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Abstract

Dehydrogenation of propane to propene in the presence or absence,adv@Ofour polymorphs of gallium oxide was investigated.
B-Gap O3 exhibits the highest activity among the polymorphs, and it is even more active than chromium oxide catalyst in the presence of
COy. Ho-TPR and XPS studies show that gallium oxide is hardly reduced beloWw®0The dehydrogenation reaction is suggested to
proceed through a heterolytic dissociation reaction pathway, and it is enhancedobyeCaluse of the existence of the reverse water gas
shift reaction and the Boudouard reaction. The high catalytic activitg-&fapO3 is probably associated with an abundance of surface
medium-strong acid sites related to the coordinatively unsaturatétl Gaions and the conjugated effect of proton and oxide. Furthermore,
increasing the reaction temperature facilitates the activation of @@r 8-GaO3. The promoting effect of C®on g-GaOg3 catalyst is
more evident above 55.
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1. Introduction of the catalytic reaction is still an unsolved problem. The
overoxidation of propane to carbon dioxide in the reaction

i . . is unavoidable. Recently, carbon dioxide has been utilized
The process of catalytic dehydrogenation of alkanes into 55 4 oxidant in several partial oxidation reactions, such as

their corresponding alkenes is of increasing importance be-eforming and oxidative coupling of methane. The oxidative
cause of the growing demand for alkenes. Propene is angenydrogenation of propane by carbon dioxide has also been
important raw material for the production of polypropene, reported to give rather high propene selectiity2]. The
polyacrylonitrile, acrolein, and acrylic acid. Dehydrogena- promoting effect of carbon dioxide on the reaction has been
tion of propane is an endothermic reaction that requires rel- ohserved on catalysts, such as silica-supporte®§&f1],
atively high temperature to obtain a high yield of propene. rare earth vanadat¢3], and GaOs [4]. Since carbon diox-
The high reaction temperature favours thermal cracking re- ide is one of the major greenhouse gases, the use of carbon
actions to coke and light alkanes, leading to a decrease indioxide is attractive not only economically but also ecologi-
product yield and an increase in catalyst deactivation. Hence,cally.
the oxidative dehydrogenation of propane by oxygen has Aromatization of light paraffins over Ga-promoted H-
been proposed as an alternative to the process. The latter i¥SM-5 catalysts has been studied intensely in the previ-
an exothermic reaction, which is an advantage from the engi-ous decade. There are different interpretations concerning
neering and economic viewpoints. However, the selectivity the role of gallium in the aromatization reaction. Many au-
thors agree that the aromatization reaction occurs via a bi-
functional mechanism, and gallium enhances the dehydro-
* Corresponding author. Fax: +86 21 65641740. genation steps, including the dehydrogenation of alkane,
E-mail addressyhyue@fudan.edu.cfY. Yue). higher olefins, and cycloolefif§—10]. More recently, it has
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been found that carbon dioxide can markedly promote de- 2000 instrument and calculated by the BET method. The sur-
hydrogenation of ethane and propane over gallium oxide or face acidity was measured by Nkemperature-programmed
gallium-loaded catalysfd1-14] The olefin yield is greatly =~ desorption (NH-TPD) in a flow-type fixed-bed reactor at
increased in the presence of &0 ambient pressure, and the surface basicity was measured by
Gallium oxide has five polymorphs, designated §-, CO, temperature-programmed desorption ¢€10PD) with
y-, 8-, and e-GgOj3 [15]. Of these,-G&03 is the sta- a similar apparatus. The sample (50 mg) was preheated at
ble form. All of these phases of gallium oxide except 500°C for 3 h and cooled to 120C in flowing He. At
e-GagO03 can be prepared under specific conditi¢ifs, 16]. this temperature, sufficient pulses of jlldr CO, were in-
In this work, the four polymorphs of gallium oxidex jected until adsorption saturation, followed by purging with
B-, y-, 8-Ga0O3) were prepared and characterized by He for about 2 h. The temperature was then raised from
X-ray diffraction (XRD), nitrogen adsorption at196°C, 120 to 500C at a rate of 10C/min to desorb NH or
temperature-programmed desorption (TPD) of 3N&hd CO, and was further maintained at 500 for 30 min. The
COp, temperature-programmed reduction (TPR), X-ray pho- NHz or CO, desorbed was collected in a liquic Krap and
toelectron spectroscopy (XPS), afiia MAS NMR spec- detected by gas chromatography. Temperature-programmed
troscopy. The catalytic performance of these polymorphs for reduction (TPR) experiments were carried out on a Mi-
dehydrogenation of propane to propene in the presence orcromeritics TPD/TPR 2900 instrument with 25 mg catalyst
absence of C®was compared and discussed in relation to under a gas flow (40 ryin) of hydrogen (10%) and ar-
their physicochemical properties and the mechanism of the gon (90%). The catalyst was pretreated mnflddw at 300°C
reaction. for 3 h. The temperature was increased from 50 to D0
at a ramp rate of 109C/min. A thermal conductivity de-
tector was used to monitor the hydrogen consumed during
the TPR course. CuO was used as a standard sample for the
calibration of hydrogen consumption. Thermal gravimetric
analysis (TGA) was conducted on a Perkin—Elmer TGA7
apparatus to determine the amount of coke deposited on the
catalyst after the reaction. Twenty milligrams of sample was
heated from room temperature to 58Dat a heating rate of
10°C/min in flowing air. The X-ray photoelectron spectra
(XPS) were obtained with Al-K radiation (1486.6 eV) on a
Perkin—Elmer PHI 5000C ESAC system at a base pressure of
1 x 10~° Torr. The sample was pressed int@d3 x 1 mm
round disc and was degassed in the pretreatment cham-
ber for 2 h before being transferred to the analysis cham-
ber for XPS measurement. All binding energy (BE) values
were referenced to the C(1s) peak at 284.6 @Ga MAS
NMR measurements were performed on a Bruker Avance
50 ml of the solvent); then an ethanol solution of aqueous DMX-500 spectrometer operating at 152.5 MHz, equipped
ammonia (ethanol/aqueous NH= 1:1) was slowly added ~ With a 2.5-mm double bearing MAS probehead spinning
with continuous stirring at room temperature until no fur- at 30 kHz. Approximately 60,000 transients were accumu-
ther precipitate was formed. The resulting gel was filtered, 1ated fora-Ga0s and 40,000 fors- and y-GaOs with a
washed with ethanol, and vacuum-dried in a desiccator. The0.1-s recycling delay. The chemical shifts were referenced
xerogel thus obtained was calcined at 5a0for 6 hto form  to 1 mol/l Ga(NGs)3 solution.
y-Ga0Os3. Chromium oxide used in this work was prepared
by thermal decomposition of Cr(Ngx - 9H,O at 600°C for
6 hin air.

