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Abstract

The catalytic partial oxidation of propane in supercritical carbon dioxide has been investigated in a stirred batch reactor.
Various metals (oxides) have been used as supported catalysts with respect to their activity and selectivity for the formation of
oxygenates. The reactions run with a 1:2.3—2.9:68—-108 molar ratio of propane:synthetig aird53-573 K and 80—100 bar.

Using a precipitated 2.4wt.% @04—SiO, catalyst at 573K, a total oxygenate (i.e. acetic acid, acetone, acetaldehyde,
methanol) selectivity of 59% and a propene selectivity of 21% were obtained at a propane conversion of 12 mol%. The same
catalyst has been used to investigate the influence of the supercritical conditions and initial feed composition on the reaction,
varying the density of C®and the concentration of synthetic air, respectively. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction able; a rather harmful effect may be the lack of a
tuneable solvent polarity, e.g. in comparison to goH
Supercritical fluids (SCFs) have already been A schematic pressure-temperature diagram includ-
known for more than 150 years. But only in the last ing gaseous, liquid, solid, and supercritical state is
three decades this field was under more extensive shown for a pure compound in Fig. 1. In the subcrit-
study [1-3] and gained importance for some indus- ical region liquid and gaseous state are separated by
trial applications besides expensive equipment. In the vapour—pressure curve, which ends at the critical
general, substances and mixtures existing above theirpoint. Crossing this line by pressure increase at a given
critical pressuref) and temperatureT) are called temperature, a phase transition occurs discretely alter-
supercritical fluids [4]. The critical data of some pure ing the fluid properties (e.g. density) from gaseous to
technically relevant compounds are listed in Table 1 liquid. In contrast to that, above the critical point the
[5]. It emerges that, especially supercritical £0 phase boundary disappears and a homogeneous super-
(scCQ) surpasses other fluids in handling, because critical fluid phase exists. Its properties continuously
it provides ‘benign’ critical conditiongpt=73.75 bar, change from ‘gas-like’ to ‘liquid-like’ as an extremely
Tc=304.05K, pc=0.468gcnT3); moreover, it is sensitive function of pressure and temperature with
non-toxic, non-corrosive, non-flammable and avail- the highest slope close to the critical point. Thus, in
this area SCFs bridge the gap between gases and lig-
"+ Corresponding author. Tek:49-30-6392-4306: uids and combine thg ac_ivan_ta_lgeous propertie_s of_both
fax: +49-30-6392-4350. (Table 2) [6-8]. Their diffusivities and dynamic vis-
E-mail addressa.martin@aca-berlin.de (A. Martin). cosities rather correspond with those of gases, whereas
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Table 1 Table 2
Critical data of selected substances Typical properties of gases, SCFs and liquids

Te (K) pe (bar)  pc (o) Gas SCF Liquid
Ammonia 405.45 113.50 0.235 Density (gcnt3) 103 10! 1
Carbon dioxide 304.05 73.75 0.468 Dynamic viscosity (Pas) ¢ 104-105 10°3
Methanol 512.55 80.92 0.272 Kinematic viscosity (As™1) 10°° 10%-107 10°°
Sulphur hexafluoride 318.65 37.70 0.735 Diffusion coefficient (crd s~1) 100! 103 10-5
Water 647.05 220.60 0.322 Thermal conductivity (WmK-1) 102 101-102 10!

densities and thermal conductivities are closer to reactions. (iv) The high pressures, needed for the su-
liquids. percritical state, often have a different influence on
Considering this, the application of SCFs offers the specific rate constants of parallel reactions due to
several promising opportunities to influence heteroge- their activation volumes [13]. So, the product selectiv-
neously catalysed reactions: (i) As a consequence ofities and distribution in a reaction network can often
the significant density change in the near-critical re- be tuned in the desired direction by small changes in
gion, SCFs show an exponentially enhanced solubility pressure [14]. (v) The high densities and diffusivities
for low-volatile compounds compared to the gaseous of SCFs entail a facilitated mass transfer between
state [9]. Therefore, running gas phase reactions in catalyst and fluid, which becomes apparent by larger
the supercritical region result in easier desorption of Sherwood-numbers (as dimensionless mass-transfer
intermediates/products or coke precursors from the coefficient) compared to those in the gas phase [8].
catalyst surface, significantly improving catalyst life- For that reason, mass transport controlled reactions
time and activity [10]. (i) The miscibility of SCFs  should be accelerated under supercritical conditions.
with ‘permanent’ gases like Nis nearly unlimited There is not much literature on heterogeneously
[11]. (iii) Furthermore, SCFs ensure catalyst stability catalysed partial oxidations of hydrocarbons at super-
by their high thermal conductivities [12]. Owing to an critical conditions. The toluene partial oxidation on a
increased heat transfer in comparison with gases, cat-CoO-AbOj3 catalyst under scCfat 293-493 K was
alysts are prevented from forming ‘hotspots’ and from reported by Dooley and Knopf [15], whereas Zhou
possible damages in highly exothermic gas phase et al. [16] suggested Pd—/D3 at temperatures of
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Fig. 1. Pressure—temperature diagram of a pure compound and density—pressure plots at subcritical (a) and supercritical state (b).
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Fig. 2. Simplified reaction scheme and main oxygenate products of the partial oxidation of propane.

