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Paraffin, one of the major components of straight-run naphtha, is relatively inert compared with olefin,
which poses a difficulty for catalytic cracking of naphtha. The present study proposed introducing lattice
oxygen into previous HZSM-5 catalyst system to improve conversion and light olefin selectivity. Vana-

Keywords: dium oxide based catalyst was prepared separately as the lattice oxygen provider and then mixed with
Paraffin HZSM-5 catalyst for evaluation in a fixed-bed reactor using n-heptane as model compound. The results
?iéil:/lc;lse fins demonstrated that conversion of reactant increased from ~51% to ~59% by replacing 20% of HZSM-5 cat-
V,05/AL0; alyst with V205/A1203; depending.on.diff(.erent lqcati(?n (?f V205/A120.3 relative t.o.HZSM—S catalyst. in the
Lattice oxygen reactor, conversion and product distribution varied significantly, while the addition of pure alumina did
Activation not have such an effect. Besides, water was formed in liquid products accompanied by reduction of V°>*

during the reaction, as revealed by FT-IR and XRD results, respectively; the oxidized V°* seemed to have
greater capability in promoting conversion of n-heptane. Therefore, it was concluded that n-heptane
could be activated by lattice oxygen provided by oxidized vanadia before further cracking over acidic

sites in HZSM-5 catalyst.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The production of light oelfins, especially propylene, is of grow-
ing interest, for they are of great importance in petrochemical
industry. One of the important sources of them is fluid catalytic
cracking (FCC) process, and either special catalysts or technologies
[1-6] were investigated for increasing yields of the light olefins.
TMP [3] (two-stage riser FCC for maximization of propylene) pro-
cess was designed for maximizing propylene yield on FCC unit,
by recycling light gasoline fraction; it was found that paraffin of
light gasoline fraction can hardly be converted and remained in the
products [3,7,8].

What's more, current catalytic cracking of naphtha, which is
supposed to be desirable alternative to replace steam cracking tech-
nology in producing light alkenes, mostly ascribed to its advantages
in low energy consumption and favorable product distribution [9],
is also confronted with difficulty in paraffin transformation. There
is a contradiction between conversion level and product distribu-
tion under industrial operation condition [10]. In addition, cracking
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of paraffin usually lead to lower light alkene selectivity compared
with the cracking of olefin.

Paraffin, one of major constituents of light straight-run naph-
tha, is well known for its inertness, and methods were studied
to activate paraffin molecule, or increase reactivity of paraffin
reactant. It was reported that introduction of gas phase oxy-
gen would result in higher conversion and light olefins yield
compared with thermal cracking, and it maybe due to easiness
of C-H bond rupture activated by oxygen and the depression
of activation energy with oxygen participation [11]. However,
the presence of gas phase oxygen would easily lead to deep
oxidation reactions producing higher amounts of COx. The employ-
ment of lattice oxygen instead of molecule oxygen may probably
smooth the problem of total oxidation, for it is generally believed
that lattice oxygen is the active species for selective oxidation
[12]. Lépez Nieto et al. [13] and Busca [14] had suggested that
olefin, alkoxide or some other O-insertion species may form as
intermediates during oxidative dehydrogenation of light alka-
nes. Both olefin and O-containing compound are of relatively
easier cracking property, as we have confirmed in our previous
study.

Therefore, we intended to introduce catalyst containing lattice
oxygen into previous cracking system, in order to increase reactiv-
ity of paraffin in the present study. Vanadia-based catalysts were
employed as lattice oxygen supplier, for its wide application in
selective or partial oxidation reactions [15-21].
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2. Experiments
2.1. Catalyst preparation

In this work, alumina supported vanadia catalyst (V,05/Al;03)
and P/HZSM-5/Kaolin catalysts were prepared, separately, and the
two catalysts were physically mixed proportionately for test, in
order to avoid vanadia’s negative effects on zeolite.

The procedure for preparation of V,05/Al,05: vanadyl oxalate
solution was prepared by mixing vanadium pentoxide with exces-
sive amounts of oxalic acid, adding a given amount of deionized
water to make certain concentration of vanadyl oxalate solution.
V,05/Al;03 catalyst was obtained by impregnating y-Al, O3 with
the above solution, followed by drying at 120°C and calcination at
600 °C. Finally, the obtained sample was crushed and sieved to give
catalyst particle size of 0.088-0.200 mm.

