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Abstract

The reaction pathways of-heptane were studied on various p@containing catalysts characterized by X-ray photoemission spec-
troscopy and surface acidity measurements. Unsupporte€iatalyzed the dehydrogenation and cracking-b&ptane even at 573-623 K.
Above 723 K, the dehydroaromatization of heptane became the dominant route for yielding toluene and benzene, with selectivities of 43 an
8%, respectively, at conversions of 20-23%. The catalytic performance g€Mas improved when MgC was deposited in a highly dis-
persed state on various supports, like silica, alumina, and ZSM-5. The best yield of the formation of aromatics (48.7%) was obtained for 5%
Mo2C/ZSM-5 (SiQ/Alo0O3 = 80) at 873 K. Although the deposition of coke occurred on all samples during the reaction, the latter catalyst
underwent only a slight deactivation even after 20 h of reaction. The results obtained were interpreted by the monofunctionag@ure Mo
and bifunctional mechanism (supported @) of the aromatization of-heptane.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction 5 zeolite. But the high acidity of H-form zeolite led to
increased cracking activityp]. Therefore, it appeared nec-
The direct conversion of alkanes into aromatics is an essary to balance the zeolite acidity and to compensate for
important industrial process that has been the subject of ex-its decrease with some additives, which greatly improved the
tensive research. The results obtained on various catalystxatalytic performance of ZSM-A.0].
and the possible mechanisms of this complex process are All of these studies were exclusively restricted to the re-
well documented in several excellent reviefds6]. Early actions of G—C; compounds, because no catalyst combina-
studies focused mainly on supported Pt catalysts, which ex-tion could convert methane into aromatids-10]. A mile-
hibited outstanding catalytic performance among the metalsstone in this area occurred when a Chinese group observed
[7,8]. Two mechanisms were proposed: a bifunctional mech- that MoQ3/ZSM-5 catalyst can transform methane into ben-
anism involving both the metal and the acid sites of the zene with 80-100% selectivity at a 10-12% conversion level
support, and a monofunctional mechanism involving only [11]. Subsequent studies revealed that Ma©reduced and
the metallic site5]. Coke formation in the hydrocarbon  converted into MeC during the early phase of the reaction,
transformation reactions over Pt metals caused a seriougnd that MeC activates methane, resulting in the forma-
problem, however; L-type zeolites, then later ZSM-5, loaded tjon of benzene on ZSM-BL2—16] Further investigations
with Pt were found to be more active and selective for the showed that MgC is also an active catalyst toward the re-
aromatization of:-heptang2—6,9] The formation of coke action of G—Cy4 alkanes into aromatic compounfds’—24]
in this case is severely restricted in the channels of ZSM- However, its effect was mainly exhibited when it was de-
posited on ZSM-5 or on silica surface containing acidic
" Corresponding author. Fax: +36-62-420-678. centers. Pure M«C catalyzed only the decomposition and
E-mail address: fsolym@chem.u-szeged.lfB. Solymosi). dehydrogenation of alkanes, but aromatics were produced
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only in trace amountd 1-23] An exception was the hexane,
the aromatization of which occurred on pure Mowith a
selectivity of~65% at a conversion of25%][24].

Here we report on the aromatizationoheptane on un-
supported and supported Mo catalystsn-Heptane is one
of the components of natural gas liquids (NGL), and its re-
forming to olefins and aromatics is of practical importance
[25-35]

