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Abstract

Activation of propane over [/MgO catalyst has been investigated. It is shown that a small fraction of the oxygen iondlgQicatalysts
can be removed from the catalyst by reduction treatmentimt-600°C. Catalytic activity of LYMgO exhibits a strong correlation to the
amount of oxygen that is removed. It is proposed that the sites containing removable oxygen are responsible for the activation of propane.
About 70 propane molecules were converted after consumption of one such oxygen site, in the absence of gas-phase oxygen, implying &
mechanism in which propane molecules are activated on the catalyst resulting in propyl radicals that are released to the gas phase wher
they undergo chain propagation reactions, resulting in the products observed. The active O site is consumed by conversion into an OH group
as the oxygen is not removed from the catalyst with propane. The oxidative conversion of propane g tatalysts follows a mixed
heterogeneous-homogeneous radical chemistry where the catalyst acts as an initiator. At low propane partial pressures (0.1 bar), the cataly:
surface area to volume ratio of the catalytic reactor does not influence the chain length in the propagation step. At higher propane partial
pressures> 0.3 bar), favoring extensive gas-phase reactions, the catalyst affects conversion and selectivity also via quenching and chain
termination.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction opportunity for obtaining commercially acceptable yields of
olefins than a purely catalytic reaction. It is unclear from
Oxidative conversion of alkanes to olefins, especially de- the literature whether noncatalytic contributions are impor-
hydrogenation propane to propene, has been and continuegant during catalytic propane conversion, unlike in methane
to be an important research subject. Despite the efforts,oxidative coupling where the role of catalytic and homo-
most of the redox-type catalyst systems reported in the lit- geneous reactions is well established [4,5]. Some authors
erature gave low yields of propene: 80%) due to com-  explain their results of propane conversion to olefins in terms
bustion of propene to carbon oxides. On the other hand, of catalytic reactions only, without taking into account pos-
nonredox catalysts such as Li-promoted magnesia resultedsible homogeneous gas-phase contribution [6-8], while oth-
in olefin yields in the range of 50%, as a mixture of ethene ers describe their results in terms of radical reactions in the
and propene [1,2]. Although there are only a few studies of gas-phase initiated on the catalyst, and radical-surface inter-
propane oxidative conversion, propane selective oxidation actions [9,10].
without use of a catalyst appears to produce better olefin | the preceding paper (part I) we have suggested a reac-
selectivities than catalytically. Burch and Crabb [3] com- {ijon mechanism that involves a sequence in which propane

pared catalytic and noncatalytic performances of propaneis first activated on the [IiO~] active sites of LfMgO
oxidative conversion and concluded that the combination of catajysts. The resulting radical then desorbs and initiates a

heterogeneous and homogeneous reactions offers a betteg,s phase chain propagation reaction. The conditions under

which catalytic activation prevails over homogeneous acti-
* Corresponding author. vation were also defined [11]. It was observed that at low
E-mail addressl.lefferts@utwente.nl (L. Lefferts). propane partial pressures catalytic activation prevails, while
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Table 1

Chemical compositions and specific surface areas of the catalysts used

Catalyst Composition MgO (wt%) hO (Wt%) Dy,0O3 (Wt%) BET (m?/g)
MgO MgO 100 - - 751
MgO (high surface area) MgO 100 - - 110
1%Li,O/MgO MgLig.0070x 99.0 10 - 114
3%Li,O/MgO MgLig 0gOx 97.0 30 — 29
3%Li>O/MgO (high surface area) Mgb.iogOx 97.0 30 - 62
7%Li>,0/MgO MgLig 2Oy 93.0 70 - 13
12%Li,0/MgO MgLig 370« 880 120 - <1
Li/Dy/MgO MgLig 2Dy0,020x 85 77 7.3 13
Li/Dy/MgO (high surface area) Mgb.bDyg.020x 85 77 7.3 6