P/HZSM-5/Kaolin catalyst was obtained by semi-synthetic
method using HZSM-5 (Si/Al=38) as the active components. The
sample was all undergone hydrothermal treatment at 780°C for
4 h with water flow rate of 0.6 ml/min before catalytic test to make
its performances close to equilibrium state.

2.2. Characterization results

TG-DTA analyses were performed on DTU-2A differential ther-
mal gravimetric analyzer. Typically, 30 mg catalyst was put on the
sample holder inside an aluminum crucible, using a-Al,03 as ref-
erence. The sample was submitted to a linear rise of temperature
from room temperature to 1000 °C, with heating rate of 10 °C/min.

Physical phase of the samples were determined by XRD tech-
nique on a Rigaku D/Max RB diffractometer using Cu Ka radiation,
and operated at 40 kV and 40 mA, with a scanning speed of 10°/min.

The specific surface area and pore structure property of sam-
ples were determined by N, adsorption—-desorption measurements
carried out at 77 K on Micromeritics accelerated surface area and
porosimetry analyzer (ASAP 2010).

The FT-IR spectra of organic liquid product were determined on
Nicolet Nexus Fourier transform instrument and recorded in the
range of 4000-400cm™1.

2.3. Catalytic test

The catalysts’ performances in cracking of n-heptane were mea-
sured under atmosphere pressure in a conventional fixed-bed
reactorat 570 °C. Catalysts with the particle size of 0.088-0.200 mm
of 5 g were loaded into a stainless steel reactor. The catalysts were
pre-purged by nitrogen gas to remove adsorbed water prior to
reaction; n-heptane of 0.78 g was introduced into the reactor by
nitrogen gas of 30 ml/min via switching six-way plug valve.

Influences of reaction time were also evaluated at similar con-
ditions, except that continuous reaction was adopted. The flow rate
of n-heptane was 2 ml/min.

The composition of gaseous products were analyzed by Var-
ian 3800 chromatography, with a TCD detector coupled with 5A
and 13X molecular sieve capillary column to analyze content of
hydrogen, nitrogen and carbon oxide, and a FID detector coupled
with an Al;03 PLOT capillary column to determine the composi-
tion of hydrocarbon. Analysis of organic liquid products was carried

Table 1
Texture property of catalysts.

100 F el
| 430
90
[ -—_ < 20
o 80 TG curves
st _ 10
g 7p Air atmosphére ] s
g , x 0o =
2 60k M g
= L -10 2
= 284.0° : =
%_.Q 50 -‘ 99 5°C 343.0°C 445.7°C 2 4 .20 5
= o 415.0°C P, sz
af 995°C DTA curves ™. ™d .30
30 - “d a0
20 1 1 " 1 n 1 " 1 n 1 " 1 n 1 " 1 " 1

— -50
0 100 200 300 400 500 600 700 800 900 1000

Temperature( "C)

Fig. 1. The TG-DTA plots of V,05/Al,05 precursor.

out at HP5890 chromatography with FID detector and PONA cap-
illary column by three-stage temperature programmed analyzing
method.

3. Results and discussion
3.1. Physicochemical properties of catalysts

V,05/Al,03 catalyst was prepared by impregnation with
vanadyl oxalate solution as stated in Section 2.1. As we have already
known, oxalic acid is a medium strong reducing agent and eas-
ily leads to reduction of V°* to V4* during the preparation of
V,05/Al,03 precursor. TG-DTA analysis of the catalyst precursor
under different atmospheres is shown in Fig. 1. It was observed
that there were three stages of weight loss on the TG curves, which
corresponded to different endothermic peaks on the DTA curves.
They could be attributed to dehydration of adsorbed water, decom-
position of excessive oxalic acid and VOC, 04, respectively. Overall,
weight loss of the precursor under air atmosphere was less than
that under nitrogen atmosphere, suggesting oxidization of V4* to
V°* in the presence of oxygen. DTA analysis had also been carried
out with the mixture of P/HZSM-5/Kaolin and V,05/Al,03 cata-
lyst particles under N, atmosphere, in order to find whether there
was any endothermic or exothermic peak that might be indica-
tive of phase transformation or solid-state interaction between the
two catalysts. The results (not shown) revealed that only a small
dehydration peak at ~100 °C was observed.