618-663 K for total oxidation. Zhou and Akgerman It was the aim of the present work to investigate
[17] also used a Pt-Tigxatalyst at 423-548 K for the  activity and selectivity of various catalysts for the
total oxidation of ethanol and acetaldehyde in sgCO partial oxidation of propane in scGOatmosphere
Fan et al. [18] reported on the partial oxidation of using a stirred batch reactor. Metal (oxide) catalysts
isobutane, directly using the hydrocarbon as SCF containing Cu@, Co,O,, Pd, and Pt, which had been
and a Pd—C catalyst at 426 K. Gaffney and Sofranko reported in literature to work under supercritical con-
[19] proposed Cu-catalysts for the dihydroxylation of ditions [15—19] were tested. Furthermore, the reaction
propene to propane-1,2-diol in scg@ temperatures  conditions of the partial oxidation (i.e. the density of
of 393-423 K. carbon dioxide and the partial pressure of synthetic
Our research aims at applying these mentioned air) were of special interest in this study.
characteristic properties of SCFs to conventional gas
phase oxidations. Among them, the direct catalytic se-
lective oxidation of light alkanes (i.e. propane, Fig. 2, 2. Experimental
according to [20]) into their oxygenates (e.g. acetone,
acrolein, acrylic acid) is of our special interest, be- 2.1. Catalyst preparation and characterisation
cause it may contribute to the extensive research to
replace olefins as starting materials for the production  The catalyst samples were synthesised according
of valuable chemicals. Until today, these reactions to different methods: (i) Catalysts Co-1-Co-5, Cu-1,
have often not led to sufficient high selectivities, e.g. Mn-1 and Mo-1 (Table 3) were prepared by wet im-
the catalytic oxidation of propane to acrolein does not pregnation. The drying was carried out in a rotary
exceed selectivities of 60%, even at low conversions evaporator (45 min, 333 K, 50 mbar) and subsequently
of 12mol% [21]. These results are mainly caused by in a vacuum oven (24 h, 303K, 5mbar). All samples
concurrent total oxidation of the formed reaction prod- were calcined in a muffle furnace. The Pt-1 catalyst
ucts (e.g. alkenes and oxygenates) under the ratherwas also prepared by impregnation. After drying the
severe alkane activation conditions. The intermediates sample in a vacuum oven (14 h, 353 K, 5 mbar) the cat-
remain adsorbed at the catalyst surface and are im-alyst was reduced under g ldtmosphere in a tubular
mediately subject to consecutive reactions, leading to furnace. (ii) Catalysts Pd-1 and Co-6 were obtained by
the thermodynamically favoured final products £0 the precipitation method, adding dropwise 1N KOH
and HO. to a bPdCL—SiO; or Co(NGs)2-6H,0-SiQ, suspen-
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Table 3

Overview of the synthesised catalysts and some characterisation data sugpélt€©s spheres (Aluperl 1530; Solvay), SiQpow-
der (Type 62; Aldrich), ZrQ powder (Reachim); metal salt solutions for impregnation procedure: (CHE@8M,0, Cu(NG)2-3H20,
Mn(NO3)2-4H,0, (NH4)2M0207, HaPtCl-6H20)

Catalyst Preparation Calcination H» reduction Composition BET surface Particle
method (TIK; t/h) (TIK; t/h) (Wt.% metal) area (Mg™1)  size (nm)
Variation of active compound
Co-1 Ca0O4—y-Al,03  Impregnation 473; 6 5.3 134 n&d.
Cu-1 CuO«-Al,03 Impregnation 523; 14 4.3 139 n.d.
Mn-1 MnO,—y-Al03 Impregnation 523; 14 25 142 n.d.
Mo-1 MoOz—y-Al,03 Impregnation 523; 14 5.5 136 n.d.
Pd-1 Pd-Si@ Precipitation 673; 2 8.4 130 n.d.
Pt-1 Pt-SiQ Impregnation 523; 2 4.8 340 n.d.
Variation of support
Co-2 Ca04-SiO Impregnation 523; 14 3.8 310 50
Co-3 Cq04-Zro, Impregnation 523; 14 3.9 15 n.d.
Variation of Co content and preparation method
Co-4 Cg04-SiO, Impregnation 523; 14 0.7 328 50
Co-5 Ca04-SIO Impregnation 523; 14 7.4 293 n.d.
Co-6 Ca04-SiO, Precipitation 523; 6623; & 2.4 345 250
Co-7 Ca04-SiO, Co-precipitation  523; $623; € 3.7 388 400