at high partial pressures of propane (typically above 0.3 bar) and LiINO; (Merck, > 98.0%) and for dysprosia-containing
homogeneous activation of propane contributes to the over-catalyst DyO3 (Fluka, 99.9%), according to the wet im-
all performance. The product spectrum was explained in pregnation method described in detail in [2]. The Li content
terms of heterogeneously initiated radical-chain propagation and the concentrations of impurities in both the bulk and the
reactions. The catalyst appears to contribute also via quenchsurface of the samples were determined with XRF (Philips
ing of radicals; however this effect was found to be signifi- PW21480) and XPS (Physical Instrume@€uantum 2000),
cant only when radical concentrations are high at high partial respectively. The bulk compositions and surface areas of the
pressures of propane-(0.4 bar). The catalytic activation of  catalysts studied are presented in Table 1.
propane has been proposed as the initiation step of the rad- Sorption measurements were carried out with a Mettler-
ical chemistry. Oxygen of the [[HO~] active site abstracts  Toledo TGA-SDTA apparatus. Argon was used as the carrier
a hydrogen atom from propane, resulting in the formation of gas. Typically, 50 to 100 mg of catalyst was used in a 70-
n- or isopropyl radicals. These radicals are released into thepl alumina crucible, using a gas flow rate of 50/min.
gas phase where they first undergo decomposition reactionsThe samples were activated at P&Din Ar until a constant
The two types of propyl radicals have different decomposi- weight was measured. Gas mixtures with 10% reactive gas
tion routes: isopropyl gives propene and a hydrogen radical, (COp, Oy, Hz, or propane) in 90% Ar were used.
and n-propyl gives ethene and a methyl radical. The radi-  Steady-state catalytic measurements were carried out in
cals that result from the decomposition continue the chain a quartz microreactor (internal diameter 4 mm) under plug
propagation reactions, by activating new propane moleculesflow conditions at atmospheric pressure. The catalyst bed
resulting in a quasi-equal distribution of iso- angpropyl was packed between two quartz-wool plugs. Quartz inserts
radicals. In the presence of oxygen the concentration of rad-of 3 mm diameter were introduced on top and below the
icals increases because oxygen reacts fast with the propylkatalyst bed to minimize the empty volume. Further de-
radicals to form propene and a new chain-carrier radical, tails involved in the preparation of catalysts, their charac-
HO,-. Methyl radicals are converted either to methane at low terization, and reaction rate measurements are reported else-
partial pressures of oxygen or to CO when the oxygen partial where [2,11]. During transient catalytic measurements sam-
pressure is relatively high [11]. ples were collected using a multiport valve to store samples
We reported earlier on the effect of the catalyst con- for later GC analysis. During pulse measurements the reac-
stituents and the role of chlorine in a Mg-Li—-Dy—CI-O com- tor effluent was directly connected via a Porapack Q column
plex catalyst [2,12]. It was concluded that only Liis crucial to the TCD detector.
in magnesia-based catalysts for the catalyst activity and se-
lectivity; moreover, chlorine introduced stability problems.
The aim of this paper is to characterize the active sites of 3. Results
Li-promoted magnesia catalysts that are responsible for the
catalytic activation of propane, and to describe the role of 3.1. Catalytic performance of JMgO catalysts with
Li in creating these active sites. All measurements reported varying Li content
here were carried out using a low propane partial pressure
(0.1 bar) so that homogeneous activation of propane is not In an earlier paper we have shown that the catalyst for-
significant, unless otherwise noted. mulation can be simpliefied from a complex catalyst com-
position [Li-Cl-Dy—Mg—0O] proposed in the patent litera-
ture [13], to [Mg—Li—O] only, without importantly affecting
2. Experimental the catalyst performance [2]. Here we present a detailed
study on how the Li content of the IMgO catalyst influ-
Catalysts containing varying amounts of Li, studied in ences the activity and selectivity to the various products.
this paper, were prepared from MgO (Merck, assay 99.6%; Table 2 presents the catalytic performance data for the
high surface area magnesia from Ube Mat. Ind. 99.98%) catalysts with varying amounts of Li at several temperatures.
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Table 2 i
Performance of LiMgO catalysts
Catalyst T (°C) Conversion Selectivity (%)
(%) CsHg CyHs CHs CO, - =
MgO 550 43 14.0 13.9 0.7 714 g 3
600 111 247 268 25 460 2 %
650 433 34.6 329 11.7 203 N ™~
= »
1%Li,O/MgO 550 76 22.2 18.0 0.6 59.2
600 332 25.2 31.2 3.0 397
650 641 19.7 362 76 325
3%Li»0/MgO 550 54 235 195 07 562 om K ; , 0
600 251 30.2 315 3.2 342 .
Li,O content (wt?
650 588 232 365 7.2 287 0 2 (wt%%) 8
7%Li,0/MgO 550 12 284 282 22 41.0 Fig. 1. Rate of conversion of propane oveyMgO catalysts as a function
600 87 399 329 55 204 of the Li content expressed as rates normalized to the catalyst weight and
650 331 349 367 8.1 16.6 specific surface area, respectively. Conditions: 10% propane and 8% oxygen
in He; T', 600°C; total flow 10-80 mjimin.
12%Li,O/MgO 550 11 302 226 16 456
600 7 43 32 5.3 18
650 262 376 380 91 105 C3Hg

