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Abstract

The feasibility of the heterogeneous catalytic dehydrogenation of alcohols in dense (sub- and supercritical) carbon dioxide is shown by the
transformation of 1-phenylethanol in a continuous flow fixed-bed reactor. A 0.5 wt.% J&i3/Ahtalyst afforded reasonably good activity
(turnover frequency (TOF): 15H at 155°C) and up to 100% selectivity to acetophenone. An interesting feature of the reaction is that the
conversion and selectivity varied parallel under conditions investigated (80€188-190 bar, C@alcohol molar ratio: 30—360). Reaction
rate and ketone selectivity were favored at high temperature (arourfcC190w total pressure (favourably in the subcritical region), high
CGO, and low alcohol flow rates. Under these conditions, interfacial mass transport and removal of the co-product hydrogen is enhanced. No
catalyst deactivation was observed within about 300 h on stream.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ous advantages compared to conventional organic solvents,
including the easy separation of the solvent and the enhanced
Dehydrogenation of alcohols in solid/gas type reactors is mass transfejd—10]. Carbon dioxide is an environmentally
a well established method for the production of simple, ther- benign reaction medium that has a critical point at mild con-
mally resistant aldehydes and ketorj#s3]. The reaction ditions (T =30.9°C, pc = 73.8 bar). Itis non-flammable, rel-
is endothermic and reversible; the equilibrium is limited by atively inert, and available at low cost. Note that in chemistry
the formation of two moles of products from one mole of the expression “supercritical” is generally used for multi-
alcohol. In order to achieve high yields, the equilibrium has component systems being beyond the critical point of the
to be shifted by applying high reaction temperature (usually solvent or the mixture. In fluid theory, however, the term is
200-450C), low total pressure, or an inert diluent. Major defined only for a single-component system and has no mean-
limitation of the method is that at the necessary high tem- ing concerning phase behavior of multi-component systems
perature dehydration and polymerization, or degradation of [11,12]
more complex molecules, may dominate the transformation.  Supercritical solvents have found numerous applica-
The aim of the presentwork was to investigate this reaction tions in homogeneoy9,13,14]and heterogeneous catalysis
in supercritical fluids that would allow the application of rel-  [8,12], but reports on dehydrogenation in supercritical fluids
atively low temperature and the transformation of more com- are rare. The catalytic dehydrogenation a:GCy14 paraf-
plex, non-volatile alcohols. Supercritical fluids have numer- fins showed that the thermodynamic equilibrium was strongly
shifted when the reactants were in a supercritical pfiEse
* Corresponding author. Tel.: +41 1 632 31 53; fax: +41 1632 1163,  D€hydrogenation of ethanol and 2-propanol was carried out
E-mail addressbaiker@chem.ethz.ch (A. Baiker). in supercritical water at elevated temperatilié, 17]
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Scheme 1. Palladium-catalyzed dehydrogenation and hydrogenolysis of 1- —
phenylethanol.
BR
Here, we have chosen the transformation of 1- SD

phenylethanol to acetophenone to test the feasibility of

alcohol dehydrogenation in supercritical carbon dioxide Fig. 1. Schematic illustration of the high pressure continuous fixed-bed re-
(Scheme 1 Dehydrogenation of 1-phenylethanol in the gas actor. MS:_mixing _section; RS: reactor section; BR: back pressure regulator;
phase has already been studied over various oXiR:49] ilg:niagwéa:l|£1-g:)ﬂz\r/]|ycli;ﬂ;r;eoTDerature measurement and P: pressure measure-
and supported C[R0] at 200°C, and on NaZnP®[21] at

350°C. In the latter case, high selectivities were obtained.

When the reaction was carried out in refluxing toluene over perature of the mixing chamber and the reactor section
Raney-Ni, a 1:1 mixture of acetophenone and ethylbenzenewas regulated with two independent thermostats (Julabo
formed and the selectivity to acetophenone could be im- type HD-4 and type F32-HD). The pressure in the reac-

proved on|y by addition of an olefin as hydrogen acceptor tor was controlled with a backpressure regulator (Tescom
[22]. Series 26-1700) located right after the reactor section.