2. Experimental
2.1. Materials

Mo,C was prepared by the carburization of Mp@rod-
ucts of ALFA AESAR) by GHg/H2 [36]. The oxide was
heated under 10% v/vg&ls/Hz gas mixture from room tem-
perature to 900 K at a heating rate of 0.8Hin, then cooled
to room temperature under argon. The carbide was passi
vated in flowing 1% G/He at 300 K. The surface area of
Mo,C is 20 nf/g. In certain cases M& was prepared in
situ in, the catalytic reactor, when the last step was miss-
ing. Supported MgC catalysts have been made similarly
by carburizing Mo@-containing supports with £Hs/H> gas
mixture. The MoQ support samples were prepared by im-
pregnating the support with a basic solution of ammonium
heptamolybdate to yield 2, 5, and 10 wt% of MaO'he
suspension was dried and calcined at 863 K for 5 h. The fol-
lowing materials were used as supports: ZSM-5 with8iO
Al,O3 ratio at 80 and 280, BET area 425 and 408/q)
Al,03 (Degussa C, containing 0.4% Cl; 100?rg); and
SiO, (Aerosil; 200 nt/g). To remove the excess carbon de-
posited on the MgC during the preparation, the catalyst was
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X-ray photoemission spectroscopy (XPS) measurements
were performed in a Kratos XSAM 800 instrument at a
base pressure of 18 Torr using Mg-Kx primary radia-
tion (14 kV, 10 mA). To compensate for possible charg-
ing effects, binding energies (BEs) were normalized to the
Fermi-level for the MeC. TPD measurements for Nkvere
performed in the catalytic reactor. The reduced catalysts
were exposed to flowing NgH{40 ml/min) for 30 min. After
the adsorption step, the temperature was increased to 373 K
in Ar stream (12 mimin). The flushing was continued until
a stable baseline on a thermal conductivity (TC) detector was
achieved. The NBITPD curves were detected by on-line gas
chromatography (GC) with TC detection. The reactor tem-
perature was ramped from 373 to 973 K at rate of 2enii6.

The flow rate of Ar carrier gas was 20 fnhin. The amount

of coke deposited on the catalyst during the reaction was de-
termined by temperature-programmed reaction spectroscopy
(TPR). The catalyst was cooled in flowing argon, then heated

in a Hy stream at a rate of 5 K¥nin, and the hydrocarbons

formed were measured.

Catalytic reactions were carried out at 1 atm of pressure
in a fixed-bed, continuous flow reactor consisting of a quartz
tube connected to a capillary tufiet,22] The flow rate was
12 ml/min. The carrier gas was Ar. The hydrocarbon content
was 10%. Generally, 0.3 g of loosely compressed catalyst
sample was used. Reaction products were analyzed by GC
using a Hewlett—Packard 6890 gas chromatograph with a
60-m GS-GASPRO column. The conversionmheptane
was calculated taking into account the amount consumed.
The selectivity for reaction products;, was defined as

xin;
= 9
Do Xing

wherey; is the fraction of product andn; is the number of

Si

reduced before the catalytic measurements in situ at 873 Kin4rpon atoms in each molecule of gaseous product.

an H stream for 60 min. The gases used were of commercial
purity (Linde). Then-heptene (99% pure) was purchased

from Spectrum 3D, and the 1-heptene (97% pure) was pur-3 Regylts

chased from Aldrich.
2.2. Methods
The acidic properties of catalysts were evaluated by NH

temperature-programmed desorption (TPD) and Fourier
transform infrared (FTIR) methods using the adsorption of

3.1. Characterization of the catalyst

All of the catalysts used in the study were character-
ized by XPS measurements. Similar to the catalytic studies,
the Mo,C samples were reduced in the preparation cham-
ber attached to a UHV system in flowingaHat 873 K

pyridine and CO. Infrared spectroscopic measurements werefor 1 h. The BEs for Mo(3g/2) and Mo(3d,2) showed

made in a vacuum infrared cell (base pressuxel§ 6 Torr,

1 Torr= 133 Pa) using self-supporting wafers of catalyst
powders (10 mgcn?). The sample can be cooled by a cop-
per block in contact with liquid nitrogen. Infrared spectra of
adsorbed CO (10 Torr) were taken at 153 K. The adsorption
of pyridine (0.1 Torr) was performed at 300 K for 30 min,
and then the sample was evacuated at 473 K for 10 min.
Spectra were registered at 300 K. A Bio-Rad (Digilab model

some slight variation with different samples, but fell into the
range 227.0-228.2 eV for Mo(3@), 230.7-231.1 eV for
Mo(3ds/2), and 283.8 eV for C(1s). These values are consis-
tent with those attributed to M€ [14,15,37]

In previous studies, detailed experiments were performed
to detect any acidic centers on pure Moand to establish
the influence of MeC on the acidic properties of ZSM-5 and
SiOp [38-44] In the case of unsupported MO, we could

FTS 155) FTIR spectrometer was used. Typically, 128 scansnot measure the adsorption of WHResults of TPD mea-

with 2 cm 1 spectral resolution were collected.