Conditions: 10% propane, 8% oxygen in He; 100 mg catalyst;
WHSVpropane 0.9 L; total flow rate, 10 mimin.

selectivity (%)

Conversion was the highest for the 1 wt%Qkcontaining
catalyst at all temperatures. Selectivities to olefins gener-
ally increased with Li content but at 60C the selectivity

for propene increased the most remarkably, from 25 to 40%
when Li content increased from 0 to 7 wt%.

The activity of 1% LpO/MgO catalyst was higher than
the activity of MgO though the surface area of MgO was re- Fig. 2. Selectivities toward the main products ovefMgO catalysts as a
duced considerably by Li addition (see Table 1). Addition of function of the Li contentoat 10% conversion. Conditions: 10% propane and
more Li further reduced the surface area paralleled by a de-B% oxygen in Hel', 600°C; total flow 10-80 mimin.
crease of the catalytic activity. Addition of Li to MgO had
the most significant effect on activity at 600, i.e., conver-  3-2. Interaction of reactants and products onfigO
sion increased three-fold by adding 1 wt%@i. Therefore,
600°C has been chosen for more detailed studies.

Rate of propane conversion, at 60D, expressed in
moles per gram catalyst per second (Fig. 1), showed an op It was observed that treating the samples in hydrogen for

timum at 1 wt% LpO content. When the conversion rate . .
o b at least 1 h at 600C or higher temperatures resulted in a

of propane was expressed in moles per square meter cata- ) A .
. L considerable weight loss. After purging in Ar and admis-
lyst per second, the rate increased withQicontent up to 9 purging

. sion of oxygen over the sample, the original weight of the
0,
3wt yvhere itleveled Of.f' I sample was recovered instantaneously. It was concluded that
In Fig. 2 the effect of Li content on the selectivities to the

oxygen from the sample was removed by hydrogen treat-
main products is shown for a fixed temperature (B0pat > P y nydrog

) o . ment and replenished upon oxygen treatment. The results
the same level of conversion (10%) achieved by space veloc-of the measurements are presented in Table 3. The degree

ity variation. Propene selectivity increased continuously up ¢ deoxygenation, expressed as percentage of bulk oxygen,
to 7 wt% Li;O and remained constant up to 12 wt%Qi first increased and then decreased with increasing Li con-
Ethene selectivity appeared to be constant for all the cata-tent. When we express the amount of removed oxygen as
lysts containing Li, and it was higher than that over pure percentage of the total surface oxygen (calculated using the
MgO. Selectivities to CO and COwere decreased strongly  BET surface area and assuming (001) MgO surface) the de-
by increasing the Li content, whereas methane selectivity oxygenation degree increased with Li content up to 3 wt%
was slightly increased. All selectivities were similar for the Li>O where it leveled off with further increase of the Li con-
catalysts containing 7 and 12 wt%,. tent.