The specific surface area and pore structure property of -y-
alumina support, hydrothermally treated P/HZSM-5/Kaolin and
V;,05/Al, 03 catalyst are tabulated in Table 1. The BET surface area of
HZSM-5 catalyst obtained by N, physisorption at 77 K, was found
to be 211 m?/g with total pore volume of 0.26 cm3/g. Compared
with the alumina support, impregnation of vanadia led to signif-
icant decrease in surface area and pore volume, indicating that
penetration of surface vanadia species into the pores of alumina.

XRD patterns of 15 wt.% V,05/Al, O3 catalyst exhibited only the
lines of spinel phase of y-Al,03, as demonstrated by Fig. 2, indicat-
ing well dispersion of the vanadia on alumina support. Compared
with the support, intensity of the lines ascribed to alumina in

Catalyst Sger (M2/g) V pore (cm?/g) V micro (cm?/g) V meso (cm?/g)
P/HZSM-5/Kaolin 211.0 0.26 0.12 0.14
Al,03 167.0 0.28 - 0.28
15wt.% V,05/Al; 03 142.3 0.24 - 0.24
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Fig. 2. X-ray diffraction patterns of V,05/Al,03 catalysts.

the V,05/Al,03 catalyst decreased, and it suggested a decline in
crystallinity of alumina in the samples. In order to obtain infor-
mation related to changes of vanadia species during the reaction,
XRD patterns of the fresh and used 50 wt.% V,05/Al,03 were com-
pared. Besides the phase of alumina, lines ascribed to V,05 and
AlVO4 phase were detected on the fresh sample, and the latter indi-
cated that strong interaction existed between vanadia and alumina
support. It seemed possible to suggest that, consistent with the lit-
eratures [22-25], high vanadia loadings easily led to low vanadium
dispersion, promoting formation of AIVO4 phase and bulk-like
V,0s5. The disappearance of V,05 phase and formation of V,0;
in catalyst after reaction at 570°C demonstrated a reduction of
V>* > V3* process. However, AIVO,4 phase remained with decreas-
ing intensity and the lines ascribed to AlV,04 were observed for the
used sample suggesting more difficulty for reduction of AIVO,4 than
V,05 crystalline. Kanervo et al. [23] observed that AIVO4 remained
after reduction at 480 °C and disappeared after reduction at 650 °C,
and thus concluded that crystalline AIVO4 was reduced at temper-
ature between 480 °C and 650 °C. It was reported that much higher
reduction temperature of AIVO4 was attributed to its lower acces-
sibility compared with well-dispersed vanadia species, and it was
supposed to be the main reason for lower activity of catalyst with
high vanadia loading.

Fig. 3 shows FT-IR spectra of n-heptane reactant and liquid prod-
ucts obtained on different catalysts. Distinct bands at 2959, 2925,
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Fig. 3. FT-IR spectra of n-heptane and organic liquid product obtained on
V,05/Al; 03 and mixed catalysts.

2873 and 2858 cm~! were assigned to the C-H stretching vibra-
tions of n-heptane, and bands at 1467, 1378 cm~! were due to
C-H bending vibrations, as shown in Fig. 3a. The intensity of these
bands decreased after reaction, especially for the mixed catalyst,
indicating that stronger cracking ability of P/HZSM-5/Kaolin, as we
expected. New bands appeared at 3028, 1605, 1495 and 694 cm~!
in liquid product obtained on V,05/Al,03, were most probably
attributed to formation of aromatics. These bands were extremely
weak in liquid product for the mixed catalysts, indicating that the
V,05/Al;03 promoted aromatization. Besides, a weak and broad
band at 3440 cm~! was found in the products, and it was most
probably assigned to the existence of small quantity of dissolved
water caused by the presence of V,05/Al;03.

3.2. The influences of V,05/Al;03 introduction on catalytic
cracking of n-heptane

Vanadium atoms can exist in different forms of oxidation states,
varying from 2 to 5. The easy conversion between oxides of differ-
ent stoichiometry and formation of oxygen vacancies enables the
oxide to function as catalyst in selective oxidation [26]. Therefore,
V,05/Al,03 catalyst was prepared as lattice oxygen supplier in the
present study.

