on this assignment and
the comparison of the figures (Fig. 6d—;Mo,C

is gradually decreased after it reaches its maximum begins to be produced at 893 K. For the sample after
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Fig. 5. The variation of the product distribution with time on stream during the conversionGaHig at: (a) 813, (b) 853, (c) 893,
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the reaction at 933K, although the typical peak of
a-MoC;y_, at ~41° is not observed, the existence of
a-MoC;_, can not be excluded.

The peaks of HZSM-5 at 22.9, 23.8 and 244dte
observed in all the XRD patterns (Fig. 6a—f), which
indicates that the framework of ZSM-5 is stable in
the temperature range of 773—-973 K. Nevertheless, the
disappearance of the shoulder&3.1° in Fig. 6d and
e suggests that there might be some changes in the
morphology of ZSM-5 after the conversionmfC4H19
proceeded for enough time above 853 K [50]. Because
the doublets at-24.2 and~29 are weak and obscure,
it is assumed that orthorhombic ZSM-5 and mono-
clinic ZSM-5 coexist [50,51].

Fig. 7 gives the XRD patterns of the Mo/HZSM-5
samples for different time at 853 K. After the reaction
of n-C4H1o proceeds for 35min (Fig. 7a), the peaks
due to MoQ at 23.2 and 272(Fig. 1c) disappear
and only XRD peaks of Mo@ are observed. After
70min on stream (Fig. 7b), the bulk molybdenum
oxide is still maintained as Mo When the reaction
time is prolonged to 120 min (Fig. 7c), the peaks of
MoO, are still strong, but the peaks oF-MoCj_,
become distinct. After 238 min on stream (Fig. 7d
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Fig. 6. The XRD patterns of Mo/HZSM-5 samples after the conversion-6fH1 at: (a) 773K for 758 min, (b) 813K for 754 min,
(c) 853K for 922 min, (d) 893K for 693 min, (e) 933K for 352 min and (f) 973K for 237 min.
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Fig. 8. The XRD profiles of Mo/HZSM-5 samples during the conversiom-@;H1o at 973K for different reaction time.
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Table 1
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The conversion oh-C4H1g over pretreated 40 wt.%Mo/HZSM-5 at different conditions

773K

813K

Pre-reduced

Pre-carburized

Pre-reduced Pre-carburized

Conversion (%) 7.4 16.2

Product distribution (%)
CHy 6.1 6.6
CoHs 10.5 10.6
CoHa 9.5 10.5
CsHs 1.8 3.4
C3zHs 19.2 18.3
i-C4H10 15 3.6
CsHg 255 22.2
Cs 0.9 0.6
Aromatics 24.8 24.0

Aromatics distribution (%)
Benzene 36.0 42.8
Toluene 43.0 39.4
Cs+ 21.0 17.7

24.4 51.0
12.2 10.3
14.6 12.0

7.3 11.7

2.3 3.5
13.3 14.0

0.9 21
125 11.8
0.9 0.5
35.9 34.3

42.3 45.2
37.2 36.3
20.5 18.4

and e), all the peaks of molybdenum species are due to4. Discussion

a-MoCq_y.

Fig. 8 shows the XRD patterns of the Mo/HZSM-5
samples for different time at 973 K. When the reac-
tion proceeds only for 40 min (Fig. 8b), the peaks of
MoOs3 disappear and the peaks of Mgp@ecrease
dramatically. Moreover, the peaks @&-Mo,C are
observed and the intensity of the peak at 34.3 or39.3
is quite strong. After 73 min on stream (Fig. 8c and
d), the peaks of th@-Mo,C become stronger, which

4.1. Evolution of the molybdenum phases on
Mo/HZSM-5

The XRD results in Fig. 6 disclose that the car-
burization of the bulk Mo@ is difficult although
MoOs is readily reduced byn-C4H1g into MoO, at
773 K. Molybdenum carbide can be produced above
813K, a-MoC;_, and B-Mo,C co-exist between

is accompanied by the disappearance of the peaks 0f853 and 933K, while the bulk molybdenum species

MoO:s.