2. Experimental
2.1. Catalyst preparation

a-, B-, ands-GaO3 were prepared according to the pro-
cedures described in the literatJfe]. «-GaO3 was syn-
thesized by a precipitation method. Aqueousg\deélution
(14 wt%) was added to a 10 wt% gallium nitrate (Ga@
xH>0; Aldrich) solution. The precipitate was dried at 7D
and calcined in air at 500C for 6 h. 8-Ga0O3 was prepared
by thermal decomposition of Ga(NJ3 - xH2O at 600°C for
6 hin air. Ga(NQ)3 - xH20 was heated at 20@ overnight
to produces-Ga O3, which was then calcined at 50Q for
6 hin air. To preparer-Gg03 [16], Ga(NG)3 - xH20 was
first dissolved in ethanol (approximately 3 g of the salt in

2.3. Reaction testing

Catalytic tests were performed in a fixed-bed flow mi-
croreactor at atmospheric pressure, and the catalyst load was
200 mg. Nitrogen was used as the carrier gas at a flow rate of

X-ray powder diffraction (XRD) was used to identify the 10 ml/min. The catalysts were pretreated at 3G0for 1 h
crystal phases of gallium oxide catalysts before and after in nitrogen flow, and the reaction temperature was %00
reaction. The measurements were carried out on a RigakuFor nonoxidative dehydrogenation of propane, the gas reac-

2.2. Catalyst characterization

D/Max-lIA diffractometer with Cu-K, radiation at 30 kV
and 20 mA, running from 15to 70° with a speed of 8/min.

