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Abstract

We have reported earlier that modification of commercial graphite Pt-supported catalysts with Teflon fluorinated polymeric coating of a
very strong hydrophobic nature can significantly improve catalytic activity for aerial oxidation of water-insoluble alcoholsauttineaene
methanolin supercritical carbon dioxide (scGD Thus, this paper presents some further characterization of these new catalyst materials and
the working fluid phase during the catalysis. Using the same Teflon-modified metal catalysts, this paper addresses the oxidation of another
water-insoluble alcohol molecule;-hydrobenzoinn scCG. It is found that conversion and product distribution of this diol oxidation
critically depend on the temperature and pressure of the saS€d, which suggest the remarkable solvent properties of thessufdzr
these unconventional oxidation conditions.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction scCQ include the oxidation of methanol over iron-oxide-
based aerogels in scGQr] and the oxidation of octyl alco-
Oxidation reactions are the most important and widely hols and benzyl alcohol over supported Pd catal{&3].

used type of reactions in bulk chemical manufactufing]. In particular, an extensive research on catalytic oxidation
However, as a result of increasingly stringent environmental in scCQ fluid was carried out by Baiker and co-workers
constraints, industrial-saaloxidation with traditional stoi-  [8,9] who found that their 0.5% Pd solid catalyst was stable

chiometric oxidants such as dichromate or permanganate iswithout any sign of metaldaching or deactivation within
no longer acceptable. Consequently, there has been a generdl5 h time-on-stream at the temperature range from 80 to
trend toward the development of catalytic proced8e$] 140°C in a continuous-flow reactor system. Our prelim-
that do not generate much effluent/waste. Oxidation of or- inary accounting for the oxidation of solid alcohdls0]
ganic molecules using £Ofrom air in supercritical carbon  as well as the work from Glaser and colleagues on the 1-
dioxide (scCQ) has emerged as one of the most attractive and 2-propanol oxidatiorfd 1] using a batch reactor system
“greener” approaches since air (as the oxidant) and scCO were also amongst the publications previously reported in
(solvent) are both environmentally benign, nontoxic, and in- this area.

expensive reagen{§—11]. There has been some attention In our previous communicatiofl0], we reported a pre-
focused on a number of catalytic aerial oxidations in seCO  |iminary account on the selective oxidation of a bulky
using both homogeneous and heterogeneous catalyst SYSaicohol, 9-anthacene methanol, by £ using a carbon-
tems. Examples of using heterogeneous catalyst systems i'%upported noble metal catalyst (Pt) in scCOhis substrate,

with an extremely low vapor pressure, was deliberately cho-
* Corresponding author. Fax: 44 0118 931 6591. sen to fgveal the major cgntributiqn from cataly;is ip the
E-mail addresss.c.e.tsang@rdg.ac.(8.C. Tsang). supercritical phase when it was dissolved therein without
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much influence from the gas or liquid phase under our re- suspension was then dropped from a Pasteur pipette onto a
action conditions. We also reported synthesis, testing, andholey carbon grid and allowed to dry.

characterization of commercial noble metal catalysts mod-

ified with Teflon, which was found to be essential to avoid 2.2.3. X-ray photoelectron spectroscopy (XPS)

noticeable catalyst deactivati¢hO]. In this article, we re- XP spectra were recorded on a SCIENTA ESCA 300
port an extensive characteation of the Teflon-modified  system Esca/Auger spetrometer equipped with a hemispher-
catalytic materials compared with the unmodified commer- jcal electron analyzer and an AlzKX-ray radiation source

cial catalyst. Also, a direct sualization experiment on the  (ny = 14866 eV), powered at 12 kV and 10 mA.
working phase of the fluid is carried out. A brief study on

the turnover frequency (TOF) of this reaction under super- 2 2 4. CO chemisorption

critical conditions is also included to shed some light on o chemisorption was carried out using a commercial
the role(s) of Teflon coating. Finally, oxidation of a more zeton Altamira AMI-200 characterization rig. The sample
complex water-insoluble diol compoune-hydrobenzoin,  \yas prereduced in a flowing stream of dilute hydrogen gas at
is studied in order to demonstrate that reaction conversiongp glevated temperature. Measurement of the CO chemisorp-
and product distribution could be manipulated by control- {jon value was taken at room temperature with pulses of pure
ling the pressure and temperature of the supercritical fluid co (100-pl loop size) assuming 1:1 CO to metal sites (valid
over this new type of catalyst, which reveals the validity of {0 pt nanoparticles from 2 to 1000 nm). It is noted that this
this method in application to the area of fine chemical catal- ,easured value represents a modest estimate of the number
ysis under mild conditions. of metal sites involved in catalysis, which has been based on
the assumption that all the surface metal atoms are active.