3.3. Catalytic performances of pre-reduced
MoO3/HZSM-5 and of pre-carburized MoOs/
sHZ3SM-5 for the conversion of n-butane

The catalytic performances of MeHZSM-5 and
of fresh M@C/HZSM-5 are compared and the results
are listed in Table 1, the procedure for the carburiza-
tion of MoO3/HZSM-5 is published elsewhere [46].

exist mainly asp-Mo,C at 973 K. The XRD results
in Figs. 7 and 8 further show that Me@oexists with
Mo,C before MoQ@ changes into MgC.

In the literature,a-MoC;y_, is usually prepared
from MoOz by Hy/C,H2,12-TPR method [25,26,
52,53]. MoQ transforms into MoQC,H, in
Ho/CyHzuq2 (x = 2) at 623K and MoQC,H,
will be further carburized toa-MoC;_, at high
temperatures. The whole process from Mo®@
a-MoCj_, is topotactic [54-57] and the formation
of MoO, C,H; is believed to be the key step to form

Whether the reaction takes place at 773 or 813K, the a-MoC1_, [57]. While the present results show that

distribution of the products for the two catalysts is
nearly the same, while the conversionme€4H10 for
the pre-carburized Mo/HZSM-5 is much higher than
that for the pre-reduced Mo/HZSM-5.

a-MoC;_, can be produced directly from the reac-
tion betweenn-C4H19 and MoQ/HZSM-5 through
MoO,/HZSM-5. Because the process from M9O

to MoO, is non-topotactic [53], the present results
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prove actually tha-MoC;_, and -Mo,C can be
both prepared from the carburization of Mg®y
hydrocarbons in a non-topotactic way. This conclu-
sion is also confirmed by the SEM results, which are
not shown here.

It should be pointed out that when unsupported
MoOQOs is treated withn-C4H109 by TPR method with
the ramp of 3K/min, in situ XRD results show that
MoO; is the sole bulk molybdenum species below
893K, noa-MoC;_, but B-Mo,C is observed when

255

The correlation of the variation of the product
distribution with the molybdenum phases at different
temperatures shows clearly that although the molyb-
denum loading on 40wt.% Mo/HZSM-5 is rather
high, the reaction results are still closely related to the
bulk molybdenum species. This relationship provides
us the base to infer the evolution of the bulk molyb-
denum species from the extrapolation of the selectiv-
ity to product versus reaction time curve during the
reaction at 893 or 933K, which was not extensively

the reaction temperature is further increased up to characterised by XRD. In detail, the time for the dis-
993 K. These results are different from the case of appearance of bulk MoQon 40 wt.% Mo/HZSM-5

40wt.% Mo/HZSM-5. It is unclear whether this is

should be at-170 min for the case at 853K (Fig. 5b),

due to the different temperature programs (the reac- ~90min for 893K (Fig. 5c),~80min for 933K

tion temperature is kept stationary at 853 or 973K
in the case of 40wt.%Mo/HZSM-5, while TPR is
used for the in situ characterization of unsupported
MoQ3) or HZSM-5 plays a role during the formation
of a-MoCjy_,. The effect of support on the structure
of molybdenum carbide prepared from the carburiza-
tion of MoOs by hydrocarbons was also reported in
literature [57].

4.2. Catalytic performance of Mo/HZSM-5 with
different molybdenum phases for the conversion of
n-C4H1o

For the case at 853K (Fig. 5b), the selectivities to

(Fig. 5d) and~50 min for 973K (Fig. 5e). The time
for MoO» to co-exist with MaC is between~100
and 170 min for 853K (Fig. 5b), 50 to 90 min for
893K (Fig. 5c¢), within the first 80 min for 933K
(Fig. 5d) and in the first 50 min for 973 K (Fig. 5e).
For the period when the bulk molybdenum species
are mainly MoQ, the bulk molybdenum species
changes little, the consumption of the oxygen in the
catalyst should be limited and so the amount of ,CO
in the products should also be small. Moreover, the
carbon balance (Fig. 4) is always lower than 100%.
These points hint that the decrease in the conversion
(Fig. 3) or the selectivity to aromatics (Figs. 2b, 5b,
c¢) with the reaction time might be caused by the coke