The influences of V,05/Al,03 introduction on the performances
of catalytic cracking of n-heptane over P/HZSM-5/Kaolin cata-
lyst were investigated by single pulse reaction. The results are
summarized in Table 2. On hydrothermally treated P/HZSM-
5/Kaolin catalyst, conversion of n-heptane achieved 51.32%, with
Cs3 (propane and propylene) and C4 (butane and butylene) as main
gaseous products and no carbon oxide was observed in the prod-
ucts. Plenty of aromatic compounds were formed with total yield
of 2%. Besides aromatics, other hydrocarbon products in range
of C5-C;o were also formed in the liquid products, corroborating
complexity of reaction network, which included cracking, dehy-
drogenation and aromatization, etc. Comparatively, conversion of
n-heptane over pure alumina was much lower, giving a value of
23.60%; however, hydrogen production was significantly higher,
most probably attributed to abundant Lewis acidic sites of alumina.
It was believed that Bronsted acid sites and Lewis acid sites differed
greatly in dehydrogenation ability, and the former mainly catalyzed
C-C cracking, while the latter exhibited a strong preference for C-H
activation, according to the results observed with Lewis acid Ga
sites in ZSM-5 zeolite [27]. The catalytic activity of V,05/Al,03 was
even lower than alumina, giving conversion of 18.41%. Impregna-
tion of vanadia over alumina led to blockage of at least some of the
Lewis acid sites on the surface of alumina, and that was supposed
to be the main reason for decrease in catalysts’ activity. Besides,
the product distribution on V,05/Al,03 exhibited characteristics
of thermal cracking, high yield of dry gas relative to liquefied
petroleum gas. This was in accordance with that reported in lit-
erature [28], which reported that presence of metal oxide catalysts
did not change product distribution of thermal cracking and only
the initiation reaction was promoted. Thus the P/HZSM-5/Kaolin
was the main activity contributor in the mixed catalysts.

In addition to the P/HZSM-5/Kaolin, V,05/Al;03 and alumina
alone, the mixture of V,05/Al,03 and P/HZSM-5/Kaolin catalysts
were charged into the reactor with different positions, as shown
by Fig. 4d-f. The total mass amount of catalysts was kept identical
in each case. The reactant was carried into the reactor by nitro-
gen gas downwardly. Different distributions of the two catalysts in
reactor resulted in their different interaction sequences with the
reactant. It was noticed that, compared with the P/HZSM-5/Kaolin
catalyst alone, conversion on the mixed catalysts of V,05/Al,03
above P/HZSM-5/Kaolin (No d) and well-distributed mixture of
them (No f) was obviously higher by about 16%. Actually, addition
of the V,05/Al,03 decreased the number of acidic sites of P/HZSM-
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Table 2
Influences of catalyst distribution in reactor on catalytic performances.
No a b c d e f g
Conversion, m% 51.32 18.41 23.60 59.98 50.98 58.34 47.29
Hy 0.18 1.30 1.52 0.85 0.65 0.58 0.52
CH4 0.39 0.32 0.37 0.54 0.60 0.50 0.37
C2Hs 1.86 0.23 0.19 1.62 2.20 1.79 1.77
CHy 3.40 0.13 0.22 3.19 2.09 291 3.29
Cs3Hs 8.54 0.13 1.17 5.80 6.60 6.41 7.04
CsHs 7.75 0.54 3.61 9.46 6.87 9.61 6.98
Yield, m % C4Hio 3.78 0.39 0.77 2.64 2.72 2.89 3.15
C4Hs 4.02 0.37 0.63 4.80 3.70 4.89 3.27
co 0 0.53 0.00 0.73 0.86 0.81 0.00
CO, 0 0.37 0.12 1.24 1.18 1.18 0.03
Arene 2.00 1.29 135 5.97 4.15 3.96 1.86
Dry gas 5.84 1.98 2.30 6.20 5.54 5.78 5.95
LPG 24.10 1.43 6.18 22.71 19.89 23.8 20.44
CyH4/CoHg 1.96 0.61 1.24 2.10 1.02 1.74 1.99
C3Hg/C3Hg 0.95 4.35 3.23 1.71 1.09 1.57 1.04
Mole ratio C4Hs/C4H1o 1.11 0.98 0.85 1.88 1.41 1.75 1.08
C3Hg/CoHy 1.52 2.77 10.94 1.98 2.19 2.20 1.41
C4Hg/CoHy 0.59 1.42 1.43 0.75 0.88 0.84 0.50
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Fig. 4. Schematic diagram for catalysts of different distributions in fixed-bed reactor.