Li,O content (wt%)

Interaction of H, Oy, propane, and Cwith the Li/MgO
catalysts was studied by sorption/desorption experiments in
a TGA apparatus under reaction conditions (60D
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Table 3
The degree of deoxygenation of the/MgO catalysts measured by the weight loss during 1ohtidatment and the weight gain upon subsequent oxygen
admission; the amount of GGorbed and desorbed at 600

Sample Removed O expressed as mobCO mol Li»O/g mol CO
% of bulk % of surface mgm? desorbegm? of catalyst sorbed
oxygen oxygen of catalyst of catalyst of catalyst
MgO 0.02 048 7.46E-08 - - -
1%LioO/MgO 0.10 14 2.24E06 1.8E-06 3.3E-04 1.7E-04
3%LioO/MgO 0.12 68 1.06E05 7.9E-06 1.0E-03 6.4E-04
7%LioO/MgO 0.05 62 9.70E06 7.3E-06 2.3E-03 1.0E-03

Percentage of removed oxygen is calculated relative to the total oxygen in the samples and total surface oxygen assuming the (001) face of the MgO.

Oxidation and reduction of impurities may easily account Adsorption of CQ did not reach equilibrium within 20 min,
for the weight changes observed. Therefore, the impurity except at 700C. Desorption equilibrated rapidly, except at
level of all the Li/MgO catalysts and the starting materials 700°C in which case the catalyst desorbed LC&ntinu-
used for the preparation of the catalysts were evaluated withously during measurement. At temperatures below°&D0
XRF (only elements heavier than Na can be detected). Theno significant desorption was observed.
following compounds and elements were detected (maxi- At 600°C CGO;, sorption/desorption measurements were
mum amount in wt% in parentheses): $i®.2), S (0.06), also performed with samples containing varying amounts of
Cl (0.05), KO (0.002), CaO (0.04), E©3 (0.007), CsO Li. The results of these measurements are reported in Ta-
(0.0002), BaO (0.003). MgO was the source of sulfur impu- ble 3. The quantity of sorbed G@mounted roughly to half
rity, while iron was present in both MgO and LINOXPS the amount of LiO in moles, present in the catalyst. It must
measurements showed no accumulation of any impurity on be noted also here that equilibrium was not reached dur-
the surface; only Mg, O, C, and Li were detected on the sur- ing sorption measurements. It was further observed that the
face of the catalysts. amount (in mol) of CQ@ that could be desorbed when switch-
Sorption/desorption of COwas studied since the strong ing from CG to inert gas at 600C was in the same range
influence of CQ on the catalytic activity known from earlier ~ @s the number of moles of oxygen that could be removed
work [11] makes CQa suitable probe molecule for our cata- with Ha.
lysts. Switching C@ containing inert gas (Ar) to the samples No propane adsorption was detected at the reaction tem-
in the TGA chamber resulted in a weight increase (Fig. 3). Perature, i.e., 608C.
Switching off CQ from the gas stream resulted in a weight

decrease of the samples: i.e., Sf2sorbed partially (Fig. 3). 3.3. Influence of the deoxygenation degree on hydrocarbon

activation

65.3

In order to investigate how the degree of deoxygenation
influences the activity of the catalyst, two measurements
65.2 1 700°C were carried out using the same catalyst bed in a microre-
actor flow system at 60TC. In the first measurement the
catalyst was treated in 10% hydrogen for 1 h then purged for
10 min and finally a feed consisting of 10% propane in He
was switched to the reactor. Immediately after the switch,
samples were taken from the effluent stream and analyzed

6o by GC. In the second measurement the sample was treated
500°C
64.8 K—/ —_—

SORPTION DESORPTION

65.1

.

/
65 600°C

’

in hydrogen for 1 h followed by a brief oxygen treatment.