aNot determined.
b6h, 523K and subsequently 6 h, 623K.

sion until the pH value reached 9. The solid was cen- size, some samples were additionally characterised by
trifugated from the liquid (2 min, 10 000 rpm), washed transmission electron microscopy (BS 500; Tesla) on
twice with water and separated again. The sediments carbon supported grids at 90kV diffraction voltage.
were dried in a vacuum oven (14-24h, 373-383 K, The crystallinity of several catalysts was investigated,
8 mbar). Subsequently, catalyst Pd-1 was reduced with recording X-ray diffraction patterns by a transmission
H> in a tubular furnace, whereas catalyst Co-6 was powder diffractometer (STADIP; Stoe) with CuK
calcined in a muffle oven. (iii) Catalyst Co-7 was syn- radiation of 1.5406 A using the inorganic powder data
thesised by concurrent co-precipitation of support and base ICSD. Table 3 summarises some of the obtained
active compound from a stirred agueous solution of characterisation results.
Si(OC2H5)4, CO(NQ3)2~6H20, and GHs0OH as solu-
bility promoter (4 days, 298 K). Again, the metal com- 2.2, Catalytic measurements
pound was precipitated by KOH. A rotary evaporator
(45min, 333K, 50 mbar) and a vacuum oven (14h, The catalytic experiments were performed in a
383 K, 8 mbar) were used for drying and a muffle oven stirred batch reactoM=305 ml, maximum 623 K and
for calcining the samples. All catalysts were pressed 207 bar; Series 4560 Mini Reactors, Parr Instrument;
(100 bar, 0.5min), crushed, and classified into sieve Fig. 3) containing 2ml of catalyst filling (diluted
fractions of 1.0-1.25mm before testing them in the with 21 ml of glass beads) in a wire basket. The
reaction. experiments were carried out according to different
The composition of the catalysts was determined procedures: (i) For the catalyst screening, propane
by ICP emission spectroscopy (Optima 300 XL; (98vol.%; Aldrich) and synthetic air (20.5vol.% of
Perkin-Elmer) using microwave pressure digestion O, in N»; Messer—Griesheim) were fed into the au-
(MDS 200; CEM) with hydrofluoric-acid or nitricacid  toclave (R1) by depressurising corresponding 40 ml
at 8 bar. The surface area of fresh and used samplesmetering vessels (V1, V2). The liquid GOwas
were analysed by the 5-point-BET method (Gemini cooled by a cryostat (C1) and compressed up to the
[II; Micromeritics). In order to determine particle required density by means of a piston pump (P1;
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Fig. 3. Flow sheet of the apparatus for the catalytic measurements.

Model 305; Gilson). A heating jacket (H1) was used were determined by a thermal conductivity detector
to increase temperature and, therefore, pressurise thgmolecular sieve 5A, 30 x0.32 mm; Quadrex) using
autoclave content to the supercritical state. The reac- the average of three parallel analyses.

tion was carried out under the following conditions:

Molar ratio of propane:air:Cg=1:2.3-2.9:68-108

and p=80-100bar. In order to identify exactly 3. Results and discussion

the beginning of the reaction, a step-like standard

temperature—time program was applied, i.e. taking Conventional redox catalysts like BiMaQ20,21]
samples at 453K (after 123 min, as reference), 478 K did not show a significant catalytic activity for the
(173 min), 488K (208 min), 498K (243 min), 508 K  partial oxidation of propane at temperatures up to
(283 min), 518K (318 min) and 573 K (353 min) dur- 623K in plug flow reactors. However, the used stirred
ing each run. (ii) For the investigation of the influence batch reactor can only be operated up to 623 K. There-
of the supercritical conditions on the reaction, a dif- fore, the experimental work necessarily consisted of
ferent procedure was used: Propane and, @@re two parts: a qualitative screening of catalysts, being
fed into the reactor as before, whereasWias added  active at low temperatures, followed by variation of
by depressurising a 25 ml pipe coil (T1) after reaction the supercritical reaction conditions using one of the
temperature had been reached in the autoclave. Theobtained suitable catalysts.

reactions were run over 240 min at 553K applying

CO;, densities 0.104-0.149 g cth and molar ratios ~ 3.1. Catalyst screening

of propane:air:CQ of 1:6-9:103-107.