5/Kaolin for cracking, for total catalysts weight was kept constant
in each test. In spite of that, conversion improved obviously, show-
ing that V,05/Al,03 greatly improved the overall activity of the
catalysts in the cases. However, things were much different in the
mixed catalysts with V,05/Al,03 below P/HZSM-5/Kaolin (No e).
Despite the same catalyst composition, catalytic performances dif-
fered greatly; conversion obtained on it was only 50.98%. It seemed
that promotion effect of the V,05/Al,03 disappeared, or at least
much weakened, by introducing the V,05/Al,03 under P/HZSM-
5/Kaolin. What's more, product distribution also varied greatly in
different cases. For example, introduction of V,05/Al;03 led to
prominent higher yield of carbon oxide, hydrogen and aromat-
ics, indicating more occurrences of oxidation, dehydrogenation and
cyclization reactions in the presence of V,05/Al,03. Besides, addi-
tion of vanadia resulted in higher ratios of propylene/propane,
butylene/butane, propylene/ethylene, and butylene/ethylene.
Performance of the homogeneous mixture of P/HZSM-5/Kaolin
and alumina was also evaluated, as shown by No g. The conver-
sion was much lower than that on pure P/HZSM-5/Kaolin catalyst,
but selectivity to hydrogen and dry gas was higher, most probably
attributed to Lewis acidic sites, as we have discussed above.

3.3. Influences of time on stream on catalytic activity with and
without V,05/Al;03

Catalytic cracking of n-heptane was also carried out in a way
of continuous reaction. The conversion of n-heptane over catalysts

not containing and containing V,05/Al;03 was compared at dif-
ferent reaction times, as shown by Fig. 5. Generally, conversion of
n-heptane decreased with increasing reaction time, as we expected.
It was indicated that at the beginning of the reaction, the conversion
of n-heptane was evidently higher on the mixed P/HZSM-5/Kaolin
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Fig. 5. Conversion of n-heptane over catalyst with and without vanadia catalyst as
a function of time on stream.
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Fig. 6. Schematic diagram for supposed reaction pathways of n-heptane over mixed catalysts.

and V,05/Al;03 catalysts. With the prolonged reaction time, the
advantage of catalytic activity of the mixed catalysts was weak-
ened greatly. After about 90 min time on stream, the conversions
on them were very close to each other. It was explained that after
the consumption of accessible lattice oxygen, vanadia-based cat-
alyst lost its ability in activation of reactant molecule. Therefore,
the oxidized vanadia sites that can provide lattice oxygen, were
supposed to be active sites in the V,05/Al,05 catalyst.

3.4. Effects of regeneration

The used mixed catalysts were regenerated and evaluated in
fixed-bed reactor by intermittent reaction way. The results are
compared with that of fresh sample and tabulated in Table 3. It was
found that either activity or selectivity was obviously influenced by
regeneration, and this makes it possible for cracking of n-heptane
over the mixed P/HZSM-5/Kaolin and V,05/Al,05 catalysts to be
operated in a circulated fluidized bed successively.

3.5. Discussion

In the present study, the data strongly suggested that lattice
oxygen got involved in the reaction, for water and considerable
amounts of carbon oxides were formed, besides, V>* was reduced
during the reaction, as revealed by the XRD results.

Compared with the hydrothermally treated P/HZSM-5/Kaolin
and V,05/Al;,03 alone, catalytic cracking of n-heptane over the
mixture of them gave relatively higher conversion, indicating a
synergistic co-action between them. What’s more, different dis-
tribution of the two catalysts posed great influences on both
conversion and product selectivity. It was found that the mixed cat-
alysts with V,05/Al,03 located under P/HZSM-5/Kaolin was most
unfavorable in terms of conversion. Combining with lattice oxy-
gen involvement during the reaction and what has been reported
previously [13,14,19,28,29], we concluded that lattice oxygen in
V,05/Al,03 catalysts smoothed initiation reaction of n-heptane,
which was supposed to be rate-determining step during the paraf-
fin transformation process. As a result, those n-heptane molecules
activated by V,05/Al,03 were easier to convert, or, it was much
more effective for n-heptane to contact with V,05/Al,05 before
P/HZSM-5/Kaolin. Compared with hierarchically distributed cata-