surements for pure AD3; and 2% M@C/Al,O3 show that



62 R. Barthos, F. Solymosi / Journal of Catalysis 235 (2005) 60-68

Table 1
Data referring to the acidity of the catalysts
Sample NH-TPD FT-IR
LT-peakd MT-peal® HT-peak Pyridine adsorption CO adsorption
mmol/g Tmax(K) mmol/g Tmax(K) mmol/g Tmax(K) peak position (cril) peak position (criid)
Al,03 0.04 489 007 542 007 660 1450 1494 - 1622 - 2132 2162 2187 2232 3575
2% Mo, C/Al,03 0.02 485 003 534 003 625 1452 1493 - 1623 - 2132 2162 2184 2235 3598

@ Low-temperature peak.
b Medium-temperature peak.
¢ High-temperature peak.

NH3 adsorption on alumina decreases significantly when placed by argon during the product analysis in the first
Mo,C is deposited on its surface. The total Natisorption 30-60 min. Further increases in temperature led to a very
capacity is 0.18 mmgbca: for the pure sample, decreas- fast deterioration of the catalyst, likely as a result of car-
ing to 0.08 mmolgcat for 2% Mo,C/Al203. In the FTIR bon deposition. At lower temperatures (573-623 K), the
spectra of adsorbed pyridine, we obtained a strong band atmain process is the dehydrogenation with some cracking.
1450 cnr?, indicating the presence of a Lewis acid site, but Various types of heptenes were formed in this reaction. At
there was no spectral feature at about 1545 tdiagnostic 673-823 K, the dehydroaromatization of heptane became
of pyridinium ion bonded to a Brgnsted site. The integrated the dominant reaction, yielding toluene and benzene, with
absorbance values and the stability to heat treatment of theselectivity increasing with increasing temperature. At 823 K,
band at 1450 cm! was affected only slightly by the pres-  these values were43% for toluene and-8% for benzene,
ence of MeC on ALOs. After CO adsorptionon AlDsand  with heptene selectivity 0f~26-28%. Note that CO was
2% MoC/Al03, four bands were identified at 2234, 2198,  also observed during the reaction at 823-873 K, indicating
2162, and 2132 cm' in the CO stretching region. The two  that the Mo oxide was not fully converted into Mo [48].
higher-frequency CO adspecies have been assigned to tWanother possibility was that the partial oxidation of M®
families of sites involving coordinatively unsaturated tetra- gccurred in the passivation of freshly prepared. Ko To
hedrally coordinated Al cations (Lewis acid sites). The peak exclude the possible role of Mo oxycarbide, the preparation
at 2162 cm! has been ascribed to CO hydrogen bonded was made in situ without treatment with a 1%/Be stream

to OH groups. The weak band at 2132 this assigned to ¢ 300 K. Although the production of a small amount of CO
physically adsorbed C@45-47] In harmony with the data  \yas seen at 823 K at the beginning of the heptane reaction,

reported in the literature, adsorption of CO yielded four neg- he catalytic performance of ME was practically the same
ative peaks at 3794, 3770, 3735, and 3690 tin the OH as that shown in thEig. 1A.

stretching region of spectra. As an evidence of the interac-
tion between adsorbed CO and surface OH groups oAl

a broad positive band was also detected at about 3575%.cm
The peaks at 2162 and 3575 thchanged coincidently . .
during sample annealing, verifying the coherency of these ~S0mewnhat different behavior was seen when,@lovas
peaks. The red shift value dfvoy ~ 115 cn! indicates prepared on an alumina surface. Both the conversion and se-

a weak interaction between the OH groups and adsorbedl€ctivity of toluene increased with increasing temperature.
CO: that is, the protons of OH groups on® and 2% In this case, fast deactivation at 873 K was not observed; the

Mo,C/Al,O3 could not be ascribed as Brgnsted acidic sites. heptane reaction was measurable for a longer period. The se-
Similar to the pyridine adsorption measurements, no addi- lectivity of toluene was 57% and that of benzene was 5-7%
tional peaks and no significant integrated absorbance valuedt 35-30% conversion on 2% MG/Al>Os. The selectivity
changes due to M& were observed. Data characteristic of ©Of heptenes was low<(15%) throughout the measurements
alumina-based catalysts are collected@able 1 The acidic ~ at 723-873 KFKig. 1B). Nearly the same values were calcu-
properties of the ZSM-5- and S'tebased Cata|ysts used in lated for butene and propene. 2% Ml)on silica exhibited

