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Abstract

This paper deals with both noncatalytic and catalytic conversions of ethane. The effects of reactor configuration (empty tube, tube
containing inert material or containing catalyst, and inert material), reaction temperature, reactant composition, and flow rate, as well as
catalyst composition and structure, were systematically investigated. Two groups of V-Mg oxides, namely Meso-VMg (originated from
mesostructured V-Mg oxide) and Mix-VMg (prepared via a solid reaction between vanadia and magnesia), were employed as catalysts. High
conversions and selectivities were obtained at high temperatures during the ethane thermolysis to ethene, accompanied, however, by higl
carbon depositions, especially in the presence of a catalyst. The contribution of homogeneous reactions to the ODH of ethane was importan
at high, but less important at low temperatures particularly when the fraction of reactor occupied by inert silica granules was large. For
the Mix-VMg catalysts, the ethane conversion and the ethene yield increased but the selectivity to ethene decreased with dgktgasing V
atomic ratio. The Meso-VMg catalysts exhibited in most cases higher yields and selectivities to ethene than the Mix-VMg ones. In addition,
a higher fraction of ethane converted to oxygenates (mainly formaldehyde) as liquid products was obtained over the Meso-VMg catalysts.
Magnesium vanadates were identified in the Mix-VMg catalysts; they may represent the active phase for this series of catal@sts. A V
phase, which may contain highly dispersed magnesia, was identified and suggested to be responsible together with the large surface area ft
the high performance of the Meso-VMg catalysts.
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1. Introduction the reserves of raw materials for these processes are becom-
ing increasingly limited. Consequently, alternative processes
Activation of light alkanes is of high economic impor- with higher efficiency, which utilize more abundant and eco-

tance, although it is well known that these saturated hydro- NOMic sources for ethene production, are becoming increas-
carbon molecules are weakly reactive due to the absencdndly necessary. Ethane is the second major component of
of lone electron pairs, empty orbitals, and polarity in their natural gas and is also abundant in refinery gas. Production
C—H bonds. Production of olefins and oxygenates represent®! ethene via oxidative dehydrogenation (ODH) of ethane
a most useful way for effective utilization of light alkanes. NS received increasing attention, owing to its potential ad-
Ethene is one of the most basic feedstocks in chemical in- Vantages, such as exothermic reaction heat and less coke
dustry and its demand is steadily increasing. The main com- d€Position. Furthermore, the ODH can be carried out at rela-
mercial routes for production of ethene are steam thermal tively low temperatures in the presence of properly selected
cracking and FCC (fluid catalytic cracking) processes [1]. fﬁtaggﬁ' L]Jcntltlhnow, numhe rous catalyg:s weLe errl;p!ﬂ?vyed fo:
They involve, however, the drawbacks of high energy input € of efhane, such as composite oxides between al-
required by the highly endothermic reactions, high opera- kaline earths and rar(.a'earths [2-4], hglogen (particularly
tion costs due to coke deposition on catalyst and reactor, anaF and Cl) and/or alkali ion-promoted oxides [5-8], as well

. . as some transition metal (Mo, V, Bi, etc.) oxide-based cat-
generation of low molecular weight alkanes. Furthermore, .
alysts [9,10]. As an alternative to the heterogeneous route,

a hetero-homogeneous process for the ODH of ethane at
* Corresponding author. temperatures higher than 990, the so-called autothermal
E-mail address: feaeliru@buffalo.edu (E. Ruckenstein). oxidative dehydrogenation, was also employed [11]. The

0021-9517/$ — see front mattél 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.11.004


http://www.elsevier.com/locate/jcat

18 Z.-S Chao, E. Ruckenstein / Journal of Catalysis 222 (2004) 17-31

contribution of the homogeneous reaction to the ODH of orous stirring, or ¥Os was dissolved into an aqueous so-
ethane was reported in Refs. [12-17]. lution of sodium hydroxide. Further, the solution containing
Oxygenates, such as alcohols, aldehydes, and carboxylicvanadium was added slowly into that containing magnesium,
acids are very important chemicals in the hydrocarbon with vigorous stirring at room temperature. The pH of the
processes and organic synthesis. They have attracted attermixture was adjusted to 4.0 or 10.0 when the mesostruc-
tion as fuel alternatives or as additives to gasoline, due totured V-Mg oxides was prepared using® or V(acac}
their lower environmental pollution and higher octane num- as vanadium source, respectively. The final mixtures had
bers. The current methods for oxygenate production requirethe molar composition V(acack:b MgCl:0.25 surfactant:
multiple stages, expensive catalysts, large residence times295 HO, or V205:MgCl»:0.25 surfactant:295 $0, where
and careful temperature control [18,19]. Thus, the direct a/b was varied between 4:1 and 1:4 ang b = 2. After stir-
production of oxygenates from light alkanes is of signifi- ring at room temperature for 24 h, the mixture was allowed
cant industrial interest. In contrast to the large number of to age statically at room temperature for 2 days. The solid
studies regarding the production of ethene from ethane viaformed was recovered by filtration, washed with distilled
the ODH process, few reports on the conversion of ethane towater, and dried at 100 for 12 h. To remove the surfac-
oxygenates could be found in literature [10,20-25]. tant, the prepared specimens were heated in a flow of argon
Mesoporous silicates, such as MCM 41 [26], are expected from room temperature up to 75C at a rate of 16C min—!
to be useful in selective adsorption and catalysis [26—32], be-and kept at that temperature for 4 h. Meso-V was prepared
cause they facilitate diffusion. However, silica possesses low using the same procedure, except that no magnesium was
catalytic activities for most reactions. To enhance the cat- introduced and the pH of the mixture was adjusted to 7.0.
alytic effect, active components must be introduced into the The as-obtained materials were used to examine their tex-
framework of the mesosilicates. Recently, Zhang et al. [33] tural properties and employed as catalysts.
and Solsona et al. [34] studied the ODH of ethane and found ~ The Mix-VMg catalysts were prepared via a solid-state
that the activity increased with increasing vanadium content reaction. Powders of 305 and Mg(NQ)2 - 6HO were
in MCM-41 support. An ethane conversion of up to 18% Mmixed together and ground thoroughly in a mortar, and the
with ethene Se|ectivity of up to 50% at 550 and an ethene mixture obtained was calcined at 780 for 2 h after it was
yield of up to 10.8% with a selectivity of up to 38.3% at heated from room temperature at a rate 8€4nin™*.
600°C were obtained by Zhang et al. [33] and Solsona et
al. [34], respectively.