The valve was wrapped with a strip heater to prevent the
backpressure regulator from freezing due the expansion

2. Experimental of carbon dioxide. The samples were branched off from
the product stream at intervals of 60 min by a computer-
2.1. Materials controlled three-way valve placed after the backpressure

regulator. The complete setup was controlled by an auto-
1-Phenylethanol (98%, Aldrich), ethyl acetate (99.5%, nomic process computer (Eurotherm). A more detailed de-
Merck) and carbon dioxide (99.9%, PanGas) were used asscription of the reactor system has been reported elsewhere
delivered. A sieved fraction (ca. 0.5-1.4mm) of a shell- [23].

impregnated 0.5wt.% Pd/AD; catalyst was used for the The samples were analyzed gas-chromatographically (HP
hydrogenation reactions (Engelhard 99812, metal dispersion:6890) after dilution with ethyl acetate. The chromatograph
0.29 determined by hydrogen chemisorption). was equipped with an auto sampling device (HP 7683) a

split/splitless injector (.l sample volume), a capillary col-
umn (HP-FFAP; 0.2am, 30 m, 0.32 mm), and a flame ion-
ization detector. Helium was used as carrier gas. Selectivity
was defined a%;/X; (Y, yield of a product);, conversion of
1-phenylethanol), in percentage.

2.2. Continuous high pressure reactor system

The dehydrogenation experiments were carried out in a
computer-controlled continuous flow stainless steel reactor
system designed for pressures up to 300 bar and tempera-
tures up to 200C. The apparatus, which essentially con- 2.3. Catalytic studies
sisted of a dosing system for the reactant (1-phenylethanol,

PE) and the solvent (G, a tubular reactor, pressure and The reaction section was filled with 5g 0.5wt.% shell-
temperature control and automatic sampling, is shown in impregnated and crushed Pd#8k (particle sizedy; in the
Fig. L The liquid reactant was being fed into the system range, 0.5-1.4 mm) resulting in a catalyst bed lergtbf
through an HPLC pump (Jasco PU-980). The carbon diox- approximately 85 mm (plus quartz wool plugs) and a ratio
ide flow was controlled by a combination of a flow meter L/d,=90. Under standard reaction conditions, at 1@5the
(HI-Tec Bronkhorst; EI-Flow) and a needle valveiiiimer). 1-phenylethanol flow was 5.47 gh and the carbon diox-

In the mixing chamber, equipped with a mechanical Teflon ide flow 180 NL 2, corresponding to a molar ratio of 1-
stirrer and a rupture disk (300 bar), all feed streams were phenylethanol:C@= 1:180. The space time related quantity
combined before entering the vertically mounted reactor sec-W/F was 112 g h mol! (W: catalyst mass;: molar feed rate).
tion (RS: i.d.=25mm; length=125mm). The reactor sec- The values presented Tfable 1and the figures are the aver-
tion consisted of an inner stainless-steel tube with an i.d. age of those measured after 1 and 2 h time-on-stream (after
of 25mm closed by steel frits towards both ends. Tem- setting the specified parameters).
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Table 1

Influence of temperature on the conversion of 1-phenylethanol (PE) and selectivity to acetophenone

Temperature®C) Pressure (bar) CLPE (molar ratio) Conversion (%) Selectivity (%)
80 50 100:1 6 70
90 50 160:1 12 100
100 50 160:1 13 100
115 50 160:1 21 100
135 50 160:1 42 96
145 50 180:1 60 97
155 40 210:1 59 99
165 40 210:1 59 99

a Other conditions as specified in Sect@an

The average turnover frequencies related to the number of 100 ap o A oo

surface Pd sites were estimated using @9. L. &
2 807 80 2

TOF = A fPEMPd 1) T 1~ g
mcalpdoadingD -% 60 n . -60 -§'
where X is the conversion of 1-phenylethandipg, mo- "é 40 B e SN 4o ]
lar 1-phenylethanol flow;Mpg, the atomic mass of Pd 3 . ;
(106.4 g mot1); meay, the amount of catalyst (g), afrep- 20- 50 %
resents the Pd dispersion (ratio of surface to total number of 2
metal atoms, 0.29, determined by hydrogen chemisorption). 0- Lo @