3.3. Reaction on supported Mo,C

our laboratory were determined previoufiy]. similar catalytic performance. But at 873 K, the selectivity
of toluene and benzene was lower, 15 and 5%, respectively,
3.2. Reaction on pure Mo,C at a conversion of 34%. With a greater amount of Ko

(10%), toluene selectivity reached its maximum value, 55—
Mo,C prepared by the £Hg/H, gas mixture exhib- 65% at 823 K with a conversion of 10-14%. At 873 K, the
ited relatively high activity. The decomposition of heptane initial conversion was 26.5-22.0%, but toluene selectivity
started at 573 K, and the conversion reached an initial value decayed to 32% and then to 17-12%. On both catalysts, hep-
of 20-23% at 823 KFig. 1A). To obtain more informa-  tenes formed with a selectivity of 6—15%. Similar to the pure
tion on the initial performance of the catalysts and to avoid Mo2C, the silica-based catalysts rapidly lost their catalytic
the effect of its deactivation, the reacting gases were re- efficiency at 823-873 K; some data are givefTatble 2
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Fig. 1. Reaction ofi-heptane over MgC (A) and 2% MaC/Al,O3 (B) catalysts at different temperatures.

Table 2
Characteristic data for the reactionisheptane on different catalysts at 873 K
Catalyst Conversion Selectivity (%) Yield of
(%) Methane Ethene Propene Propane Butenes Heptenes Benzene Toluene XyRpg@tics
Mo,C 188 26 41 5.0 04 28 239 30 197 0.1 39
Mo,CP 215 10 05 19 0.2 40 314 6.0 430 0.0 8.6
2% Moy C/Al,O3 34.1 33 6.1 7.4 17 6.7 29 75 538 0.3 210
2% Mo,C/SiOp 34.4 34 102 255 0.8 274 5.5 54 154 0.8 74
10% Mo C/SIO, 225 6.9 17 32 0.3 7.2 153 6.2 187 0.5 58
10% MoyC/SiQ,P 125 10 0.5 10 0.1 16 200 4.0 60.0 0.9 7.9
H-ZSM-5(80) 967 58 240 200 9.8 5.9 - 84 9.3 29 202
2% Mo, C/ZSM-5(80) 9% 110 142 7.3 89 17 - 227 202 5.7 487
5% Mo, C/ZSM-5(80) 999 141 114 49 5.4 0.6 - 274 233 6.0 572
10% Mo, C/ZSM-5(80) 806 57 155 313 5.9 146 0.2 85 88 04 143
ZSM-5(280) 915 33 199 284 112 113 - 26 34 18 7.2
2% Mo,C/ZSM-5(280) 826 25 146 276 100 133 0.1 45 88 16 124

& Data were taken at 10 min of time on stream.
b At823K.

More attractive results were obtained when J@owas both the xylene and benzene. ZSM-5(280) was less active
combined with zeolites. We choose two ZSM-5 samples and its aromatizing property was also lower. The total se-
with SiO,/Al»0O3 ratios of 80 and 280, respectively. In har- lectivity of aromatics was<4-5% even at 873 K. Heptenes
mony with previous studief28,31,34] even in a pure state  were not identified on these zeolites at 450-873 K.
the ZSM-5(80) is active toward the conversion of heptane  Deposition of 2% M@C on the ZSM-5(80) samples en-
into other compounds. The reaction on ZSM-5(80) was ob- hanced the rate of heptane decomposition measured on pure
served at very low temperature$23 K), but the formation ~ ZSM-5(80). The formation of cracking products, hexane,
of aromatics, xylene, and benzene occurred to a measurabl@entane, propane, propene, butane, and butenes was ob-
extent only above 573 K. At 773 K, the main products were served even at 473-523 K. With increasing temperature,
propane, propene, ethene, butanes, and butenes. The convetheir evolution increased up to 673 K, then decreased.
sion reached-92% at 823 K and~96% at 873 K. At the Hexane was an exception, because its production above
latter temperature, properig = 20%), ethylene(S = 24%) 673 K decreased. At the same time, dehydrogenation set in at
formed with the highest selectivity; this value wa9% for 573 K, as indicated by the formation obldnd heptenes with
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Fig. 2. Reaction ofi-heptane over 2% MgC/ZSM-5(80) at different temperatures.
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Fig. 3. Effects of MeC content of ZSM-5(80) on the conversionisheptane and selectivities of various products formed at 823 K.