' In our laboratory, mesostrugtured V—Mg—O were synthe- X-ray diffraction (XRD) was performed on a Siemens
sized [35,36] and the' catalytic Conversions of light alkla-. D500 diffractometer with a Cu-i radiation of 1.5406 A.
nes over these materials were investigated. Some prel|m|-Nz adsorption measurements were performed on a Mi-
nary results have been published [37]. In the present paper,qmeritics ASAP 2010 gas sorption and porosimetry in-
the catalytic oxidative conversion of ethane was carried out gt ;ment. The specific surface area was determined by the
over Meso-VMg catalysts (originated from mesostructured g method and the pore volume was calculated at a rel-
V-Mg oxides) and Mix-VMg (prepared via a solid reaction  4ijye pressure o/ Py > 0.99. The pore-size distribution
between \{anadla and magnesia) catalysts. Furthermore, theyas calculated using the,Nlesorption branch by the BJH
thermolyss of ethane to etheng and the noncatalytic conver-(garrett—Joyner—Halenda) method. The chemical composi-
sion of ethane were also examined. tions of the Meso-VMg catalysts were determined by atomic
absorption spectrophotometry, using a Perkin—Elmer Model
AAS 3030 spectrophotometer. Magnesium was determined
using an acetylene/air flame at a wavelength of 285.2 nm and
vanadium using an acetylene/nitrous oxide flame at a wave-
length of 318.4 nm. The X-ray photoelectron spectroscopy
(XPS) was carried out on a VG-ESCA lab-210 spectrometer
at a vacuum of 101° Torr, using Mg-K, radiation as excita-
tion source. The gline with the binding energy of 284.8 eV
was used as reference.

Table 1 provides details regarding the preparation of the
Meso-VMg and Mix-VMg catalysts.

2.2. Catalyst characterization

2. Experimental
2.1. Catalyst preparation

All reagents were purchased from Aldrich and used with-
out further purification. Two groups of Meso-VMg catalysts
were prepared using eithen®@s or vanadium (lll) acetyl-
acetonate (V(acag) as vanadium source and magnesium
chloride (MgCp - 6H20) as magnesium source. Surfactants
such as cetyltrimethylammonium bromide (CTAB), sodium
dodecylbenzene sulfonate (SDBS), benzyltrimethylammo- 2 3 catalytic performance evaluation
nium bromide (BTAB), and hexadecylamine (HDA) were
used as templates in the synthesis of the mesoporous materi- The catalytic performance was determined at atmospheric
als. First, MgC} - 6H,0 and the template were dissolved into  pressure in a tubular fixed-bed quartz microreactor (internal
an aqueous solution of hydrochloric acid. Second, V(acac) diameter=5 mm, operation length- 30 cm). Unless oth-
was dispersed homogeneously into distilled water with vig- erwise mentioned, the reactor was packed as follows: the
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Table 1
Preparation of Meso-VMg and Mix-VMg catalysts
Specimens V and Mg sources Surfactant Method /MY atomic ratio
Initial batches Prepared specimens
Meso-VMg-1 V(acacj + MgCly CTAB Sol-gel 400 4823
Meso-VMg-2 V(acacj + MgCly CTAB Sol-gel 150 3529
Meso-VMg-3 V(acacj + MgCly CTAB Sol-gel 067 1065
Meso-VMg-4 V(acacj + MgCl, CTAB Sol-gel 025 139
Meso-VMg-5 V(acacj + MgClp CTAB + SDBS Sol-gel 100 319
Meso-VMg-6 V,05 + MgCly BTAB + HDAP Sol-gel 100 2159
Meso-V V,0g CTAB + HDA® Sol-gel - -
Mix-VMg-1 V 205 + Mg(NO3)» None Solid reaction 40 400
Mix-VMg-2 V205 + Mg(NO3)2 None Solid reaction 20 200
Mix-VMg-3 V 205 + Mg(NO3)» None Solid reaction 20 100
Mix-VMg-4 V205 + Mg(NO3)» None Solid reaction 80 050
Mix-VMg-5 V 205 + Mg(NO3)» None Solid reaction as 025

@ Molar ratio CTAB:SDBS= 1:1.
b Molar ratio BTAB:HDA = 1:1.
¢ Molar ratio CTAB:HDA = 1:1.

middle of the reactor was plugged with quartz wool and a oxygen conversio o, (%) = 2 viOpi 100,

catalyst (about 0.25 g) was located over it. The space of the 20u+ ) v;Op,i

reactor above the catalyst bed was filled with quartz gran-

ules. The reactor was plgced into a tubular furnace with Selectivity to a products; (%) = Vi Cp,i » 100,

the catalyst bed located in the constant temperature zone. ;i Cp,i

In addition, four other reactor configurations free of catalyst

were employed in the study of the noncatalytic conversion of XCyHg X SCoHy

ethane, namely, ET (the empty tube), FQ (the reactor filled 100 ’

with quartz granules up to a height of 1 cm), HFQ (the up- where Cp; and 0p; are the moles of gaseous carbon-
per half of the reactor was filled with quartz granules and containing products and those of gaseous oxygen-containing
the rest of the reactor was empty), and FFQ (the entire re-products,C, and O, the moles of unconverted ethane and
actor was filled with quartz granules). Two thermocouples oxygen in the product stream, amdand v/ the number of
were employed to monitor and control the temperature. One carbon atoms and of oxygen atoms in the produotspec-

of them was embedded in the furnace, and the other one wagively.

located in the center of the catalyst bed and tightly contacted  The fraction of ethane converted to nongaseous species
the external surface of the quartz reactor. The temperaturegcarbon deposits and liquid products) was calculated, ac-
measured by these two thermocouples were almost the samegording to the equation