In all experiments hydrocarbons and oxygenates The first steps of our screening studies were
were analysed by online-capillary GC (Alumina, based on catalyst compositions described in literature
50 mx0.53 mm and DB-FFAP, 50 m0.32 mm; J&W) [15-19]. Before starting the catalytic investigations
equipped with a flame ionisation detector &hd N» blank tests with empty catalyst basket and only sup-
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Table 4

Feed composition, propane conversi@¥ic,,), total oxygenate selectivitySoxy) and propene selectivitySc,H,) in the partial oxida-

tion of propane on different metal (oxide) catalysts at 518-573 K (temperature-time program after 318-353 min, pressure 80-100 bar,
p(C0)=0.149gcnt3, 2ml of catalyst)

Catalyst Molar ratio Temperature Composition XcgHg Soxy SCaHe Oxygenates
(propane:air:CQ) (T/K, t/min) (wt.% metal) (mol%) (%) (%)

Variation of active compound

Co-1 1:2.5:106 518; 318 5.3 14 2 2 Ace

Cu-1 1:2.5:103 518; 318 4.3 14 0 Traces None

Mn-1 1:2.5:104 518; 318 25 11 0 4 None

Mo-1 1:2.5:103 518; 318 5.5 3 0 2 None

Pd-1 1:2.3:107 518; 318 8.4 1 0 0 None

Pt-1 1:2.9:98 518; 318 4.8 10 0 0 None

Variation of support

Co-2 1:2.5:101 518; 318 3.8 9 57 2 ARAMEe®, Ace?, Aall, iPe
Co-3 1:2.5:105 518:; 318 3.9 8 3 5 Aece
Variation of Co content and preparation method
Co-2 1:2.6:68 573; 353 3.8 11 13 10 AAMEeS, Ace?, Aal®, iPe
Co-4 1:2.6:68 573; 353 0.7 8 52 15 ARAMEe®, Ace?,
AAIY iPe nPr, Acrd
Co-5 1:2.6:69 573; 353 7.4 11 6 10 RAAcE?
Co-2 1:2.5:101 573; 353 3.8 17 39 8 RAMe®, Ace?, AAIY,
iPe, nPr, Acr9, Prald
Co-6 1:2.5:112 573; 353 2.4 12 59 21 BAME®, Ace?, AAIY
Co-7 1:2.5:108 573; 353 3.7 6 20 3 RAACE

a Ace=acetone.

b AA =acetic acid.
¢Me=methanol.

d AAl =acetaldehyde.
€iPr=i-propanol.

f nPr=n-propanol.

9 Acr=acrolein.

N PrAl=propionaldehyde.

port material, respectively, were carried out. No sig- of propene(Sc,H, < 4%) occurred. Only the Co-1
nificant propane conversion and product formation, (CozOs—y-Al203) catalyst produced traces of acetone
respectively, could be observed. The results of the (Xc;ng = 14mol% Soxy = 2%) as a desired partial
conversion of propane in scGQOn the presence of  oxidation product of propane.

catalysts at a temperature of 518K are compared in Based on these results, a support variation was
Table 4. As expected, the use of the rather total ox- carried out (Table 4). Replacing theAl O3 support
idation catalyst Pt-1 did not result in the formation by ZrO, the propane conversion declined, whereas
of oxygenates, but led to total oxidation of propane the oxygenate selectivity slightly increased. A more
(XczHg < 10mol%, which could be seen in a com-  significant rise could be noticed using af8a—-Si0,
plete oxygen consumption without formation of oxy- (Co-2) catalyst. The total oxygenate selectivity
genates as well as other intermediates. Contrary toreached 57% at a propane conversion of 9 mol%.
that, the other noble metal catalyst Pd-1, as well as The product spectrum mainly consisted of acetic acid
the typical redox catalyst Mo-1, were nearly inactive (S=37%), methanol $=8%), acetone $=6%), ac-

up to 518 K, probably due to the low reaction temper- etaldehyde $=5%), i-propanol §&=1%) and propene
ature (Xc,Hg < 3mol%). Running the reaction with  (S=2%). This ranking may be attributed to the
catalysts Cu-1 and Mn-1, a distinct total oxidation acid—base properties of the support: Strong acid sites
of propane(Xc,Hg < 14 mol% and slight formation (e.g. AbO3) cause a firm adsorption of propane on the
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Fig. 4. Conversion of oxygen and propane vs. time and temperatune sgmpling conditions) on the Co-2 catalyst (molar ratio of
propane:air:C@=1:2.5:101,p(C0,)=0.149 g cnt3, (@) oxygen, @) propane).