aromatics and some other products vary monotonously deposits. The stability of Mo®and the continuous

with the reaction time between 170 areBOO min.
The corresponding bulk molybdenum species on
Mo/HZSM-5 change into MgC at 240 min for 853 K
(Fig. 7d, e). After the reaction proceeds for 50 min
at 973K (Fig. 5e), the variation of the selectivity to
aromatics is similar to that between 170 and 300 min
at 853K, the bulk molybdenum species are molyb-
denum carbide (Fig. 8c and d). In the first 50 min at
973K, the distribution of the products in the effluent
changes little (100% ClJ, the XRD results show that
Mo,C coexists with Mo@. Similarly, for the case at
853K, when MeC and MoQ coexist between 100
and 170 min (Fig. 7b—e), the variation of the selectiv-

variation of the product distribution or the conversion
with time on stream suggest that MglBlZSM-5
could be the catalyst for the aromatizatiome€sH19
below 813K. But the selectivity to aromatics de-
creased quickly (e.g. the initial selectivity decreases
from 45% at 773K to 25% at 853 K) while the se-
lectivity to the cracking products (CHand GHs)
increases rapidly with temperature when the temper-
ature is higher than 813 K. The carbon balance in this
period also decreases with the rising reaction temper-
ature (Fig. 4). These demonstrate that cracking, coke
deposition and/or deep oxidation miC4H1g are seri-
ous, which are obviously originated from the instabil-

ities to aromatics and some other products changes aity of MoO, above 813 K. Thus, Mo&HZSM-5 is

little (Fig. 5b). This similarity is also observed after
the induction period in the case of 773K, the whole

case at 813K and in the first 70 min in the case at

not suitable to catalyse the aromatizatiometsH1g
above 813 K.
When MoQ coexists with MeC, the conversion

853K, the corresponding molybdenum phases on of n-C4Hio with time on stream is relatively stable

Mo/HZSM-5 are MoQ.

(Fig. ba—c). While the selectivities to GHand
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aromatics are 13% and 20-25% for 813K (Fig. 5b,
at the late stage), 20-30% and 20-25% for 853K
(Fig. 5¢), 100 and~0% for 893K (Fig. 5d), res-
pectively. Obviously, the selectivity to the complete
cracking product, Chi is high at high reaction temper-
ature. But the selectivity to CHdecreases when bulk
MoO; is carburized to MgC at 853K (between 90

S Yuan et al./Journal of Molecular Catalysis A: Chemical 180 (2002) 245-258

In fact, the Mo/HZSM-5 sample with lower molyb-
denum loading on which the molybdenum phases
detectable by XRD gives the same results. The unique
conversion versus reaction time curve at 853 K (Fig. 3)
was also observed on the Mo/HZSM-5 catalysts with
the molybdenum loading of 3-20wt.% when the
reaction took place at 813 K. Raman spectroscopy

and 170 min, Fig. 5¢). These suggest that the existenceproved that even for 3wt.%Mo/HZSM-5 (the sample

of oxygen in Mo/HZSM-5 and high reaction temper-
ature promote the cracking ofC4H1o. Because the
carburization of MoQ@ is the process for the reduction
of MoO, and the substitution of the oxygen in MpO
by carbon, so some other carbon must exist ag CO

is the mixture of Mo@ and HZSM-5), crystal Mo@
was still observed on the catalyst when the heating
temperature is lower than 823K [59]. The charac-
terization of Mo/HZSM-5 by XPS also showed that
there is a period for the reduction and carburization of

and/or coke deposits as evidenced by the low carbonthe molybdenum oxide when GH43] or C;Hg [45]
balance (Fig. 4) besides the hydrocarbon products aromatized over 2—4 wt.% Mo/HZSM-5. So although