The compositions of reactant mixturesy(ND2, and GHe) Cin — Cout

and gaseous effluents from reactor were determined on-lineXcar&oxy = % 100%

using a SRI 8610C gas chromatograph equipped with both n

a thermal conductivity detector (TCD) and a flame ion-
ization detector (FID). The components were separated at
programmed temperatures and pressures on a Hayesep le%h
(30 ft x 1/8 in.) packed column and then allowed to flow
into TCD and FID detectors. The liquid effluent from the
reactor was captured in a cooled trap and analyzed using an—X %) —
other SRI 8610C gas chromatograph. A Porapak Q (32 ft oxy (%0) =
1/8 in.) packed column was employed for the separation of

the liquid components. For the gaseous product, the con- ViN;
version of ethane and oxygen, the selectivity to a carbon- 8 (%) = m x

containing product, and the yield to ethene are defined as . .
follows: whereN; is the number of mole; of componginin the oxy-
genates produced during reaction timeyc,H, is the mole
fraction of ethane in the feed gas,is the reaction time in
> viCp,i 100 hours,Rs is the flow rate of the feed gas in moth andv;
2Cu+—m x ’ is the number of carbon atoms in compongnt

Yield of etheneYc,H, (%) =

whereCjn, and Cqyt are the moles of carbon in the reactant
mixture and those in the gaseous effluent.

The fraction of ethane converted to oxygenat&s,y, and
e selectivity,S;, to componenyj in the oxygenates were
calculated using the expressions

2 ViN;
2tl‘RfXC2H6 '

100,

Ethane conversioK c,Hg (%) =
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Fig. 1. Reactivities vs temperature for noncatalytic and catalytic thermolysis of ethane. (a) Conversion of ethane; (b) selectivities tosemisysrgducts;
(c) fraction of ethane converted to deposited carbon. (The reactions were carried out using a feed gas with a mole compes@igiCaifiyl = 93:0:7 and
a flow rate of 2.43 misl)

3. Resultsand discussion through a maximum at about 70QG. The selectivities to
ethene followed the sequence FRQET < Mix-VMg-3 ~
Meso-VMg-3 for temperatures 700°C, but became close
to each other at higher temperatures. An exception was ob-
served for the Mix-VMg-3, over which the selectivity to
Fig. 1a provides the conversions o0ilds in the absence  ethene was much lower.
of Oy for the ET and FFQ reactor configurations as well as It must be, however, pointed out that although high con-
over the Mix-VMg-3 and Meso-V Mg-3 catalysts. It shows versions of ethane and selectivities to ethene could be ob-
that the conversions of ethane were very small at low tem- tained over catalysts, quartz granules, and even from the
peratures€ 550°C) and increased rapidly with increasing empty reactor, carbon deposition was equally high, partic-
temperature. The conversion of ethane followed in most ularly at high temperatures and over the catalysts. Fig. 1c
cases the sequence FFRQ ET < Meso-VMg-3 < Mix- provides the fraction of ethane converted to deposited carbon
VMg-3. The selectivities to gaseous products are presentedas a function of temperature, which increases in the sequence
in Fig. 1b, which shows that the selectivity to ethene passedET < Meso-VMg-3~ FFQ < Mix-VMg-3.

3.1. Thermolysis of ethane
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Fig. 2. Reactivities vs temperature for noncatalytic ODH of ethane in various reactor configurations. (a) Conversions of ethane and oxygéwityltpselec
ethene; (c) fraction of ethane converted to deposited carbon and/or oxygenates. (The reactions were carried out using a feed gas with a nmieofompositi
N5:05:CoHg = 90:4:6 and a flow rate of 2.43 mtd.)

3.2. Noncatalytic oxidative dehydrogenation of ethane space of the reactor occupied by quartz granules, the smaller
the conversion of ethane, due to the recombination on the
The noncatalytic oxidative conversion of ethane was in- surface of the granules of the homogeneously formed rad-
vestigated for four reactor configurations, i.e., ET, FQ, HFQ, icals. When the reactor was completely filled with quartz
and FFQ. The conversions of ethane and oxygen are pregranules, almost no homogeneous reaction took place at
sented in Fig. 2a, which shows that they increase in the se-temperatures: 650°C. However, at temperatures650°C,
guence FFQ< HFQ < FQ < ET. The conversions of ethane the contribution of the homogeneous reactions to the con-
and oxygen increased with increasing temperature. The con-version was important even for the FFQ reactor configura-
version of oxygen increased fast and finally attained 100% tion.
at temperatures higher than 638D. The selectivity to @H4 Fig. 2c provides the fraction of ethane converted to non-
is presented in Fig. 2b. In the entire temperature range, thegaseous products, i.e., carbon deposits and oxygenates, as
main by-products to ethene were CQVith increasing tem-  a function of temperature. One can see that the fraction of
perature, the selectivity to ethene attained its highest valueethane converted to nongaseous products in the HFQ and
at about 700C, after which it remained constant. FFQ configurations is much larger at high temperatures but
These results indicate that the noncatalytic reactivity of smaller at low temperatures than those for the ET and FQ
ethane is affected by the reactor configuration. The larger theconfigurations.
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Table 2
Fraction of ethane converted to oxygenatsxy, and distribution of components in oxygenates for noncatalytic ODH of ethane
Temperature Composition of Xoxy Selectivities (%)
(°C) feed gas (mol%) (%) Alcohol Aldehyde Ketone Acid
N2 Oy CoHg Cy Co C3+—O|’P Cy Co Cs Ca Cy Co

ET 600 90.21 3.89 5.90 231 & 1170 0.26 64.62 151 0.03 0.18 0.07 1.87
FQ 600 90.36 3.83 581 2.04 M 662 0.24 80.17 [c 0.07 0.05 0.01 2.03
HFQ 550 88.74 4.47 6.79 0.29 B 1160 0.06 64.72 124 0.08 0.00 0.21 2.83
HFQ 650 88.74  4.47 6.79 0.64 .50 1376 0.12 73.07 B4 0.00 0.08 0.00 1.93
FFQ 550 89.53 4.17 6.30 0.24 23 378 0.11 45.20 297 0.03 0.06 0.08 0.84

a Flow rate=2.43 mls 1,
b C3—OH: 1-propanol, 2-propanol, 1-butanol, and 2-butanol.