20 40 60 80 100 120 140 160 180 200
Pressure / bar

3. Results and discussion Fig. 2. Influence of total pressure on the conversion of 1-phenylethanol and

o . selectivity to acetophenone; other conditions as specified in Set(sian-
Preliminary experiments revealed that below°@0the dard conditions).

activity of the 0.5wt.% Pd/AlO3 catalyst was low and the

selectivity to acetophenone poor. Some selected values are

collected inTable Iforillustration. Atlower temperaturesthe . Next., the mass flow rate of 1—pheny|ethanq| was var-

formation of hydrogen and its removal from the surface were ied while the total pressure and the carbpn dioxide flow

slow, resulting in extensive hydrogenolysis of the aromatic al- rqte were kept constankig. 3. The conversion decrg: ased

cohol reactant to the corresponding hydrocart&rheme 1 with increasing flow rate, as expected, becau§e hlghe_r re-

Other noble metal catalysts (e.g. supported Pt) were evenactant mass fI(_)v_v corresponds to lower residence tl_me.

less active, in agreement with an earlier study of the transferThe best selectivity to acetophenone (100%) was obtalned

dehydrogenation of alcohols in refluxing cyclohexane with f”u the onvest 1-phenylethanol flow rate but the selectiv-

supported noble metal cataly§es]. ity remained excellent (97%) even at the highest flow
The selected Pd/ADs catalyst was very robust and sta- rate.

ble: steady state in conversion and selectivities was obtained

n
<

ity to acetophenone was high, 95-98% in the whole pressure
range. Under the reaction conditions, at €5 the system

20

within 1 h and no deactivation was observed during the whole CO, / PE molar ratio
study (ca. 300 h on stream). The following investigation of 360 180 135 % 45
the role of some important reaction parameters was carried 100 & ~ F100 o
outat 145C. L. S
The influence of total pressure on the conversion and se- * 80 %05
lectivity at constant flow rates of 1-phenylethanol and carbon % oo e o %’_
dioxide is shown inFig. 2 The lower alcohol conversion 2 B . S
achieved at high pressure is in agreement with the formation % ol T . Lo ©
of two moles of products from 1 mole reactant. The selectiv- o ~-u g
3
?

was far from the critical density of carbon dioxide (466 kg/m). 01 . . . B
On the basis of thd@,s diagram of carbon dioxidf25] and 25 5 7.5 10 _112-5
the phase equilibrium of the carbon dioxide—2-phenylethanol phenylethanol flow rate / g-h

mixture at 40-50C [26], we estimate that pressures in the _ -

Fig. 3. Influence of the variation of 1-phenylethanol mass flow rate on the
range 250-300 bar would be necessary to reachthe One'phastf%nversion and selectivity; standard conditions, 50 bar. The corresponding
region at 145C. carbon dioxide/1-phenylethanol (PE) molar ratio is indicated at the top.
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CO, / PE molar ratio 4. Conclusions
30 60 920 120 150 180 210

1007 b . The present study shows that the heterogeneous catalytic

5. A" """ _80% dehydrogenation of alcohols in supercritical carbon diox-
o 5 ide is a feasible process. In the model reaction, the trans-
OE 60- T ) &CJ formation of 1-phenylethanol to acetophenone, the 0.5wt.%
S I L 15 Pd/Al,O3 catalyst afforded up to 100% selectivity at 88%
S 40 40 § conversion, at relatively low temperature of around 160
§ 2 The only byproduct detected was ethyl benzene that formed

201 20 2 by hydrogenolysis of the reactant under conditions where the

§ removal of the coproduct hydrogen was too slow. No dehy-
0- o

dration or oligomerization type side reactions occurred that
are typical for the vapor phase dehydrogenation of alcohols
carried out at elevated temperatures. A further important ad-
vantage of the process is the excellent stability of the catalyst
during the whole period of this study, about 300 h on stream.

20 40 60 80 100 120 140 160 180 200 220
CO, flow rate / NL-h™!

Fig. 4. Influence of the C®flow rate on the conversion and selectivity;
standard conditions, 50 bar. Variation of the corresponding carbon dioxide/1-
phenylethanol (PE) molar ratio is indicated at the top.
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