when MoQ is transformed into molybdenum carbide.
Contrasted with the conversion af-C4H1p on
MoO,/HZSM-5 or (M@C + MoO2)/HZM-5, the
conversion ofn-C4H10 on Mo,C/HZSM-5 is quite
different. Although coke deposition is serious, as
evidenced by 70-80% of carbon balance (Fig. 4),
the reaction proceeds with 30—40% of selectivity to
aromatics at 773-973 K on MG/HZSM-5 (Figs. 2b
and 5b-e). Moreover, for the conversion BCsH19
on Mo,C/HZSM-5, the maximum selectivity to aro-
matics is 24% at 773K;~34% at 813K (Table 1),
33% at 853K and 45% at 893 or 973K (Fig. 5b—e).

the coke deposits and GOwere not detected, the
variation of the conversion versus reaction time curve
and/or the selectivity to aromatics versus reaction
time curve in this paper is also typical and can re-
flect the carburization process of Mg©f the MoQs/
HZSM-5 with molybdenum loading higher than
3wt.%.

5. Conclusions

During the conversion oh-C4H1g over MoGs/

These indicate that the higher reaction temperature is HZSM-5, MoGQ; transforms directly intax-MoCj_,

helpful to the aromatization reaction wherCsH1g
conversed on MgC/HZSM-5 (Fig. 3). This analysis
and the results in Table 1 lead us to the conclu-
sion that MeC/HZSM-5 is a better catalyst than
MoQO,/HZSM-5 or (MoQ, + Mo,C)/HZSM-5 for the
aromatization of-C4H1o.

It is noted that the maximum selectivity to aromat-
ics appears at300 min for the case at 853 K, 150 min
for 893K, 125 min for 933K and 125 min for 973K

or B-Mo,C through the intermediate of MgOThe
structure of the produced molybdenum carbide can be
controlled by the reaction conditions, the formation
of B-Mo2C requires a higher reaction temperature
(>893K).

The reduction and carburization of M@Qiluring
the conversion ofi-C4H1g over MoGs/HZSM-5 leads
to the formation of Mo/HZSM-5 with different molyb-
denum phases: MofIHZSM-5, MoQG/HZSM-5,

(Fig. 5b—e). The time is longer than the corresponding (MoO, + Mo02C)/HZSM-5 and M@C/HZSM-5.

time when bulk MoQ evolves into MeC. So there
might be some other factors affecting the production

of aromatics apart from the molybdenum species. Sim-

Aromatization ofn-C4H1o can take place on all these
samples, but the efficiency is different. Me@ read-
ily reduced byn-C4Hip to MoO,, while n-C4H19

ilar phenomena are observed in the aromatization of is simultaneously oxidised to GOand cracked to

CH, over Mo/HZSM-5 catalyst [58], it was suggested
that suitable amount of coke on MB/HZSM-5 is
favourable to the production of aromatics.

C1—C3 hydrocarbons. When the temperatures is
lower than 813K, the conversion atC4H1q for the
fresh M@C/HZSM-5 is much higher than that for

Last, it must be emphasized that the idea to magnify MoO2/HZSM-5 catalyst in spite of the similar prod-
the XRD signals of the molybdenum species led us to uct distribution. MoQ is unstable inn-C4H1o and

use 40 wt.% Mo/HZSM-5 as the sample in this work.

carburized into MeC above 813K, the carburization
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process is accompanied by the serious coke deposit,[19] M. Guisnet, N.S. Gnep, F. Alario, Appl. Catal. A 89 (1992) 1.

the deep oxidation and the cracking ofC4Hio.
Mo2C/HZSM-5 can well catalyse the aromatization
of n-C4H1p in the temperature range of 773-973K
although the catalyst deactivates quickly at high tem-
peratures. So, MAC/HZSM-5 has better aromatiza-
tion performance than MoffHZSM-5.
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