The fraction of ethane converted to oxygenates and thethe change of selectivity to ethene with temperature as well
distribution of their components are listed in Table 2, which as the differences of ethene selectivities among the pure
shows that the main component of oxygenates was formalde-V,0s, the pure MgO, and the Mix-VMg catalysts became
hyde. In addition, small amounts of methanol, ethanol, and very small.
acetaldehyde, as well as trace amounts of ketones and acids, The fraction of ethane converted to carbon deposits and

were present. oxygenates is provided by Fig. 3c, which shows that it in-
creases with increasing temperature.

3.3. Catalytic oxidative dehydrogenation of ethane The fraction of ethane converted to oxygenates and their
componentdistributions are listed in Table 3. The higher the

3.3.1. Mix-V—Mg oxide catalysts prepared via solid reaction temperature, the larger the fraction of ethane con-

reaction verted to oxygenates. Formaldehyde was found to be the

Fig. 3a presents the conversions of ethane and oxygenmain component in oxygenates; the selectivities to other
as a function of temperature over the purgOd and MgO components were very small. The fraction of ethane con-
as well as Mix-VMg catalysts with various Mg ratios. verted to oxygenates increased in the sequence MgO
The conversion of ethane increased with increasing temper-V20s < Mix-VMg catalysts. Among the Mix-VMg cata-
ature and changed with catalyst composition in the sequencdysts, the fraction of ethane converted to oxygenates exhib-
V205 < MgO < Mix-VMg-1 < Mix-VMg-2 < Mix-VMg-3 ited a maximum with increasing Mg atomic ratio.
< Mix-VMg-4 < Mix-VMg-5. They reveal a synergistic ef-
fect between YOs and MgO and that the activity increased 3.3.2. V-Mg oxide catalysts prepared from mesoporous
with increasing magnesium content of the catalyst. The dif- materials
ferences between the conversions of ethane among various Fig. 4a presents the conversions of ethane and oxygen
catalysts were relatively large in the middle range of tem- as a function of temperature over the Meso-V and Meso-
peratures, but smaller in the lower and higher ranges. TheVMg catalysts. One can see that the conversion of ethane
conversion of oxygen increased rapidly with increasing tem- increased with increasing temperature and followed the se-
perature, particularly for catalysts with atomic ratiogWg quence Meso-\< Meso-VMg-1< Meso-VMg-4 < Meso-
< 0.5 (the Mix-VMg-5 and Mix-VMg-4 catalysts), and at- VMg-6 < Meso-VMg-5 < Meso-VMg-2 < Meso-VMg-3.
tained 100% within a small temperature range. The sameOver the Meso-VMg-2, Meso-VMg-3, Meso-VMg-5, and
sequence as for the conversion of ethane was also present foMeso-VMg-6 catalysts, the conversion of oxygen increased
the conversion of oxygen over the catalysts. The catalystsrapidly with increasing temperature and attained 100% at
with higher magnesium content were more active regard- temperatures higher than 650. Over the Meso-VMg-1,
ing oxygen activation. In the entire range of temperature, Meso-VMg-4, and Meso-V, the 100% oxygen conversion
the main by-products to ethene were found to be, Cthe was reached only after a slow increase with increasing tem-
effect of temperature on the selectivity to ethene is pre- perature. The selectivity to ethene is presented in Fig. 4b.
sented in Fig. 3b, which shows that at low temperatures The main by-products were GQand the selectivities to
(< 650°C), the selectivity to ethene was high over the pure CO, and G, decreased and those to CO andQhtreased,
V205 and low over the pure MgO, and intermediary over with increasing temperature. The selectivity to ethene over
the Mix-VMg catalysts. With increasing temperature, the the Meso-V was higher than over the Meso-VMg catalysts
selectivity to ethene decreased rapidly over the pu®sv at very low temperatures but smaller than for some of the lat-
and increased over the pure MgO and the Mix-VMg cata- ter at high temperatures. The selectivity to ethene over most
lysts. The selectivity to ethene followed the sequence MgO of the Meso-VMg catalysts first increased, passed through
< Mix-VMgO-5 < Mix-VMgO-4 < Mix-VMgO-3 < Mix- a maximum, and then decreased slightly, with increasing
VMgO-2 < Mix-VMgO-1 < V205, revealing an increase temperature. Except for the low (500) and high (800C)
with decreasing magnesium content. At high temperatures,temperatures, the selectivity to ethene followed the sequence



Z.-S Chao, E. Ruckenstein / Journal of Catalysis 222 (2004) 17-31 23
100 G—u-—v 100
90 !
< 80 " 80 \
\:x ] —_ 1
o £ 704 0
= ez 1 Ben o S =T
g 604 /: = 60+ — ===
o A~ T A/A ;}%ﬁ‘-’/ﬁ
UN o i 30 _.. 9 / V/
& 4l £ a0 /Z/
S o, 5] 1 « ) —0— V,0,
g R 5 309 / o Mix VMG
g2 204 O— Mix-VMg-1 w o) —A— Mix-VMG-2
5 —A— Mix-Vmg-2 20 4 Mix-VMG-3
] Mix-VMg-3 1 v —O— Mix-VMG-4
—O— Mix-VMg-4 10 —fr— Mix-VMG-5
04 —fr— Mix-VMg-5 b —7— MgO
—— MgO 04
o T % T v T L T ) T ¥ T b T I b T % I " 1 * T ¥ T ¥ T L
450 500 550 600 630 700 750 800 850 500 550 600 650 700 750 800 850
Temperature (°C ) Temperature ( °C )
@ (b)
10
—0— V205
-8 MgO
‘%‘ — 84 —A— Mix-VMg-1
(=153 Mix-VMg-2
) —0— Mix-VMg-3
© = —te— Mix-VMg-4
L= —— Mix-Vmg-5 B
- & 64
g g i
(¥} D o
1
3% 44 )
o o
g° %5
£ & v
+ D7
% g 29 P e
poA _8 g s e of -—-ni /
g o " %_’;6 i /—""d
= 4
z T X T T T ¥ T ¥ T T T T T T
500 550 600 650 700 750 800 850

Temperature ( °C )