tant contained 2.5 vol% propane and a balance of nitrogen.
For oxidative dehydrogenation of propane by carbon diox-

The specific surface areas of the catalysts were measured byde, the gas reactant contained 2.5 vol% propane, 5 vol%

nitrogen adsorption at 196°C with a Micromeritics ASAP

carbon dioxide, and a balance of nitrogen.
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The hydrocarbon reaction products were analyzed with 31.7, 33.9, 35.2, 37.5, 38.4, 43.0°, 45.8, 48.7, 49.6,
an on-line gas chromatograph with a 6-m column of Pora- 54.6°, 57.5, 60.0°, 60.8, 62.7, and 64.7, corresponding

pak Q and a flame ionization detector (FID). The gas prod-

ucts, such as f CO, and CQ, were analyzed with another

to the diffractions of (004), (14), (200), (11), (111), (104),
(113), (113,211), (006,21, (015), (204), (115,302), (3,

chromatograph equipped with a 2-m packed column of car- (311), (020), (008,017,022), and @,215) of3-GaOs, are
bon molecular sieve 601 and a thermal conductance detectoobserved. The pattern is very similar to that of th&a03
(TCD). The conversion and selectivity were calculated as sample prepared by calcining pfGa,Oz at 800°C for 4 h,

follows:

CsHg in — C3Hs out

C3Hg conversion= x 100%
CsHg in
COin—-C
CO, conversion= CO2in—COou 100%
COZ in
. C3H
C3Hs selectivity = $hot 100%

CsHg in — C3Hs out

The reaction data in the work were reproducible with a
precision of less than 5%.

3. Results
3.1. Catalyst synthesis and structural identification

We preparedr-GaOs3 by calcining Ga(OHj) gel in air
at 500°C for 6 h. The diffraction pattern af-GaO3 ob-
tained is shown ifrig. 1a. Only peaks at 24°533.5, 36.2,
41.2,50.2, 55.#, 63.#4, and 65.0, corresponding to the
diffractions of (102), (014), (110), (113), (204), (116), (124),
and (330) ofw-G& 03, are observed, showing that the sam-
ple is a purex-GaOs. B-Ga& O3 is the only stable form of
Ga0s. It is possible to easily obtaif-GaO3 by heating
any other form of GgOs or its hydrate in air above 100@
or hydrothermally above 30 [15]. In the present work,

Ga(NGs)3 was used as the precursor and was calcined in air

at 600°C for 6 h to getB-Ga0O3. The diffraction pattern
of B-Ga O3 is shown inFig. 1b. The peaks at 302130.5,

Intensity (a.u.)

20 30 40 50

2 Theta (degree)

Fig. 1. XRD patterns of fresh gallium oxide catalysts. (&)GaOs;
(b) B-Gap0g; (c) y-GapOg; (d) 8-GapOs.

described in the literatufd 7]. y-Ga0O3 can be obtained by

a precipitation method. In earlier literaturfkb,18] gallia

gel was prepared by the addition of ammonia to an aqueous
solution of gallium nitrate. The filtered gel was quickly dried
before calcination to prevent the formation of GaO(OH),
which formsea- or 8-Ga& O3 after calcination. The-Ga O3
product obtained by this method contained other gallia poly-
morphs. Recently, Arean et dlL6] successfully prepared
purey-GaOs3 by using ethanol as a solvent instead of water,
so the latter method was adopted in this work. The diffrac-
tion pattern of the sample prepared is showRim 1c. Only
peaks at 308 36.2, 44.1°, 58.2, and 64.2, correspond-
ing to the diffractions of (220), (113), (004), (333,115), and
(440) of y-Ga0g3, respectively, are observed. Ga(ho
was heated at 200 for about 12 h to producé-Ga0Os,
which was then calcined at 50Q for 6 h, since the tempera-
ture of propane dehydrogenation in this work is 800 The
diffraction pattern 08-GaOj3 is shown inFig. 1d, in which
only peaks at 312 35.9, and 61.8, corresponding to the
diffractions of (222), (400), and (622) 6fGaOs3, respec-
tively, are observed, showing th&Ga O3 is formed. It has
been reported15] that whens-GaOs3 is heated at 525C

it transforms intae-Ga O3 within 30 min. We have tried to
prepares-Ga 03 from §-Ga O3 but failed because of its in-
stability, so the catalytic test farGg0Os3 is not included in
the present work.