a very low selectivity of 2%. Heptenes disappeared from  Higher loading of M@C (5%) further increased the se-
the products at 623-673 K, when the formation of toluene, lectivity of aromatics to~57%, while decreasing the se-
benzene, and xylene became prominent. In contrast to thelectivity of ethylene, propene, butene, and butane. Heptenes
previously studied catalysts, in which toluene was the main were practically absent. Less activity was exhibited by 10%
aromatic compound on 2% MG/ZSM-5, the selectivity of  Mo,C/ZSM-5. The effects of loading of M& are displayed
benzene approached that of toluene at 823 K and becamen Fig. 3. The promoting effect of MgC was experienced
even higher at 873 K. At 873 K, the total selectivity of aro- in the case of less-active ZSM-5(280), when it enhanced
matics reached a value 6f49%. This catalyst exhibited a  both the conversion and selectivity of aromatigalfle 2.

very stable activity, with conversion decaying by only a few We performed some kinetic measurements on®IdSM-
percentage points even after 10 h and the aromatizing capa5(80) and found that the concentrationmsheptane varied
bility remaining high. These findings are illustratedrig. 2 between 1.3 and 8.0% and the decomposition rate of heptane
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followed first-order kinetics. The same results were found 3.5. Reaction of 1-heptene

for the formation of benzene and toluene, which assumedly

did not undergo secondary reactions. We obtained an activa- To gain better insight into the reaction mechanism of

tion energy of 83 kdmol for the heptane decomposition. n-heptane aromatization, we also examined the reaction of
The results showing the effect of space velocity on the 1-heptene over some catalysts. Heptene reacted at a higher

conversion and selectivity of the important compounds for rate than heptane on all samples. On pure®|dhe conver-

2% Mo,C/Al,O3 are displayed irFig. 4A. As shown, the sion was~34% at 773 K and increased t67/0% at 873 K.

conversion and selectivity of aromatics decreased, whereafQualitatively, the same cracking products in both hexane and

the selectivity of heptenes and hexanes increased with in-hexane reactions. For the aromatic compounds, the selectiv-

creasing space velocity. ity of toluene was the highest-34%) at 723-773 K and
decreased with increasing temperature.
3.4. TPR measurements for used catalyst High conversion values (55-95%) were measured for

alumina- and silica-supported MG samples at 773-873 K.
The amount and the reactivity of coke deposited on the Butenes, ethene, ethane, and propene were the main prod-

catalysts during the reaction were determined by TPR with ucts. On 2% MeC/Al,O3 at 873 K, toluene selectivity was
hydrogen. The samples were treated with the reacting gas27% and benzene selectivity was 6%; xylene formation was
mixture for 2 h at 823 K, then cooled to around room temper- also observed. On M&/Si0,, aromatics were produced
ature in argon flow. In the case of pure fresh, unreduced, andwith lower selectivity. The maximum value 11% was at-
unused MeC, the evolution of methane started above 600 K tained at 873 K. The catalytic behavior of pure ZSM-5(80)
and reached a peak at 798 K. Repeating the experimentand 5% MoC/ZSM-5(80) was also tested. The conversion
with the same sample, we still found a very small amount of heptene was near 100% on both solids at 723-873 K;
of methang(7, = 848 K) corresponding to 0.003 naggcat the aromatic selectivity values were similar. The positive
(Fig. 5A). Similar experiments with MgC demonstrated  influence of MeC was exhibited at lower temperatures
that the hydrogenation of the carbon started-800 K and (723-773 K), where it increased the selectivity and yield of
peaked at 948 KKig. 5B) with 5.53 mg/g catalyst. In ad-  aromatics Table 3.
dition to methane, traces of ethane and propylene were also
identified in the temperature range 700-900 K. A smaller
amount of coke (2.69 m@ca) was found under the same 4. Discussion
experimental conditions over 2% MOG/ZSM-5(80) with
Tp =898 K (Fig. 5C). We measured a smaller amount of 4.1. Main characteristics of the catalysts
carbon-containing deposit (1.83 figay) in the case of 2%
Mo,C/Al>O3, which exhibited the lowest reactivityl, = XPS measurements showed that the binding energies ob-
1048 K). tained for Mo(3d,2) and Mo(3&,2) and C(1s) correspond
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Fig. 5. Formation of methane in the TPR measurements for unused and unredug€d(@oand after repeating the measurement with the same sam-
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Table 3