2. Experimental 2.2.5. Visualization of phase behavior through sapphire
windows reactor

2.1. Catalyst preparation: noble metal catalyst Experiments were carried out in a ca. 30-ml stainless

modification with Teflon steel Parr reactor equipped with two high-pressure trans-

parent sapphire windows with a window separation of ca.

The catalyst used was supplied by Johnson Matthey and4.5 cm. The catalyst and solid substrate were placed in the
consisted of 5% loading of Pt on graphite support. Thus reactor in order to create the same conditions°@&nd
commercial catalysts in new sealed bottles were used with-150 bar overall pressure) dgt100 ml reactor, where catal-
out modifications as received. Samples in opened bottlesysis was performed. The only other difference between the
were then stored in a vacuum dessicator prior to use in ordertwo reactors was the stirring means where the small reac-
to avoid the possibility of water adsorption from moistur- tor was stirred by using a magnetic stirrer at the bottom of
ized air. Teflon modification on the Pt catalysts was carried the reactor. Direct visualitz@n through the sapphire win-

out based upon the published method of Hands ¢12]. dow was carried out to confirm the supercritical state (as a
single phase) under the reaction conditions. It is noted that

2.2. Catalyst characterization this visualization experiment only reflected the phase prop-
erties of the starting mixturés the reaction proceeded the

2.2.1. Nitrogen physisorption composition changes might lead to a further change in the

The specific surface are&ggT), mean cylindrical pore  phase behaviour that was not addressed by this study.
diameter (dp}), and specific desorption pore volume
(Vp(N2)), assessed by the BJH method, were determined by2.3. Catalytic tests
nitrogen physisorption at 77 K, using a Sorptomatic 1990 in-
strument. Prior to the measurement, samples were degasseg@.3.1. Oxidation of alcohols in scGO
at 120°C for 2 h using a turbomolecular pump. A good dy- Known quantities of @ and CQ were delivered to an
namic vacuum of< 1 x 108 Torr was established over autoclave system through calibrated digital pressure gauges
the sample. This drying treatment was found sufficient to (Druck plc) in a ca. 100-ml stainless steel autoclave (Parr
remove most preadsorbed water even for highly porous ma-instrument, Series 4560 reactor) equipped with a heating
terials (very similar results were achieved over MCM-type jacket and an overhead magnetic stirrer. Typically, initial

materials with more severe drying treatments). experiments were carried out by placing catalyst (100 mg
dry mass) and solid alcohol substrate (60 mg) in the reac-
2.2.2. Transmission electron microscopy (TEM) tor, which was then closed. Qvas charged into the reactor

TEM experiments were carried out using a Phillips CM directly from the Q cylinder (without the @ in a direct
20 at 200 kV (0.30-nm point resolution) under bright-field contact with the booster pump), followed by pumpingCO
conditions. Samples were prepared by grinding the catalystinto autoclave using a booster to reach the desired pressure.
with an agate pestle and mortar in isopropyl alcohol. This Stirring was achieved by means of the overhead magnetic
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stirrer, the motor of which was set at one-half max speed (ap-
prox. 360 rpm). It is noted that the temperature of the reactor
was raised to 65C (~ 20 min ramping period) before the
pressurized C@®was actually pumped into the vessel. Such
delivery would ensure the CGadded as a supercritical fluid
rather than as a liquid (condensing liquid £i@ a batch re-
actor could later overpressaethe reactor). There were con-
cerns that the @could overoxidize metal surface prior catal-
ysis. Later experiments showed that the order of adding O
was not critically important. As a result, the subsequent ex-
periments were carried out by first adding substrate/catalyst
in the reactor (stirred for at least 3 h in preheated seCO
in order to ensure a complete solubility of the substrate in
the mixture) prior to the addition of pure pressuriseg O
directly from the cylinder. At the end of the reaction, the au-
toclave was allowed to cool down, and the fluid was vented
into 50 ml acetonitrile kept at ice temperature. Thereafter,
the reactor was opened and the residue was extracted with
another portion of the solvent (50 ml). The resulting solu-
tions were combined and centrifuged. Products in solution
were analyzed quantitatively by GC (HP5890 system) and
HPLC (A Perkin—Elmer HPLC system). The typical mass
balance was found to be at about 85-90% using the cali-
brated HPLC with an internalabdard (benzene). A similar
trapping efficiency for purerghracene aldehyde under iden-
tical conditions by the cold acetonitrile but without using a
catalyst was found. Thus, the selectivity and conversion val- Fig. 1. Visual inspection through reactor equipped with sapphire win-

ues were determined taking into account all the recovereddows. (a) A solid mixture of Pt catalyst and anthracene methanol &€25
~ 67 bar (with liquid CQ) where the meniscus is clearly visible; (b) the