3.2. Dehydrogenation of propane

Dehydrogenation of propane over different polymorphs
of gallium oxide in the absence of GQwas studied at
500°C; the results are given ifable landFig. 2 The ma-
jor product formed in the reaction is propene, and the minor
products are ethane, ethylene, and methane. It is interest-
ing to note that the gallium oxides behave differently in the
reaction. The initial conversion of propane on the catalysts
decreases in the orderGa03 > B-Ga03 > §-Ga0s3 >
a-Ga0s3. For all of the catalysts, the propane conversion
drops gradually with reaction time and almost reaches steady
state after 6 h. The steady-state conversion of propane for
the catalysts is in the order-GaO3 > a-Ga 03, B-GaO3
> §-Ga03. Since the gallium oxides differ considerably in
specific surface area, the specific activities of the oxides (ex-
pressed in terms of umth m?)) were calculated. Intrinsi-
cally, B-Ga O3 is almost twice as active as the other gallium
oxide catalysts, both initially and at steady state.

At the beginning of the reaction, the selectivity for
propene on the catalysts is about 85-9%#4Ga03 and
B-Ga0O3 are more selective than the other two oxides. For
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Table 1

Reaction data in the absence of carbon dioxide

Catalyst SBET CgHg conversioft Selectivity? (%) Activity®
(m?/g) (%) C3He CHq CoHa CoHe (umol/(h ?))

a-Gap03 72 25(13) 96 (96) 1.5 (1.5) 2.9(2.6) 0.0 (0.0) 12 (6.0)

B-GapOg3 40 33(12 95 (95 1.7 (1.0) 2.5(2.7) 1.0(1.6) 28 (10

y-GapOs 123 44(18) 87 (95) 4.6 (2.4 4.9(2.9) 3.9(0.0) 12 (4.8)

3-GapO3 80 26(9.3) 88 (95) 3.5(1.98 8.7 (3.7 0.0 (0.0 11 (4.0)

Crp03 4.8 52(2.8) 91 (100 8.7 (0.0) 0.0 (0.0) 0.0 (0.0) 36(19)

@ The values outside and inside the bracket are the data obtained in the initial period and at 6 h, respectively.

Table 2

Reaction data in the presence of carbon dioxide

Catalyst SBET Conversioft (%) Selectivity? (%) Activity@
(m2/g) CsHsg co, CaHe CHq CoHa CoHe (umol/(h m?))

a-GagpO3 72 16(9.7) 4.3 3.4 89 (94) 3.4 (1.7) 7431 0.0 (1.9 7.7 (4.6)

B-GapOs 40 23(11) 6.2 (5.5) 94 (98) 2.3(1.2) 3.1(1.2) 0.3(0.0) 20(9.2)

y-GaOs3 123 21(1% 4.4 (3.8 86 (94) 54(1.8) 7.9 (2.7 0.0 (1.3 5.7 (@3.7)

5-GapO3 80 18(7.8) 5.3(2.6) 93(95) 2.6 (1.9) 4.0(3.6) 0.0 (0.0) 7.5(3.3)

Crp03 4.8 15(0.8 3.4 (2.7 90 (100 10(0.0) 0.0 (0.0 0.0 (0.0 10(5.6)

2 The values outside and inside the bracket are the data obtained in the initial period and at 6 h, respectively.
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Fig. 2. Conversion of propane over four polymorphs of gallium oxide in Fig. 3. Conversion of propane over four polymorphs of gallium oxide in
the absence of carbon dioxidk: «-GaO3z; B: 8-GaO3; ¢: y-Ga03; the presence of carbon dioxidk: a-GaOs3; B: 8-Ga03; @ y-GaO3;
®: 5-Ga0Os3. ®: 5-Ga03.