After purging in He, 10% propane containing feed was ad-

250°C mitted to the reactor. Samples were taken immediately after
the propane admission and analyzed. Fig. 4 presents the con-

/ 100°C version of propane obtained in these two experiments. The

weight (mg)

-

64.7 4
— oxygen-treated catalyst produced 5 times higher conversions
646 j f than the catalyst treated only in hydrogen. The oxygenated
f , sample lost 80% of its original activity in 1 h.
switch off CO, . .
switch on CO, In order to separate the propane reaction into redox re-
645 llllllllllllllllllllllllllllllllllll . . . . .
s 6 9 12 15 19 s 6 o 12 15 10 action steps,.reductlon-OX|dat|0n cycles were at_tempted in
fime (min) pulse mode in the flow system at 60D. In the first ex-

periment the catalyst bed was treated with 10% propane in
Fig. 3. Sorption and desorption curves measured in the TGA on the He for 1 h. After purging in He for 10 min, pulses con-
1%Li0/MgO catalyst. Conditions: 10% GOn Ar; total flow, 50 ml/min. taining 10% oxygen in He were sent through the catalyst.
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2
‘ Table 4
Dependence of conversion and selectivities on surface area, fbtgiO
s 1 catalyst
E Catalyst 3%L50/MgO
2 BET (?/g) 3 6
§ Conversion (%) 10 10
g Rate (10% molg~1s71) 2.8 30
(S oxygen treated 6 5 1
(107° molm™<s™4) 0.9 05
M . |, hydrogen treated [Li+o—] (10—6 mol/m—z) 11 5
0+ M T — Selectivity (%)
0 time (min) 30 60 CHy 29 23
CcO 133 209
Fig. 4. Conversion of propane in the absence of oxygen over the oxy- CO, 197 211
gen-treated and hydrogen-treated catalyst. Conditions: 10% propane in He;C2H4 326 290
total flow, 100 mymin; T', 600°C. C3Heg 307 263

Conditions: 600 C; WHSVpropane 4.8 1 10% propane and 8%4in

TCD Signal (arb. units) He; total flow, 40 mfmin; 100 mg catalyst.

A _i’ 1.3 mPig
E 47
E
L L__L_,_'L L ©
o
& 24
c
2
&2
2 2
B g 6 mg
o]
o
1 L O T T 1
— 0 0.2 0.4 0.6
T T T
0 5 10 15 . P (C4Hs) / bar
Time [min.]

i ) ) ) Fig. 6. Reaction rate of propane conversion vs propane partial pressure over
Fig. 5. TCD signal during oxygen pulsing of pretreated 13iMgO two different catalysts with the same composition/y/MgO) but dif-

catalyst at 600C. (A) Pretreatment in 10% propane, 1 h, 6@ (B) pre- ferent surface area. Conditiong(COy), 20 mbar; P(Oy), 140 mbar;7,
treatment in 10% K, 1 h, 600°C. Carrier (He) flow: 50 mmin. 600°C; total flow, 100 mmin.

The pulses in the effluent stream were detected by thermal
conductivity detector (TCD). The signal of the TCD in this marginal influence on the rate of conversion. However, se-
experiment shown in Fig. 5A indicates no significant oxygen lectivities to various products changed significantly from 3
uptake after propane treatment. In the second experimento 6 n?/g. As a general trend, higher surface area resulted
the catalyst was treated in hydrogen, and then the oxygen-n lower olefin products selectivities and higher CO and
containing pulses were sent through the reactor. The resultCO; selectivities. Rate of propane conversion, calculated as
of this experiment is presented in Fig. 5B. In contrast to moles per square meter catalyst per second, obviously re-
the propane-treated catalyst, the catalyst treated in hydro-sulted in a decrease of the activity by a factor of 2.
gen consumed almost all oxygen from the first two pulses  Catalysts with the same composition but different surface
(~ 107% mol O/m? catalyst). areas were prepared earlier by modifications of the prepara-
tion method (see [2] for details). Note, that these catalysts
3.4. Influence of the surface area on catalytic performance also include small amounts of dysprosia; however, the pres-
ence of dysprosia does not influence the product spectrum
In order to study the influence of surface area, high sur- significantly [2]. The rate of propane conversion as a func-
face area MgO precursor was used to prepare catalysts witHion of propane partial pressure measured under differential
the same composition but higher surface area. The cat-conditions (for details of measurement, see part | [11]) over
alytic performances are presented in Table 4 for the 3% two catalysts having the same composition but different sur-
LioO/MgO catalyst together with the BET surface areas and face areas is presented in Fig. 6. At low propane partial
the concentration of sites that can be deoxygenatediatH pressures< 0.2 bar) the two catalysts converted propane at
600°C. Increasing surface area from 3 to 6 g had only a similar rate, whereas at high partial pressute€.8 bar)
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propane converted about two times faster over the catalyst A 0,

having lower surface area. L 10
04 £
3 :

4. Discussion < ©
— 4—' g
£ o

First, the role of Li in creating the active site will be dis-
cussed. Then, the mechanism of propane activation on the’
site created by Li and further reaction steps will be detailed.