©

Fig. 3. Reactivities vs temperature for ODH of ethane over the Mix-VMg catalysts. (a) Conversions of ethane and oxygen; (b) selectivity to &thetian (c)
of ethane converted to deposited carbon and/or oxygenates. (The reactions were carried out using feed gas with a mole compd3ii@» IdgN- 90:4:6

and a space velocity of 35,027 migh~—1))

Table 3

Fraction of ethane converted to oxygenatEgsxy, and distribution of components in oxygenates over Mix-VMg catalysts

Catalysts Temperature Composition of Xoxy Selectivities (%)
(°C) feed gas (mol%) (%) Alcohol Aldehyde Ketone Acid
N> O CoHg C1 Co C3+—0O HP C1 Co C3 Cy C Co
Mix-VMg-1 600 91.19 347 5.24 0.68 074 & 0.07 9425 107 0.00 0.05 000 0.25
Mix-VMg-3 600 89.04 4.32 6.64 121 545 @ 0.00 8529 792 016 0.00 000 041
Mix-VMg-5 550 90.33 3.85 5.81 0.49 021 .18 0.00 9432 031 0.00 0.00 000 0.98
Mix-VMg-5 600 90.33 3.85 581 0.75 362 . 0.00 9095 527 0.00 0.00 000 0.15
Mix-VMg-5 650 90.33 3.85 5.81 0.95 040 B 0.50 7097 058 0.00 055 000 0.36
MgO 600 90.19 3.91 5.90 0.05 211 .60 0.10 9361 307 005 011 000 0.34
V505 600 89.53 3.99 6.03 0.73 0.50 .61 0.07 96.88 0.73 0.00 0.08 0.00 0.10

a Space velocity= 35,027 mig- 1 h1,

b Cz—OH: 1-propanol, 2-propanol, 1-butanol, and 2-butanol.
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Fig. 4. Reactivities vs temperature for ODH of ethane over the Meso-VMg catalysts. (a) Conversions of ethane and oxygen; (b) selectivity {ofetbeme; (c
of ethane converted to deposited carbon and/or oxygenates. (The reactions were carried out using a feed gas with a mole compiE3jtioptdé N 90:4:6
and a space velocity of 35,027 mtgh—1.)

Meso-VMg-4 < Meso-VMg-6 < Meso-VMg-5 < Meso-V The fraction of ethane converted to deposited carbon and
< Meso-VMg-3< Meso-VMg-1< Meso-VMg-2. liquid products is presented in Fig. 4c.
The effect of GHg/O2 mole ratio in the feed gas on the The fraction of ethane converted to oxygenates and

ODH of ethane over the Meso-VMg-2 catalyst is examined the component distribution of oxygenates over the Meso-
in Table 4. One can see that with increasingig/O2 mole VMg catalysts are listed in Table 6. The main compo-
ratio, the conversion of ethane, the selectivity to,G@d the nent in oxygenates was formaldehyde and the selectivi-
yield to ethene decreased, but the selectivity to ethene andies to other components were relatively small. The frac-
CHg increased. The selectivity tos¢ changed only slightly. tion of ethane converted to oxygenates was larger over
The conversion of oxygen at 58CQ increased with increas- the Meso-VMg catalysts than over the Meso-V. With in-
ing CoHg/O2 mole ratio, and a 100% oxygen conversion creasing temperature, the fraction exhibited a maximum
was reached for all £Hg/O2 mole ratios at 650C. both over the Meso-VMg catalysts and over the

The effect of the space velocity on the oxidative dehy- Meso-V. Comparing Table 6 with Tables 2 and 3, one
drogenation of ethane over the Meso-VMg-2 catalyst is ex- can conclude that the fraction of ethane converted to oxy-
amined in Table 5, which shows that with increasing space genates was larger over the Meso-VMg catalysts than
velocity, the selectivity to ethene increased but the conver- over the Mix-VMg ones and the noncatalytic ODH of
sion of ethane decreased. ethane.
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Table 4
Effect of molar composition of feed gas on ethane ODH over Meso-VMg-2 cétalyst
Feed composition Conversion (%) Selectivity (%) Yield to
N> Oy CoHg CoHg O coO CO CHgy CoHg C3Hg C3Hg CoHy (%)
550°C
87.10 8.14 4.76 355 1863 4998 393 3.64 4202 0.02 041 1494
87.62 7.24 5.14 321 4238 4789 28 3.95 4401 0.29 106 1418
87.46 6.72 5.83 283 4248 4796 124 3.16 4634 0.14 066 1379
87.79 6.02 6.19 284 5866 4718 117 2.63 4712 0.02 188 1340
88.48 4.99 6.53 2688 6475 4663 113 3.42 441 0.12 029 1301
87.59 4.94 7.47 296 7718 4672 096 3.08 4338 0.18 018 1122
88.18 4.34 7.48 209 8261 3976 063 5.34 5213 0.62 152 1099
90.30 3.12 6.57 2Q 8284 3878 041 5.60 5318 0.29 174 1074
90.20 3.01 6.79 194 8509 3526 039 6.00 5456 0.92 287 1039
90.09 2.76 7.15 188 8606 3609 031 6.28 5669 0.27 036 1014
90.51 2.03 7.46 125 8792 3264 025 6.89 588 0.55 099 778
90.30 1.37 8.34 83 100 3056 0 6.87 6%1 0.55 051 624
91.11 1.16 7.73 a3 100 244 0 8.13 681 0.94 118 563
92.31 0.00 7.69 as - 0 0 8.37 9®%3 0.51 049 042
650°C
87.90 7.51 4.59 857 100 3629 1618 7.75 3717 1.27 065 3089
89.62 4.97 5.41 618 100 3159 1256 9.03 4445 1.52 085 2986
87.48 5.35 7.17 554 100 3150 800 8.08 4907 2.13 122 2725
89.49 4.03 6.48 4853 100 3506 810 6.83 5771 1.55 075 2633
90.30 3.12 6.57 480 100 2417 642 7.87 58 1.86 147 2619
87.90 2.07 10.03 263 100 1389 0 6.79 71728 2.09 005 1934
93.25 0.00 6.75 a3 - 0 0 3.23 9%9 1.08 0 28
a Space velocity= 23,071 miglh—1,
Table 5
Effect of space velocity on ethane ODH over Meso-VMg-2 cat8lyst
Space velocity Conversion (%) Selectivity (%) Yield to
(mig-th=h CoHe 0, co CcCOo CHy CoHy C3Hg CaHg CoHyg (%)
35027 494 9697 527 162 685 82.01 232 193 40.55
21262 5635 100 321 341 694 54.61 193 09 30.77
14854 5718 100 3401 656 737 49.43 184 079 28.26
12322 5721 100 435 819 743 38.28 182 078 21.90
8888 633 100 5055 903 85 29.37 18 0.75 18.59
3866 8218 100 5836 1101 931 19.02 162 018 15.63
1355 9259 100 6614 1256 989 10.94 047 0 10.13
@ Mole composition of feed gas: 0,:CoHg = 89.1:4.1:6.9; reaction temperature650°C.
Table 6
Fraction of ethane converted to oxygenatégsxy, and distribution of components in oxygenates over Meso-VMg catlysts
Catalysts Temperature Composition of Xoxy Selectivities (%)
(°C) feed gas (mol%) (%) Alcohol Aldehyde Ketone Acid
N> Oy CoHg Cy Cy C34-0O HP Cy Co C3 Cy C1 Co
Meso-VMg-1 650 88.79  4.46 6.75 4.58 0.75 .98 0.00 9236 1.09 010 0.00 0.00 0.75
Meso-VMg-2 550 89.09 4.32 6.59 1.73 0.71 .1 0.00 8324 103 0.04 019 0.00 0.08
Meso-VMg-2 600 89.09 4.32 6.59 4.72 0.07 .51 0.00 9825 011 0.06 0.00 0.00 0.00
Meso-VMg-2 650 89.09 4.32 6.59 3.40 0.46 .64 0.00 91.04 066 0.00 0.20 0.00 0.00
Meso-VMg-3 600 88.74 450 6.76 3.21 0.95 .0 0.00 96.18 138 043 0.00 0.00 0.00
Meso-VMg-4 600 88.79  4.46 6.75 4.22 6.58 .0® 1.80 67.03 958 179 0.00 0.78 240
Meso-VMg-5 650 89.06 4.37 6.57 2.42 180 .31 0.00 9357 262 0.00 0.00 0.00 0.70
Meso-VMg-6 600 89.09 4.36 6.55 471 285 .16 0.00 86.60 4.14 0.00 0.00 0.00 1.32
Meso-V 550 89.15 4.34 6.52 0.08 0.26 .33 0.59 95.12 038 0.00 0.00 0.26 0.09
Meso-V 600 89.15 4.34 6.52 0.94 271 91 0.01 91.07 394 034 000 0.01 o001
Meso-V 650 89.15 4.34 6.52 0.26 1.10 .62 0.22 93.83 160 0.00 039 010 0.14