all of the catalysts, the selectivity for propene reaches 95% the catalysts are more stable with respect to reaction time.
at steady state. The propane conversions of the catalysts at steady state in
The propane dehydrogenation reaction was run on chro-the presence of C&are only slightly lower than those in the
mium oxide catalyst under the same conditions; the data areabsence of CQ and the activity order of the gallium oxides
listed in Table 1for comparison. It seems that the specific is unchangedg-GaOs remains intrinsically two to three
activity of chromium oxide is higher than that gfGa03 times more active than the other types of gallium oxide. In
in the absence of CO the meantime, the selectivity for propene is also improved on
B-Ga O3 in the presence of COIt can be as high as 97.6%
3.3. Dehydrogenation of propane in the presence 0§ CO at steady state. Moreover, in comparison with chromium ox-
ide, 8-GaOs is more active for the reaction in the presence
The dehydrogenation of propane was run over the gallium of CO,. Its specific activity is almost twice as great as that
oxide catalysts in the presence of £&t 500°C; the reac- of chromium oxide.
tion data are shown ifiable 2andFig. 3. CO was detected The gallium oxide catalysts after reaction for 6 h in the
in the reaction product. Again, the gallium oxides behave presence of C® were studied by means of XRD, TGA,
differently in the reaction. For all of the catalysts the initial and N adsorption methods$:ig. 4 illustrates the XRD pat-
conversion of propane is reduced in the presence of 6@ terns of the used catalysts, which are similar to those of the
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Table 3 9040
The amount of coke deposit and specific surface area of catalysts after 6 h2
reaction in the presence of GO 2 sl
> =
Catalyst Amount of coke SBET "é
(%) (m*/g) T
a-GapO3 4.18 51 5 304
B-GayO3 3.29 30 5 |
y-GapO3 4.50 73 g u
5-Gap03 5.36 53 2 20 \-\
B-Gap0Ogz? 375 26 3 L]
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the absence of CO
T T T T T T T T T T T T
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fresh catalysts, confirming the absence of structural change Reaction time (min)

of the oxides during reaction. The amount of coke deposited _
on the catalysts measured by TGA and the specific surfaceFig. 6. Effect of pretreatment atmosphere on dehydrogenation of propane

. . . over 8-Ga O3 catalyst in the presence of GAll: propane conversion over
areas of the catalysts after reaction are listedable 3 B-GapO3 pretreated in N, CI: propene selectivity ove#-GapOg3 pretreated

The low surface area (ﬁ'GaQO_S probably accounts for the i, n,: @: propane conversion ovg-Ga,0s pretreated in H; O: propene
lower amount of coke deposited. In the absence 06,CO selectivity overg-Ga,O5 pretreated in K.
the amount of coke deposited gaGa O3 is obviously in-

creased, and the reduction in surface area after reaction isreased, but the reduction is more significant in the presence

more evident. of COy.
. - The B-Gg03 catalyst was pretreated either irp Mr in
3.4. Effect of reaction conditions H, at 500°C for 1 h before reaction. The effect of the pre-

treatment atmosphere on the dehydrogenation of propane in

Among the gallium oxidesg-Ga&0Os3 is the most stable  the presence of COwas studied; the results are shown in
one, and it can exist above 500; so the effect of reaction  Fig. 6. The initial propane conversion is decreased from 23.3
temperature on dehydrogenation of propane @«&8a03 to 13.6% after H pretreatment, but the catalyst becomes
in the presence or absence of £@as studied. The reaction more stable. After 6 h of reaction, the propane conversion
results are given irig. 5. At 500°C, the initial conversion  on the catalyst pretreated inpldecomes the same as that on
of propane in the presence of @@ lower. However, it in- the catalyst pretreated inpNIn the meantime, the selectivity
creases more steeply with temperature, so above G50 for propene on the catalyst pretreated inibislightly lower
starts to surpass the initial conversion of propane in the ab-than that on the catalyst pretreated ip #uring the whole
sence of CQ, implying that the activation of C&is favored course of reaction.
at higher reaction temperatures. In both cases, the selectivity A regeneration treatment of th&GgO3 catalyst after
for propene is reduced as the reaction temperature is in-6 h of reaction at 500C in the presence of COwas at-
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Fig. 7. Regeneration gf-Ga03 catalyst at 500C. Fig. 8. 71Ga MAS NMR spectra of gallium oxides. (a§-GaOs;