T
W
removed/desor

0,24

conversion ral

0 [Li'OT mokm®> 10

4.1. Role of Li in creating the active site with removable
oxygen 0

T T T 0

The activity and selectivity increase with Li addition, as Li,0 content (wt%)

shown in Table 2 and Fig' 2, demonstrate the crucial role Fig. 7. Conversion rates related to the surface area (data from Fig. 1), de-
of Li in creating the active site: addition of up to 3 Wt%  oxygenation degree (circles), and total £@sorbed (triangles) related to
Li»O onto magnesia increases the rate of propane conversiorhe surface (data from Table 3), for the/MgO catalysts vs the Li content
normalized to catalyst surface area as shown in Fig. 1. Theat 600°C (A); correlation of the a_lctivity with the density of active sites as
conclusion that Li is indispensable for creating active sites is Me2ured by surface concentration of removable oxygen (8).

in agreement with earlier statements. It was concluded from

observations on the inhibition of the reaction by £&nd supported by the-1 reaction order of C®observed dur-
from the interaction of the catalyst with G@n TPD exper- ing the kinetic measurements in part | of this publication.
iments that Li is part of the active site. It was proposed that This implies that reversible adsorption of g@t 600°C

[Li O~ ]-type active sites, as defects on the MgO surface, takes place on the same sites that can be reduced with H
are responsible for catalytic activity, similarly to the methane at 600°C.

oxidative coupling [12,14,15]. Furthermore, in the kinetic In summary, we consider the surface concentration of re-
analysis of propane conversion, a strong correlation betweenmovable oxygen as well as the concentration of sites that
catalytic activity and C@concentration was found, whereas adsorb CQ reversibly at 600 and 50 as a measure for

it was shown that C@did not influence gas-phase reactions. the concentration of [LfiO~] active sites. For further calcu-

It was proposed that [EiCOz~] is formed on the [LTO~] lations we will use the concentration of active sites based

active site based on the observation that,GBowed a mi- on deoxygenation in at 600°C. The concentration of

nus one order in the conversion rate of propane [11]. [Li *O~] species increases proportionally with the Li con-
We attempt to quantify the concentration of {I0™] tent up to 3 wt% L3O; however, it is evident that only a

active sites by two methods. The first method consisted small fraction of the available Li forms actually an active
of removal of the oxygen from the active site and subse- site (see Fig. 7A).

guent reoxidation, as shown in Fig. 5B. The surface con-  Catalytic activity is attributed to the removable oxygen
centration of removable oxygen is displayed in Table 3. The present in the [LTO~] site. This is demonstrated by the
second method involved the decomposition of the unstablelinear correlation of the reaction rates with the density of
[Li *CO37]. The quantification of [Lf COz~] was made un-  [Li *O~] sites (Fig. 7B). Further support for the claim that
der conditions where it could be differentiated fromCOs, [Li TO™] activates propane is given by the low propane acti-
as follows. Fig. 3 shows two distinct modes of £@d- vation capacity of the deoxygenated catalyst (oxygen of the
sorption at 500 and 60@. The first mode of adsorption active site removed) compared to the fully oxygenated cata-
is irreversible at these temperatures and this is attributedlyst (Fig. 4) and the inhibition caused by @@dsorption on

to the formation of bulk LiCOs from Li>O. This conver- the [LiTO~] site, described in part I.