Characteristic data for the reaction of 1-heptene on different catalysts

Catalyst TemperatureConversion = Selectivity (%) Yield of
(K) (%) Methane Ethene Ethane Propene Propane Butenes Benzene Toluene X{EHBatcs

Mo,oC 773 343 0.8 28 15 103 10 174 20 338 01 123
873 704 7.0 43 7.8 84 27 202 49 158 01 146

2% Mo C/Al, O3 773 541 0.8 26 0.6 102 05 224 10 27.7 04 174
873 946 57 104 51 116 21 185 58 273 0.2 330

2% Mo C/SiO, 773 725 01 0.6 01 384 01 556 05 0.8 03 11
873 737 45 58 6.1 185 13 302 2.6 7.3 09 84

H-ZSM-5(80) 723 9% 05 85 11 138 202 89 38 84 01 123
773 997 13 149 20 191 181 95 45 127 01 172
873 999 53 265 4.7 183 59 50 94 163 6.0 320

5% MopC/ZSM-5(80) 723 99 0.3 9.6 0.7 183 9.8 128 34 133 34 203
773 996 0.5 157 0.7 236 9.2 126 4.2 132 4.2 218
873 999 21 217 17 295 37 107 102 158 14 274

@ Average data determined during gradual heating from 723 K.

well to those ascribed to M€ [14,15,37] Our previous burization of MoQ led to stronger Lewis centefd4]. We
study concerning the acidity of M&/ZSM demonstrated  obtained similar results for the samples used in the present
that the deposition of Mo caused the consumption of Brgn- study.

sted acidic OH groups of HZSM-5, as indicated by the This type of study has now been extended to alumina-
changes in thev(OH) region of the spectra and also by based catalysts. NHTPD measurements indicate that num-
pyridine and low-temperature CO adsorption measurementsber of acid sites of alumina decreased markedly as a result
[44]. Carburization of the sample did not result in the of Mo,C deposition. Analysis of the FTIR spectra of ad-
restoration of acidic OH groups of the zeolite. Mo reacted sorbed pyridine reveals no acid sites on the@y and

with OH groups during its deposition on SiOThe re- 2% MopC/Al>,O3 strong enough to protonate the pyridine
sults of both pyridine and CO adsorption measurements characteristic of Brgnsted sites. The findings of spectro-
did not indicate the generation of Brgnsted acidic sites on scopic experiments suggest that only Lewis acidic centers
MoO3/SiO, and carburized Mog@ISiO,; however, Lewis are present on the surface of@8l3, and that M@C does not
acidic sites were formed on the deposition of Mo, and car- induce new acid center3gble J.
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4.2. Reaction of n-heptane on pure Mo,C with this picture, heptene was formed with much lower se-
lectivity (6—20%) on supported M& than on pure MgC
The reaction of heptane on different catalysts has been(Table 2. Separate studies on the reaction of 1-heptene con-
the subject of extensive researf$25-35] Supported Pt  firmed that the MeC-containing catalysts were effective in
was found to be an active catalyst for the dehydrocyclization converting hexene into aromaticaple 3. From the ex-
process. Significant progress was made in this area whertrapolation of the selectivities to zero percent conversion,
zeolite was used as a catalyst and/or as a support. A bifunc-we determined the primary products of the reaction on 2%
tional mechanism involving both the metal and the acid sites M02C/Al;O3 to be hydrogen, heptene, and hexéfig (4B).
of the support and a monofunctional mechanism involving This finding suggests that dehydrogenation is the primary
only the metallic sites were assumi@g49,50] process on MgC/Al>,O3 and that all of the other reactions,
The results obtained in the present study show that pureincluding aromatization, occur subsequently.
Mo,C can catalyze the aromatization of heptane withamax-  The role of acidic sites is clearly exhibited by the results
imum selectivity of~51% at 823 K. This suggests the action obtained using ZSM-5, which contained even Brgnsted sites
of the monofunctional mechanism. Accordingly, pMbcan in high concentration. Depending on the number of this site,
activate the heptane molecule, catalyze its dehydrogenationZSM-5 alone catalyzed the aromatization of heptgjeln
and affect subsequent processes leading to the productiorihis case, the first step is the formation of carbonium ions,
of aromatics. The catalytic performance of dbremained
the same when the presence of Mo—O was completely elim-C7M16@+ Ha™ — CrHi7@)” ®)
inated, suggesting that Mo oxycarbide is not required for the which undergo dehydrogenation and cracking, followed by
activation of heptane and the subsequent processes. We dethe dehydrocyclization of olefins into different aromatics.
lineate the following main steps: Deposition of M@C on ZSM-5, particularly on ZSM-5(80),
With cracking and dehydrogenation, markedly increased the selectivity and yield of aromatics at
the expense of the formation of alkene. In this sample, hep-