(b) y-GaOs3; (c) a-GapO3. Asterisks denote spinning sidebands.
tempted. As shown irFig. 7, the propane conversion on
B-GaO3 catalyst decreases from 23.3 to 10.8% after 6 h on
stream. The reaction was interrupted undepatdeam, and and y-Ga03. The total amount of basic sites on the cat-
then @ was introduced at 50TC for 1 h to burn off carbon 5y q45 is 10 times lower than that of the acidic sites. The
species deposited on the catalyst. The propane conversion °’E>eak temperature 0B-GaOs is much lower than those
the regenerated catalyst is 17.0%, which is much lower than of the others, demonstrating that the strength of the basic
the initial conversion, showing that the original activity of sites onB-GayOs is much weaker. Furthermore, there are
the catalyst could not be fully restored. Meanwhile, after the two distinct CO desorption peaks on the TPD’ profile of
second and third regeneration, the activity of the catalyst is §-Gap03 with peak temperatures of 290 and 4%5 respec-

almost;ully_ redcov;ar?ﬁ. The mcrlee;se 'E the aCt'Vmé after_tre- tively, showing the existence of a small amount of strong
generation is due to the removal of carbonaceous deposits on_ i~ ciios on the sample.

the catalyst, and the reduction in the activity after the first re- The above measurements indicate that the gallium ox-

g_eneratlon could be due to the loss of some temporary aCt'veides are principally acidic oxides with medium acid strength.
sites on the fresh catalyst.

Only a negligible amount of basic sites exists on the oxides,
3.5. Acid-base properties !mplylng that t'hle acidic sites may play amore important role
in the competition among the gallium oxides.

peak is observed in the TPD profile @Ga03, 8-GaOs,

The surface acidity of the four polymorphs of gallium -
oxide was measured by the NAPD method. A broad  3:6- '“Ga MAS NMR spectroscopy
asymmetric NH desorption peak is observed in the TPD
profiles of all four samples. The peak temperatures are inthe  The "'Ga MAS NMR chemical shift is known to re-
range of 300—40%, Corresponding to acid sites of medium ﬂeCt the COOI‘dination state of the @aion in OXide com-
strength. NH-TPD data for the samples are listed Ta- pounds[19]. Fig. 8 shows the’!Ga MAS NMR spectra of
ble 4 The acid site density of the oxides (expressed in terms the polymorphs of gallium oxide. The spectra f and
of um0|/m2) has the Sequencﬁ-Gwos > )/-GEQO?, > ]/'GQO3 are Composed of two main lines with maxima at
§-Ga03 > a-Ga0s. 5-11 and 165-172 ppm, which are characteristic of gal-
The surface basicity of the oxides was measured by thelium in sixfold (Ga"') and fourfold (G&’) coordination to
CO,-TPD method, and the GOTPD data were summarized  0Xygen, respectively. The line attributed to \Gaplits into
in Table 5 Again, a low, broad, asymmetric G@esorption ~ four spinning sidebands. The spectrumxeGa 03 exhibits

Table 4 Table 5
NH3-TPD data of gallium oxide catalysts CO,-TPD data of gallium oxide catalysts
Catalyst Peak temperature NH3 desorbed Catalyst Peak temperature CO;, desorbed

0 mmol/geat pmol/m?,, 0 mmol/geat umol/m?,;
a-GaO3 360 054 76 a-GgO3 320 0028 039
B-GapO3 355 051 128 B-GapO3 240 0022 Q55
y-GaO3 305 107 87 y-GapO3 365 0023 Q17

$5-GapO3 380 064 81 $-GapO3 290, 455 12 Q17
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a strong asymmetric G4 line and relatively weak evi- lated that the omission of the reduction peak in the literature
dence of the presence of tetrahedral\Gauggested by the is caused by the low BET surface area (2.9%/9) of the
small overlapped peak around 180 ppm. According to the 8-Ga0s3 used[23] or the low concentration of gallium ox-
published crystallographic data obtained by single crystal ide (1.7 mol%)24] on the supported catalyst. Nevertheless,
three-dimensional X-ray diffractiof0,21] «-G&0O3 has the amount of gallium oxide reduced by Hccording to the

a corundum structure containing only octahedral Ga ions, TPR data is limited for all of the samples. After reduction
whereas- andy-GaO3 have both tetrahedral and octahe- the amount of low-valence gallium oxide in the sample is
dral Gaions. The NMR result shows that th&5a 03 in the only about 1-5 mol%.