(b)

products. fluid reaches a transparent supercritical state (windows slightly contam-
inated with fine catalyst powder) with the disappearance of meniscus at
65°C, ~ 150 bar CQ, 5 bar G.

3. Results
Table 1

. . . Conversion of 9-anthracene methanol and selectivity to 9-anthracene

3.1. Catalytic oxidation of 9-anthracene methanol methanal over commercial graphite-supported Pt catalyst with and without
Teflon modification

3.1.1. Visualization experiments Catalyst Repeated Conversion 9-anth_recene methanal

L . L . testing (%) selectivity (%)
Due to the limited predictability of theoretical calcula-

. L . . . 5% Pt/G 1 45 >99

tions of phase behavior initial experiments were first carried 2 0 - 99

out to ensure that the substrate (9-anthracene methanol), O g175pyG 3 33 =99

and CQ can be in a single phase under “supercritical state” (1% Teflon) 1 95 >99

for chosen reaction conditionBig. 1 presents a direct vi- 2 96 >99

sualization of the fluid through the sapphire windows under conditions: 288 x 10~4mol 9-anthracene methanol, 100 mg 5%
different conditions. As can be seen from these pictures, sep-Pt/graphite, 5 bar @ 65°C, 150 bar scC@), 24 h. For the reaction per-
arate phases of liquid GOgaseous @ and a solid mixture ~ formed inaqueous phase, see Ref. [50].

of Pd catalyst and substrate getlearly visible below the

supercritical temperature (room temperatéig, 1a). When 3.1.2. Catalytic results

the temperature is raised to 85 at 150 bar, a single-phase Table 1summarizes the three repeated tests of a com-
transparent fluid was then observed over the solid catalystmercial 5% Pt/graphite (5% Pt/G) catalyst for oxidation of
with no observed meniscu&if. 1b). The observation of a  9-anthracene methanol in scg&Rapidly decreasing con-
transparent single phase is consistent with the supercriticalversion for the subsequent testing of the same catalyst, while
state already reported in the literature. This clearly demon- maintaining> 99% selectivity to aldehyde for all the exper-
strates the complete miscibility ofsxQvith scCQ in a single iments, was particularly noted. Thus, catalyst deactivation
phase. at such a mild temperature is clearly apparent. Notice from
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the same table that the modification of the commercial cat- (Table 2. First, CO chemisorption of the fresh and used sam-
alyst with 1% Teflon can indeed dramatically enhance the ples (Table 2 gave similar metal surface areas. This clearly
reaction conversions while maintaining tbe99% selectiv- suggests that no permanent structural modifications occurred
ity to aldehyde. A repeated testing of this modified catalyst on the catalyst. At least, the previously observed deactiva-
does not seem to show any sign of catalyst deactivation. Astion after test for the unmodified catalyst can be reversible
a result, the hydrophobic Teflon film plays a very interesting in the CO chemisorption measurements (the hydrogen pre-
role(s) in this catalysis. reduction treatment could readie the catalysts). This fact
supports adsorption of a kind of polar intermediates and/or
3.1.2.1. Influence of Teflon loadingOxidation of 9-anthra- ~ by-product(s) that could be the potential reason for the deac-
cene methanol has therefore been carried out using 5%tivation under mild conditions. Also, the substantially higher
Pt/graphite modified with various Teflon contents (only a activity over the 1% Teflon-coated catalyst than the unmod-
brief study without optimising the Teflon content). Results ified catalyst cannot be explained by the increase in number
are presented iRig. 2. As seen, a volcano plot is observed of active sites since 50% of the metal sites are actually lost
with the increase of the Teflon content on the catalyst. The after the modificationTable 2. It is believed that the dra-
highest activity (90% conversion) is achieved for 1 wt% matic enhancement in activity over the same catalyst is due
Teflon loading. Then, the conversion sharply decreases wherto the 1 wt% Teflon modification, leading to a significant
the Teflon loading is increasd or decreased from 1 wt%. The improvement of the hydrophobic nature of the latter. Con-
cause for this interesting volcano activity curve can be elu- sequently, hydrophilic species, such as water molecules pro-
cidated from our catalyst characterizations including XPS, duced during the oxidation of 9-anthracene methanol as the
metal surface (CO chemisorption), BET, and pore analysesco-product could hardly be adsorbed onto the catalyst sur-
face due to the repelling effect of the hydrophobic modified
catalyst.
g;gt==o5g%516 However, it is apparent from thég. 1that Teflon coating
' also plays a negative role when further increasing in its con-
tent onto the catalyst (the conversion dropped abruptly). Our
XPS dataTable 9 indicate that the PC ratio decreases dra-
matically from 0.018 to 0.008 with increasing Teflon loading
from 1.0 to 7.0 wt%. Adding only 1% Teflon onto the cat-
alyst led to more than 50% reduction in the metal surface
area (3.1to 1.4 fg—1) with the dispersion decreased from
C/Pt=131.11 25.1%to 11.5%. On the other hand, there was only a 23% re-