sion is rather slow and after 20 min the conversion ofLi Itis evident from the results that Li is not homogeneously
is far from complete. Significant decomposition of the bulk distributed over the MgO surface: just 1 wt% o$0 would
LioCOgz phase is noted only at 70C. The second mode of  be sufficient to form four monolayers. Therefore, no further
adsorptionis reversible, as part of the fi®desorbingwhen  increase in activity should be expected with Li content. In
COy is removed from the gas phase at 500 or 800This contrast, Fig. 1 shows that catalyst activity increases with Li
is attributed to adsorption/desorption equilibrium of £ loading up to 3 wt% LiO. Apparently, LO and MgO form
[LiTO™] to form [LiTCOs~]. This hypothesis is in agree- a poorly defined mixture, which is also illustrated by the de-
ment with the observation that the number of moles of des- crease of the surface area of the catalysts after calcination.
orbed CQ, as the result of [LCO3~] decomposition, is Clearly, Li is not equally distributed over the surface of the
similar to the number of moles of removable oxygen at every catalyst, which agrees with claims in the literature that Li is
Li content (Table 3). Further, the formation of fit€O3~] is present in clusters on the magnesia surface [16].
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However, the question regarding the location of the probably not sufficiently fast [23] to produce a noticeable
[Li TO™] active site remains. Clusters ofJ0 on the MgO oxygen uptake; nor could water evolution be confirmed due
surface are not expected to show “redox” capacity, as ob-to detection difficulties.
served here. In principle, only the presence afQd4 phase Importantly, the amount of propane converted over the
under reaction conditions could account for oxygen releasetime on stream as shown in Fig. 4 is 70 times higher than
while forming Li,O, as suggested in the literature [17,18]. the number of removable oxygen sites. This fact supports
However, the presence of such an unstable phase,@ Li  a radical-chain mechanism proposed in part | of this pa-
is arguable under the reaction conditions used, as it alreadyper [11], in which one propane molecule is activated on the
decomposes below 20C. In the references noted, the pres- active site resulting in propyl radical which undergoes chain-
ence of the LiO, phase was proposed based mainly on propagation reactions in the gas phase. The number 70 is
XRD data, but not UnambigUOUS|yidentiﬁEd against other Li a typ|ca| Chain_propagation |ength in homogeneous chem-
containing but more stable phases that can be present, e.gjstry [24,25].

LIOH, LiOH - H20, and LbCO;s. Further, Bothe-Almquist The surface area of the catalyst does not influence the
et al. [17] used EPR evidence to argue for the presence ofchain length of the radical chain reaction at low propane
Li20, despite of the fact that £ in the peroxide is dia-  partial pressures. This follows from the data in Table 4; two
magnetic. Therefore, the presence of@i is questionable,  catalysts with the same number of active sites per gram show
so is the role of this phase in the catalytic activity. . identical catalytic activity. Assuming that the activity per site

The oxygen removal/reoxidation is more conceivable in i constant, despite the difference in the density of active
the case of a [LTO™] defect on the MgO surface. This de-  gjies in hoth catalysts, it follows that the rates of formation of
fect oxygen has peculiar properties, different from the rest o gjcai5 are identical. As the conversion rate did not change
of the lattice oxygen; it has, for example, EPR activity [19], gijiher, it must be concluded that the chain length is also con-

apd I Waj. §uggestedfto be rerrrovz;tz)lezuznder methane COUstant. This is also supported by the low partial pressure data
P nghconb |t|onsd(se§, r?tr e;amp €, [20- ¢ l:])). tributed t in Fig. 6 where catalysts with the same composition but dif-
€ observed Weignt changes cannot be atributed to re'fering surface area show similar activities. Further support

ngt'greggi t:XI?:stEr?t gfcégzgr:'t'?j )I(ant:hgn;?tzl')slsttr?étTrzz for constant chain length is provided by the constant activity
y P N9 ys! yper active site for catalysts with varying surface areas. The

have introduced redox properties are Fe and S. If all the Fe_ _ . .. ; - .
S . variation of the surface area was induced by variation of Li

present would undergo oxidation—reduction betweerOge . - S 4 .
loading, and activity vs active site concentration resulted in a

and Fe0, 0.0007 wt% change would be observed. Incompar-“near relationship (Fig. 7B), indicating constant activity per
ison, the measured samples showed much higher exchange. b (F19. ' 9 yp

capacity: 0.01 wt% for MgO and between 0.05 and 0.07 wt% site.