present study is not strictly a single-phase compound. There It is more interesting to note that the,@egenerated

is some tetrahedral Gaspecies in the sample. B-GapO3 catalyst, after 6 h of reaction in the presence of
CO, is not reduced by Hin TPR measurements, as shown
3.7. TPR and XPS studies in Fig. 9, indicating that the part of the reducible gallium

oxide species in the catalyst is not restored after regenera-
It has been reported that pure gallium oxide cannot be tion.

reduced by hydrogen below 60Q [22,23] Only when To confirm the valence change of gallium after reduction
B-Ga&03 is loaded onto zeolites, such as ultrastable fauja- by H,, the XPS spectra fof-Ga,O3 were recorded before
site and ZSM-5, is it amenable to reduction by [22,24] and after reduction. The deconvoluted spectra in the Ga (3d)

The reducibility of the four polymorphs of gallium oxide region appear ifrig. 10 Only two peaks appear in the spec-
was studied by B+ TPR; the results are shown kig. 9 and trum of B-GaO3 at 25.0 and 20.8 eV, respectively, which
Table 6 To our surprise, small reduction peaks appear in can be assigned to O(2s) and358d) bands, according to
the TPR profiles of all of the samples above 2@0indicat- the literaturg25]. A new small peak appears in the spectrum
ing that small parts of the gallium oxides can be reduced by of 8-GaO3 at 19.6 eV after reduction by Hat 500°C for

H2 at rather low temperature. Comparing our experimental 1 h. This shift in binding energy~1.2 eV) can be attributed
conditions with those in the literature, it could be postu- to the presence of GaO species in the reduced sample.
From the ratio of the area of peak C to the total peak area,

Intensity (a.u.)
©
Intensity (a.u.)
>

(e) 30 25 20 15

T T T T T T T T T Binding Energy (eV
100 200 300 400 500 £ 24 ( )

Temperature (°C)

Fig. 9. Hb-TPR profiles of four polymorphs of gallium oxide. @)GaOs;
(b) 8-G&03; (c) y-Ga0s; (d) 5-Ga03; (€) O, regenerated-GaO3 at
500°C for 1 h after 6 h reaction in the presence of £LO
E)
A
Table 6 =
H>-TPR data of gallium oxide catalysts a
Q
Catalyst Peak temperature  Hp consumption =
€ mol/molga,0, pmol/mZ,;
a-GapO3 265 Q10 77
B-GaO3 260 Q045 60
y-Gap0O3 241 Q019 as4 30 25 20 15
3-Gzx0: 230, 366 0083 56 L
5- G&a!; 0333 _ 0 0 Binding Energy (eV)

2 0, regenerate3-GapO3 at 500°C for 1 h after 6 h reaction in the Fig. 10. XPS spectra gf-GapO3 before (top) and after reduction (bottom).
presence of CQ@ (A) O(2s) signal peak; (B) G (3d) signal peak; (C) G&(3d) signal peak.
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the amount of G& reduced to Ga can be calculated. The  above reaction mechanism gives a good explanation not only
calculated value shows that about 2.5 mol% opGais re- for the high activity of the gallium oxide catalysts toward
duced, that is, 0.05 mol Hper mol of GaOs is consumed  the dehydrogenation reaction, but also for the superiority of
during reduction. This result is in accord with the-FIPR B-Ga0s over the other polymorphs.
data inTable 6 Based on the analogy of gallium oxide to aluminum ox-
ide, these acid sites should be the Lewis acid sites formed
via abstraction of OH groups from gallium cations in tetra-
4. Discussion hedral positiong30]. It is known that tetrahedral Ga ions
exist in the structure - andy-Ga O3, and surely they are
the source of the Lewis acidity. By contragt,ands-GaO3
are constituted only by octahedral ¥a and theoretically
the formation of Lewis acid sites on these oxides is unlikely.
However, the results iffable 4show that the surface acidi-