a Space velocity= 35,027 mlglh—1,
b Cz—OH: 1-propanol, 2-propanol, 1-butanol, and 2-butanol.
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Fig. 5. Yield of ethene as a function of conversion of ethane for noncatalytic and catalytic thermolysis and ODH of ethane at (a) 550 ah@.(b)h0
thermolysis cases are marked by -T.)

3.3.3. Comparison between the noncatalytic and catalytic molysis and ODH of ethane at 550 and ?@) respectively.

conversion of ethane At low temperatures, the differences between the yields of
Figs. 5a and 5b present the yield of ethene against theethene for the noncatalytic and catalytic thermolysis and

conversion of ethane for the noncatalytic and catalytic ther- ODH of ethane are small when the conversions of ethane
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are low. The highest yield of ethene for the noncatalytic dium source and for an atomic ratio/Mg > 0.25 in the
ODH occurs for a conversion of about 7%; however, the initial batches the synthesized mesoporous materials had a
yield to ethene for the catalytic ODH can be much higher, wormlike or distorted hexagonal structure, characterized by
being larger for the Meso-VMg catalysts than the Mix- a strong peak at®®= 2-3 (Fig. 6, a—c, and e). For \Mg
VMg ones and the highest for the Meso-VMg-3 catalyst. At atomic ratios< 0.25, the XRD patterns exhibited only a
higher temperatures, thermolysis provides much larger yield weak peak on the raised baseline in tiferange of 2-3
to ethene; but the yields to ethene are even higher for the(Fig. 6, d), suggesting a very low degree of crystallinity of
ODH processes. Furthermore, the differences between thethe mesostructure or perhaps a largspacing for a diffrac-
yields to ethene for the ODH over the Mix-VMg catalysts tion line located at a very smalb2which could not be de-
and the noncatalytic ODH are in most cases small; they are,tected by our equipment. When®s was used as vanadium
however, surpassed by the ODH over the Meso-VMg cata- source, the synthesized mesoporous materials had a lamellar
lysts. structure, characterized by equidistanced peaks in the XRD
Figs. 5a and 5b reveal that at low temperatures, the con-patterns (Fig. 6, f and g). When the specimens were ther-
tribution of thermolysis and noncatalytic ODH of ethane to mally treated at high temperatures, the mesostructures, as
the production of ethene are small, compared to those of theexpected, were destroyed; however, some crystalline phases
catalytic ODH processes. However, at high temperatures, thecould be identified. Fig. 7 presents the XRD patterns of
contributions of both thermolysis and noncatalytic ODH of ' the specimens thermally treated at 780 For atomic ratios
ethane are important. The Meso-VMg catalysts provide the v /Mg > 3.2 in the catalyst (Fig. 7, c—g), neither MgO nor

highest yield to ethene. V05 phases could be identified, but solely thglé phase.
) For atomic ratios YMg < 3.2 (Fig. 7, b), Mg sVO4 and

) _This suggests that for atomic ratioyMg > 3.2, magne-
Fig. 6 presents the XRD patterns of the as-synthesizedg;,m was highly dispersed in the@; phase.

mesoporous V-Mg-O. When V(acgopas used as vana- Table 7 summarizes theéspacings of the as-synthesized
mesoporous V-Mg oxides and their textural characteristics
after the thermal treatment at 750. One can see that the
d spacings of the as-synthesized specimens were larger for
those based on V(acac)han on \bLOs. After the thermal