CrHie — CaHe + CaHio, (1) tene was completely absent from the reaction products at
C7H16 — C7H14 + Ho, 2) temperatures-673—-723 K, indicating that it reacted rapidly
) _ o after its formation. The better aromatization property of
with cracking and dehydrocyclization of heptene, Mo,C/ZSM-5(80) compared with pure ZSM-5 suggests that
C7H14 — 2CHg + CaHg, ©) a fraction of the intermediate formed at the MBWZSM-5
interface, or, more precisely, on the highly disperse¢®lo
C7H14 — CgHs—CHg + 3Ha. 4) interacting with the acid sites of ZSM-5, was effectively con-

verted into aromatics before being transformed into other
molecules. This intermediate is very likely a hexyl species
formed in the activation af-hexane on MgC,

Studying the reaction of 1-heptene shows that,®@la@an
convert this compound into aromatics, mainly to toluene.
Nevertheless, a significant fraction of heptene formed in the

reaction ofn-heptane remained unreactelhlle 2, likely C7H16(a)— CrH15(a)+ H(a)- (6)
because pure M& contains no acidic sites advantageous ) ) .
for these processes. We mention that an alternative route for the formation of

At higher temperature (873 K), the unsupported-Ko gromatics was als_o consi_dered on support_e[&PtAccord- .
lost its catalytic activity very rapidly, likely due to the depo- Ingly, the first main step in the aromatization of heptane is
sition of coke. TPR measurements revealed that its reactivity IS dehydrocylization into gcycloalkane,
toward hydrogen is relatively low, with a peak temperatu_re, C;H1g — CgH11—CHg + Ho, )

Tp = 948 K, higher than that measured for the hydrogenation

of excess carbon produced during the preparation of@®lo  followed by dehydrogenation of the cycloalkane into aro-

(Fig. 5A). matics,

4.3. Effects of supported Mo,C CoH11-Chg = CoHs—ChHy + 3Hy. ®
However, G cycloalkane has not been identified in the prod-

The conversion of heptane was markedly increased whenucts using MgC-containing catalysts.

Mo,C was deposited on alumina and silica of high sur-

face area Table 3. The formation of toluene and ben-

zene occurred with enhanced selectivity, particularly on 2% 5. Conclusions

Mo>C/Al»,O3 (Fig. 1B). In these cases we may assume the

operation of a bifunctional mechanism. Mb is mainly 1. Deposition of MoQ@ and its carburization on various
responsible for the dehydrogenation reaction, whereas the  supports (alumina, silica, and ZSM-5) decreased the
Lewis acidic sites of the supports facilitate the dehydrocy- number of different acidic sites, but did not eliminate

clization of heptene into toluene (E()). In accordance these sites.
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2. Unsupported MgC was a relatively effective catalyst
for the aromatization ofi-heptane at 723-873 K. The
main aromatic product was toluene. The greatest se-
lectivity of aromatics (toluene, benzene, and xylene)
measured was 51% at a conversion of 20-23%.

. The catalytic performance of MG was considerably
enhanced on Si§) Al,Os, and particularly ZSM-5,
where the yield of aromatics attained a value of 48%.

. All of these catalysts effectively promoted the cycli-
zation-aromatization of 1-heptene assumed to be the
main product of the primary reaction afheptane.
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