for the Li/MgO catalysts in the reduction-oxidation cycles. On the othter ?a?g_thhe qute_nlchlng role of fthe catalyslt: be-
In case sulfur is converted between sulfate and sulfite a maxC0Mes Important at high partial préssures of propane. From

change of 0.03 wt% would result. However, none of the pos- Fig. 6 itis observed that at high propane partial pressures the

sible sulfites is stable above 450 moreover. there was no  conversion rate of propane decreases with increased surface
sulfur found on the surface by XPS ' area. According to the proposed radical-chain mechanism,

when increasing the partial pressure of propane, the concen-
tration of radicals in the gas phase is expected to increase.
When the concentration of radicals is higher, radical quench-
It was shown in part | that the first propane molecule ing is more .effi.cie.n-t on the high surface area catalyst; thus,
is activated on the catalyst and a propy! radical is releasedConversion is significantly decreased.
to the gas phase where it undergoes radical-chain propaga- Increased CQ selectivity with increased surface area
tion reactions. Activation of propane on the {lO—] active (Table 4) indicates reaction pathways on the nonpromoted,
site takes place by splitting one C—H bond in propane while unselective sites at the magnesia surface. Contribution to
forming [LiTOH~] and a propyl radical that is released into  the increased COselectivity could come partly from sec-
the gas phase. Support for this mechanism is provided fromondary reactions of olefins (only a small decrease in selec-
the experiments presented in Fig. 5 where propane treatmentivity to olefins and corresponding increase in selectivity to
did not result in oxygen removal from the catalyst. Thus, the COx was observed with increasing contact time/conversion
removable oxygen of the active site is not removed during of propane) and more efficient transformation of non-
the activation of propane, nor it is eliminated in a subsequent detectable oxygenated hydrocarbons to carbon oxides over
dehydroxylation step. Product hydrogen concentration is too the catalyst surface.
low (0.04 vol%) to be effective in oxygen removal. Selectivity and activity decrease due to interactions of
Regeneration of the [LOH™] sites was proposed to oc- radical intermediates with the catalyst surface were also re-
cur upon oxygen admission, without the removal of the O ported earlier in the alkane oxidation literature [9,26,27]
of the active site [11]. However, under the pulsing conditions which agrees well with our suggestion. Simulations of sur-
shown in Fig. 5A the reaction of oxygen with [LOH™] is face initiated gas-phase reactions were also attempted; how-

4.2. Reaction mechanism of propane activation
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ever modeling surface initiated gas-phase reactions is very [3] R. Burch, E.M. Crabb, Appl. Catal. A 100 (1993) 111.
complex and still needs further development [5,24,28] [4] M. Hatano, P.G. Hinson, K.S. Vines, J.H. Lunsford, J. Catal. 124
(1990) 557.
[5] P.M. Couwenberg, Q. Chen, G.B. Marin, Ind. Eng. Chem. Res. 35
) (1996) 3999.
5. Conclusions [6] O.V. Buyevskaya, M. Baerns, Catal. Today 42 (1998) 315.
[7] W.D. Zhang, X.P. Zhou, D.L. Tang, H.L. Wan, K. Tsai, Catal. Lett. 23
It was confirmed that oxygen sites created by Li defects (1994) 103.

. : : _ (2000) 59.
via H- abstraction, based on the correlation between cat [9] M.Y. Sinev, LY. Margolis, V.. Bychkov, V. Korchak, Stud. Surf,

alytic activity and active site density. The concentration of Sci. Catal. 110 (1997) 327.
[Li *O~] sites was measured independently by @moval [10] I.M. Dahl, K. Grande, K.J. Jens, E. Rytter, A. Slagtern, Appl. Catal. 77
with Hz as well as by reversible CGGadsorption at 60€C. (1991) 163.

The chain length of propagation reactions initiated on the [11] L. Leveles, K. Seshan, J.A. Lercher, L. Lefferts, J. Catal (2003).

catalyst is~ 70 in the absence of oxvaen at 60D, Durin [12] S. Fuchs, L. Leveles, K. Seshan, L. Lefferts, A. Lemonidou, J.A.
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