(e}

T
10 20 30 40 50

2 Theta (deg)
g ! . .
. . ' . : . . . . Fig. 7. XRD patterns of the Meso-VMg catalysts prepared via the calci-
2 4 6 8 10 nation of mesoporous precursors at 780 (a) MgO; (b) Meso-VMg-5;
2 Theta (deg) (c) Meso-VMg-3; (d) Meso-VMg-6; (e) Meso-VMg-2; (f) Meso-VMg-1;

(9) Meso-V; (h) \LbOs. (For their synthesis conditions see Table 1.) The
Fig. 6. XRD patterns of as-synthesized specimens. (a) Meso-VMg-1; intensities of the peaks for MgO were reduced by a factor of 10 to be
(b) Meso-VMg-2; (c) Meso-VMg-3; (d) Meso-VMg-4; (e) Meso-VMg-5; able to present several spectra in a single figure. (Symkg)sy60O3 and
(f) Meso-VMg-6; (g) Meso-V. (For their synthesis conditions see Table 1.) (M) Mg, 5VOg4.)
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Table 7

Textural properties of the Meso-VMg catalysts
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Specimens As-prepared Thermally treated at°Z50
d spacings Specific Pore Average
(nm) surface area volume pore size
(m?g~1) cm*g™h) (nm)
Meso-VMg-1 3.10 15D 0.17 451
Meso-VMg-2 3.58 158 0.18 4.66
Meso-VMg-3 3.83 159 0.16 4.05
Meso-VMg-4 - N.A2 N.A. N.A.
Meso-VMg-5 4.17 15% 0.16 399
Meso-VMg-6 2.85 982 0174 717
Meso-V 2.86 1486 0.281 756

2 N.A.: not available.

Fig. 8. XRD patterns of the Mix-VMg catalysts prepared via solid reaction

T
30
2 Theta (deg)

between vanadia and magnesia. (a) MgO; (b) Mix-VMg-5; (c) Mix-VMg-4;
(d) Mix-VMg-3; (e) Mix-VMg-2; (f) Mix-VMg-1; (g) V 20s. (For their i )
synthesis conditions see Table 1.) The intensities of the peaks for Mgo attempts were made to investigate the nature of the ac-
were reduced by a factor of 10 to be able to present several spectrative phases in these catalysts, no final conclusion was yet
in a single figure. (Symbols: &) meta-MgV,0g; () pyro-MgoV,07;
(W) ortho-Mg3(VOy)2.)

Table 8
Textural properties of the Mix-VMg catalysts
Catalysts BET Pore volume Average pore size
m*g™h (em*g™h (nm)
V205 4.75 001 828
Mix-VMg-1 1.02 00028 1083
Mix-VMg-2 2.19 00071 1265
Mix-VMg-3 6.36 0017 1063
Mix-VMg-4 6.54 0017 1061
Mix-VMg-5 7.16 0023 1278
MgO 1410 0043 1220

tios of 0.25-1 (Fig. 8, ¢ and d) and amtho-Mg3(VOa4)2
phase in those with XMg atomic ratios< 0.25 (Fig. 8, b).

Table 8 summarizes the textural properties of the Mix-
VMg catalysts. One can see that the surface areas and pore
volumes of pure YOs and MgO and mixed oxide catalysts
are very small. The mixed oxides catalysts with atomic ra-
tios V/Mg > 1.0 had lower specific surface areas and pore
volumes than the pure2®Ds. The specific surface areas and
the pore volumes of the catalysts increased with decreasing
V /Mg atomic ratio and for YMg < 1.0 became larger than
those of pure YOs. In all the cases, the specific surface ar-
eas and the pore volumes of the mixed oxide catalysts were
smaller than those of pure MgO. The pore-size distributions
were broad. The porosity of these materials is probably due
mainly to the interparticle pores.

3.5. Activation of ethane over V-Mg-O catalysts

The vanadium-containing catalysts, especially the V-
Mg-O ones, are usually considered among the most active
and selective catalysts in the ODH of light alkanes to the
corresponding alkenes [38—60]. The V-Mg-O catalysts were
prepared via either wet impregnation or solid-phase reac-
tion between magnesium and vanadium oxides. Although

reached. For instance, the active and selective phase was at-
tributed to Mg(VOa)2 by Chaar et al. [38,39] and Michalkos
et al. [40], or to M@V,07 by Sam et al. [41] and Dula et

treatment, the BET specific surface areas were larger butal. [54]. Solsona et al. [42] and other researchers [43,44,
the average pore sizes smaller for the specimens based 086,59,60] proposed, however, that the coexistence of mag-

V(acac} than on \bOs. The pore-size distributions of these

specimens were found to be relatively narrow.
Fig. 8 presents the XRD patterns of Mix-VMg, MgO,

and W»Os catalysts. In the Mix-VMg catalysts with atomic

ratios V/Mg > 1, two phases, ¥Os (major) and meta-

MgV20s (minor), were present. With the decrease of the

atomic ratio of \/Mg, the intensity of the diffraction peak
specific to the YOs phase decreased, but that for theta-

MgV 205 increased (Fig. 8, e—g). In the Mix-VMg catalysts

with atomic ratios VMg < 1, no V,Os phase but theneta-
MgV20s and MgO as well as other phases could be identi- found that the selectivities to,C for the butane ODH over
fied (Fig. 8, a—d). For example pgro-Mg,V 07 phase was
identified in the Mix-VMg catalysts with YMg atomic ra-

nesium vanadates and MgO phases is responsible for the
activity of the catalysts. Pak et al. [55] found that the most
active V-Mg—O0 catalysts were those that contain very small
Mgs(VOg4)2 domains on the surface of MgO rather than
crystallites of bulk Mg(VOa4)2. Many investigations were
also concerned with supported vanadium oxide catalysts,
and it was found that factors, such as the oxidation state
of vanadium, the dispersion of vanadium species, and the
acid—base properties of the supports, affected the ODH of
hydrocarbons. For examples, Anderson and Kung [61,62]

the alumina-supported vanadium oxide catalyst increased
rapidly as the catalyst was progressively reduced, while
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Rybarczyk et al. [63] proposed™ to be more selective  atomic ratio on the surface of the Meso-VMg-5 was larger
but less active than 4F. Haber [64] and many other re- than in bulk, perhaps because of a poor dispersion of mag-
searchers [65,66] proposed that the interaction of a hydro-nesium, which formed separate MgO and MyO4 phases.
carbon molecule with a bridging oxygen in vanadium oxide The catalytic performance of the Meso-VMg catalysts re-
clusters is more favorable than with a terminal one=Q). vealed that for the ODH of ethane, the conversion of ethane
Cortez and Banares [67] proposed, however, that the activefollowed the sequence Meso-¥ Meso-VMg-1 < Meso-
site for the ODH of propane over alumina-supported vana- VMg-4 < Meso-VMg-6 < Meso-VMg-5 < Meso-VMg-2
dium oxide catalyst is a single \/Gite rather thana V-O-V < Meso-VMg-3, while the selectivity to ethene followed the
bond. sequence Meso-VMg-4 Meso-VMg-6< Meso-VMg-5<