catalyst surface leading to total oxidation. A decrease  Figs. 4 and 5 show the course of reaction, i.e. the
in the strength of acid sites of the support (e.g. Z2rO  conversion of oxygen and propai&o,, Xc,Hg) as
towards a complete inert character (e.g. Si@eak- a function of the temperature—time program as well
ens the adsorption. Thus, the formed partial oxidation as the selectivities of desired produ¢fg;Hg, Soxy)
products can more easily desorb from the catalyst depending on reaction temperature and time, i.e. at
surface and the selectivity for oxygenates increases. defined propane conversions using the Co-2 catalyst
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Fig. 5. Selectivity of propene (filled columns), acetic acid (shaded columns) and other oxygenates (acetone, nigtrapaoiol,
acetaldehyde; blank columns) depending on propane conversion on the Co-2 catalyst (molar ratio of propaneiai:&:@01,
p(COy)=0.149 g cn3).



16 B. Kerler, A. Martin/Catalysis Today 61 (2000) 9-17

(at a 1:2.5:101 molar ratio of propane:air:©OAs 12 mol% Soxy = 59%, referring to Table 4), although
it can be seen, the optimum temperature is around metal oxide particles could be detected up to 250 nm.
518 K, where the sum of the selectivities of oxygenates In contrast, only poor oxygenate selectivities and
pass through a maximum, whereas higher tempera- propane conversions were found for co-precipitated
tures promote the consecutive total oxidation of the Co-7. Its catalytic behaviour may be explained by
formed intermediates (except propene). The reaction the inhomogeneously dispersed, large metal oxide
path to acetic acid vig&propanol and acetone seems particles (up to 400 nm). Furthermore, it may also
to be favoured, considering the reaction scheme for be concluded, that the cobalt oxide had partly been
propane oxidation (Fig. 2). Propionic acid as well as enclosed by the supporting material during the prepa-
acrylic acid cannot be detected at all, whereas tracesration and was no longer available for the reactants.
of their precursors-propanol and acrolein were not So, co-precipitation was — against expectations —
found at temperatures lower than 573 K. even a less suitable method for the preparation of
Furthermore, the influence of Co concentration and Coz04—SiO, than impregnation.
catalyst preparation on the partial oxidation were in-
vestigated at 573 K after 353 min (Table 4). Lowering 3.2. Varying supercritical conditions
the Co content of the catalyst (Co-5, Co-2, Co-4) at
comparable BET surface areas led to increased total Within the screening studies the precipitated Co-6
oxygenate selectivities at nearly constant propane con-turned out to be most suitable for further investiga-
versions. Nevertheless, the particle sizes of the metaltions of the influence of the supercritical conditions
oxide of these samples, as far as they were roughly on the reaction. Therefore, this catalyst was used for
determined by TEM, seemed to be independent from a first variation of the propane:air.GQmnolar ratio
the Co concentration and remained at quantities up to from 1:7:106 @) to 1:9:107 () at a constant re-
50 nm. The product spectrum concurrently expanded, action temperature of 553K and a g@ensity of
however acetic acid still significantly dominated other 0.149gcnt® (Fig. 6). The propane conversion sig-

oxygenates. nificantly increased with the slightly higher concen-
Among differently prepared catalyst samples, the tration of air in the initial feed composition, whereas
precipitated Co-6 showed the best resulkg f, = the selectivity of oxygenates and propene nearly kept
70
N
% 60T
v A
A

50 |

40 T
30 T

20 T

e e S
10 15 20 25 30 35

Xc3ug / mol-%

Fig. 6. Selectivity of oxygenates vs. propane conversion on the Co-6 catalyB&353K (0(C0,)=0.149gcnt3, molar ratio of
propane:air:C@=1:7:106, @) p(CO,)=0.149 gcnr3, molar ratio of propane:air:C£2-1:9:107, O) p(CO2)=0.104gcn3, molar ratio
of propane:air:C@=1:6:103, &)).
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constant. The yield of formed oxygenates rose from 9
up to 12%.

Additionally, the effect of C@ density was also
studied in first experiments on Co-6 at a constant
oxygen proportion (Fig. 6). The lowering of the
CO, density from p(CO,)=0.149gcm? ((®) re-
action pressure: 112 bar) to 0.104 gTin((A) reac-
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