Table 3
Catalytic performances of catalysts after regeneration.
Catalysts Before After
regeneration regeneration
Conversion, m% 58.34 57.19
H, 0.99 0.84
CH4 0.86 0.82
CyHg 3.07 3.16
CoHy 4.99 5.03
CsHg 10.99 10.54
Selectivity, % C3Hg 16.47 16.73
C4Hio 4.95 4.69
C4Hg 8.38 8.27
co 1.39 1.31
CO, 2.02 2.13
Arene 6.79 6.23

lysts, the well-dispersed mixed catalysts was more convenient for
intermediates activated by V,05/Al,03 to be transferred to acid
sites in P/HZSM-5/Kaolin for further cracking, due to much closer
distance between the two different active sites. In this case, the
incidence of excessive dehydrogenation or over-oxidation reac-
tions decreased, which resulted in lower yield of hydrogen and
aromatics. Hydrogen formation, accompanied by aromatics, was
not an exception, but a general phenomenon in the presence of
V,05/Al;,03. One possible way for high concentration of hydro-
gen was non-oxidative dehydrogenation, together with formation
of aromatics. Carbon oxides were usually considered as deep oxi-
dation products caused by surface adsorbed oxygen in oxidative
dehydrogenation of light alkanes over vanadia or other metal oxide
catalysts reported in [12,29,30]; however, decarboxylation and
decarbonylation reactions might also be important sources for car-
bon oxide formation. Some proposed that lattice oxygen might
result in olefin, carbon oxides or O-insertion products, depend-
ing on different activation mode by varying surface vanadia units
and type of alkane reactant [13,14,19,31]. Activation of the weak-
est C-H bond in reactant molecule was supposed to be the initial
step on the mixed catalysts, likely gave alkoxide or some other O-
containing species as transition states or intermediates [13,14,32],
these species could easily crack over acidic sites in P/HZSM-
5/Kaolin under reaction conditions in our study, together with
decarboxylation and decarbonylation, giving CO, and CO, respec-
tively. Besides, addition of V,05/Al;03 decreased selectivity to
ethane and ethylene, while improved selectivity to C3 and C4 prod-
ucts relatively. The above information suggested that introduction
of V,05/Al;,03 changed reaction pathways of n-heptane.

As V,05/Al;05 brought about significant effects in both conver-
sion and product distribution, but the active sites in the V,05/Al;, 03
still needs further discussion. We noticed that, although the activity
of Al,03 alone was noticeably higher than V,05/Al,05 for con-
version of n-heptane, the latter exhibited better activity than the
former when mixed with the P/HZSM-5/Al, 03 catalyst. Therefore,
we believed that the active sites must be related to vanadium
species. The influences of reaction time on catalytic activity indi-
cated that oxidized vanadia was the active site in V,05/Al,03,
which can promote conversion of n-heptane; besides, activity of the
used catalysts could almost be recovered after regeneration, giving
further confirmation of the above inference. Reduction of vana-
dia by n-heptane under reaction condition might proceed during
several quarters, but not instantly.

According to the obtained information, the reactions were con-
cluded to proceed via the following pathways, as described in Fig. 6.

4. Conclusions

In this study, V,05/Al,03 was employed as lattice oxygen sup-
plier and mixed with HZSM-5 catalyst for cracking of n-heptane
evaluation. It was found that reduction of V>* occurred and lattice
oxygen was consumed in the reaction. Meanwhile, conversion of
n-heptane increased from ~51% to ~59% and the mole ratio propy-
lene and butylene to their corresponding alkanes also improved
when substituting 20% of HZSM-5 catalyst with V,05/Al,03. How-
ever, their relative position, or reactant’s contacting sequence with
the two different catalysts, greatly influenced product distribution,
and the results suggested that the reactant was favorable to be acti-
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vated by V,05/Al,05 primarily before transferring to acidic sites
of P/HZSM-5/Kaolin for further cracking. Besides, the influences of
reaction time and regeneration strongly implied that the oxidized
vanadia was the active sites in the V,05/Al,03, and the lattice oxy-
gen provided by oxidized vanadia sites should be responsible for
activation of n-heptane. Nevertheless, detailed activation mech-
anism by the V,05/Al,03 and reaction pathways on the mixed
catalysts were obscure, and will be focused in a follow-up study.
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