In the present paper, we found that the conversion of peso-V < Meso-VMg-3< Meso-VMg-1< Meso-VMg-2.
ethane increased and the selectivity to ethene decreased ity most cases higher conversions of ethane were obtained
ianeaSing maQHESiUm content. The conversion of ethaneO\/er the Cata|yst with a |0weng ratio and h|gher selec-
over the Mix-VMg catalysts was much larger than over tjyities to G,H, over those with a higher XMg ratio. The
pure vanadia or magnesia and the selectivities to ethenepresence of exceptions suggests that the reactivity of the cat-
were much higher than over pure magnesia but smaller thangysts is determined not only by the/Mg ratio but also by
over pure vanadia. Furthermore, the specific surface areasome structural properties.
of the catalysts were smaller than that of MgO (see Ta-  tis not yet possible to explain why the performances of
ble 8). It is clear that the active phases should have beeny,q Meso-VMg catalysts are superior to those of the Mix-
generated during the catalyst preparation. The XRD resultsVMg ones. The more facile diffusion of the species and the
revealed thammeta-MgV20s and \,Os phases were present |4 rqer surface areas in the former catalysts are some of the

in the Mix-VMg CitalyStS with low Mg conterr]lt, whereas  oa50ns. Probably the organization of the V and Mg species
pyro-Mg?VZr(]h, ortlo-Mggl(\é(?;})gﬁ Slnd MgO p Fasels WET€ — hy the template plays the main role and Mg species moderate
presentin the catalysts with high Mg content. For low mag- ¢ rojox capability of YOz, thus increasing the activity and
nesium contents, 305 may have acted as support, over selectivity of the catalyst

W::'Ch magn]esmm dw'?f] d;sz,)peried and dt/hetat—rl]\/lgvzoe_ ¢ While the Meso-VMg catalysts possess much larger spe-
phase was formed. 1hezts phase and/or tn€ COeXISL — ia. o\ face areas than the Mix-VMg ones, one should

ing V205 and meta-MgV20s phases were responsible for not attribute simply the higher catalytic performance of the

EZﬁt:I?VIh %elrigw;gvén f;n;:jaf;éfglehghsra%?f cf\I/LeTV\frigh Meso-VMg catalysts to the differences in specific surface
» M9 Y play bp areas between these two kinds of catalysts. In fact, it is well

vanadium was dispersed and yeo-Mg,V207 andortho- known that higher specific surface areas are usually favor-

Mgs(VOa)2 phases were formed. Thus, thgro-Mg2V207 abIeWto deep g(idatic?ns :r: theu catalytic (:onverslfo:wJ of{wd\io
tho-Mg3(V ight h the active ph . ) . " §

and ortho-Mgs(VO4)2 mig ave been the active phases carbons. It is possible that the high BET specific surface area

responsible for the ODH of ethane. Because of the higher . : ;
oxidation state of vanadium than magnesium in the vana- of the Meso-VMg catalysts allowed a higher dispersion of

dates, the electrons of oxygen in the V-O—Mg bond tended magnesium over the eurface of.ve.nadium species and, as a
to be pulled toward the vanadium end, the oxygen thus be-"€Sult they provided high selectivities.

coming deficient in electrons. The as-formed oxygen species | '€ mechanism of the activation of light hydrocarbons
are more active in the activation of the hydrocarbon than the Was notyet completely clarified, though many possible reac-
lattice oxygen of the bulk vanadia or magnesia. It is also tion schemes have been suggested. It is believed that the first

possible that @molecules were adsorbed on vanadium sites step in the activation of light alkanes is the initiation of alkyl
rich in electrons, generating active species, such&s Or radicals via a hqmogeneous or heterogeneous pathway. The
0,~. However, when too many such active species becameoVverall process involves a complex series of parallel and/or
present over the catalyst, the overoxidation of the reactantSequential steps, which can be catalytic surface reactions or
and/or intermediates took place, thus reducing the selectiv-noncatalytic ones in the gas phase, dependent on many fac-
ity to ethene. tors, such as reaction temperature, reactant composition, and
In the Meso-VMg catalysts, only the @3 phase was  characteristics of the reactor in noncatalytic processes and
identified in the high range of ¥Mg atomic ratios, and the  those of the catalyst in the catalytic ones.
Mg1.5VO4 and MgO phases could be additionally detected  In the present paper, the differences of ethane activities
in the catalysts with YMg ratios smaller than 3.2. The XPS  are relatively small at high temperatures but large at low and
examination of the Meso-VMg-5 and Meso-VMg-3 indi- moderate temperatures. This indicates that the mechanism of
cated that the surface Mg atomic ratios were 5.12 and ethane ODH over V-Mg-based catalysts is strongly depen-
7.05, whereas in bulk they were 3.19 and 10.65, respectivelydent on temperature. Heterogeneous processes are mainly
(see Table 1). Consequently, the surface of the Meso-VMg-3involved at low temperatures, while both heterogeneous and
catalyst was enriched in magnesium. Because of the highhomogeneous ones are involved at high temperatures. Be-
dispersion over the large surface area gy (see Table 7),  cause oxygenates were identified during the ODH of ethane,
magnesium could not be detected by XRD. Th¢gMg a series of alkyl peroxides and/or alkoxides species are be-
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lieved to occur as intermediates in the ODH of ethane, which
have been described in Refs. [68—70].

4. Conclusion

The thermolysis of ethane provided a high conversion of
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