The dehydrogenation of propane or ethane over reducible
metal oxide catalysts, such as chromium and iron oxides, in
the presence of COhas been suggested to follow a redox

mechanisnj26,27]. Propane is oxidized to propene with the ties of y-, a-, ands-Ga,Os are similar when normalized to

simultaneous reduction of metal oxide §B8, Cr,O3, and, )
X . unit surface area. Recently, other authors have also reported
etc.), and subsequently the reduced metal oxide catalyst is

reoxidized by CQ. Since gallium oxide is hardly reduced thaty - Ianda—Ga;203 have ngarly the same surfage acidity,
and the redox cycle is irreverible under the reaction temper- according to IR spectroscopic results obtained with CO and
ature according to the experimental results in this work, the pyridine as probegl9]. This unexpected phenomenon was

; . . . . interpreted in the literaturfl9] as the occurrence of some
redox mechanism is probably inapplicable for the reaction. ’ B9l

. . . surface reconstruction m-GaOs, giving rise to tetrahedral
Previous studies have shown that the dihydrogen molecules 4y species from bulk octahedral ¥abecause there is a
is dissociatively adsorbed on gallium oxide, leading to the

. i . high preference for tetrahedral versus octahedral coordina-
formation of H- and H' ions[28]. Hence it has also been gn p

91th h Wtically di , tion in the presence ofll Ga®* cations due to an enhanced
suggeste& ] that propane can etgro ytically '.SSOC'ate on polarizing power. The small peak around 180 ppm in the
gallium oxide, forming gallium hydride and gallium alkox-

’1Ga NMR spectrum ofr-GaOs in Fig. 8 confirms that

ide species: a small number of tetrahedral Baions are present in our
- ?3H7+ a-GapO3 sample. More importantly, these Bdons formed
Gat—O?—Gat + C3gHg — Ga¥+—O?—Ga+. 1) by surface reconstruction are situated on the surface of the

sample, and they are all accessible to the reactant and probe
The alkoxides would decompose further to form the dehy- molecules.
drogenation products: When the reactivity of the polymorphs is correlated with
B N S the results of acidity measurements, it can be concluded that
H™  CaHy H- H ) the surface acid site density probably plays a decisive role
G t—0*-Ga't — Ga¥ -0 —-Ga¥+ + CzHe, in the competition between the polymorpissGa0s is the
|_|, H+ most active catalyst because it has the highest surface acid
G PG+ — Gat—OP—Ga+ 4 H. (3 site density (se&able 4, whereas the activities of the other
three polymorphs are similar but lower, because of their re-

Reaction(2) is slow and is the limiting step in the forma-  duced surface acid site density.

tion of propend29]. When both GgOs and Ht are present There is only a very small amount of surface basic sites
on the catalyst, the propyl carbenium ion on,Ga will on the oxide polymorphs. TPD experiments show that the
readily exchange with a proton through a surface migration surface basic site density is about 20 times lower than the
reaction: surface acid site density. The low basicity and, consequently,
the weak adsorption of Care probably correlated with the
|'|7 ?3H7+ low conversion of C@. An appropriate enhancement of the
Ga‘ -0 -Ga™t + H''S catalyst surface basicity could be useful for the reaction, and
H™ HY () this merits further study.

— Ga't-0?—Ga‘t 4 CaH7 S, TPR and XPS results show that about 1-5 mol% of the

fresh gallium oxide catalysts can be reduced below 800

but this part of the reducible oxide cannot be restored after

C3H7TS = C3Hg + HFS. (5) reaction and @ regeneration. If we correlate these results

with the regeneration pattern of the used catalystsign 7,

The conjugated effect of gallium oxide and a proton is to it could be postulated that the redox cycle betweefitGand

replace the slow stef2) with the fast equilibrium(4). Ga' in the initial stage of the reaction might be of advantage
NH3-TPD studies of the polymorphs of gallium oxide to the dehydrogenation reaction. Nevertheless, the above ob-

show that acid sites of medium strength are abundant onservation still must be confirmed by more careful and precise

the surface of these catalysts, particulafyGaO3. The measurements.

Propene then results from the equilibrium:
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As regards the promoting effect of GQhe reverse water
gas shift reactior{6) and the Boudouard reactidi@) may
play positive roles in the dehydrogenation reaction:

CO, + Ha — CO + H,0, (6)
C+ CO, — CO. ©)

of the gallium oxides is related to the presence of tetracoor-
dinated G¥ ions.
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