100

80

60

conversion (%)

40

$ FIC = 0,168 duction in the total surface area (contributed mainly from the
L graphite support) as compared with the raw catalyst. Further
olew vl b b b B L T . o
0 ) ) 3 4 5 6 7 addition of 7% Teflon to the catalyst rendered the total loss
Teflon (wt%) in the metal surface area. All these observations suggest that

the Teflon might not be uniformly covering the catalyst sur-
Fig. 2. Plot of the conversion vs Teflon loading for the 9-anthracene face but preferably depositing onto the platinum metal over
methanol oxidation reaction (@8 x 10~ mol 9-anthracene methanol,  the graphite support. It is difficult to imagine that a specific
100 mg modified 5% PUG, 5 bar065°C, 24 h, 100% selectivity towards  chemijcal interaction(s) waseated between the inert Teflon
corresponding aldehyde was noted at all Teflon contents). polymer fragments and the metal sites. On the other hand

two possibilities may be envisaged: first, selective blockage
Table 2 _ _ o _ o of the support pores which host small metal particles; sec-
Physicochemical properties of moddi®% Pt/graphite catalysts with dif- d. a kind of ind d tal | tion leading t |
ferent % of Teflon added ond, a kind of induced metal agglomeration leading to a loss
in metal surface during the Teflon deposition.

Used feflon  Prmetal Pt BET s From the N adsorption/desorption measurements, a no-
catalyst  (wt%)  surface areadispersion surface PYC  F/Pt . i .
Mm2g-l) (%) area ticeable decrease in surface areas of the catalysts is ob-
(m2g-1) served when the amount of Teflon loading is increased up
5% PYG 0 31 251 124 to 7.0 wt%. Furthermore, careful analysis of the pore distri-
5%PVG 0 7 258 bution of the 1.0 wt% Teflon modified 5% Pt/graphite (des-
01T5PY@ 1 14 115 95 Qo1s 40 ignated as 01 TO5Pt/graphite) compared with the unmodified
ggggzg ; is 1_10 o8 5% Pt/graphite indicate a shift of the most frequent pore size
05TSPUG 5 _ _ 52 from 12 to 10 A with the decrease in the cumulative volume
07T5PYG 7 Nil Nil 40 0008 221 from 0.224 to 0.200 cRyg after the modification. Although
a 59 PUG stands for fresh 5 wt% Pt on graphite before test. the modification effects on pore size and pore volume appear

b 5% 01T5PH/G stands for fresh 1 wt% Teflon, 5 wt% Pt on graphite be- 10 _be rather Sma_”, these facts are consistent WiFh the _hypOth'
fore test. esis that metal sites are predominantly located in the internal
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3.1.2.2. A study in reaction rateln order to gain insight
into the mechanism of the 9-tmacene methanol oxidation
over the 1% Teflon modified 5% Pt/graphite catalyst, the
substrate conversion versus time and the corresponding plot
in InCo/C vs time were obtained at a large molar excess of
02 (23 x excess). Each pointwas collected by quenching the
reaction mixture in the batcreactor immediately to room
temperature at different reaction times (using a fresh cata-
lyst/substrate at each point). Results are presentEird.

As can be seen from the figure, 75% of 9-anthracene
methanol is converted within the first 15 h of the reaction,
and further time leads to a limited increase of conversion.
From this figure, at the initial 9-anthracene methanol con-
version, the turnover frequency (TOF) of the reaction can
be deduced. Also, based on the conversion-time curve, a
derivation of a kinetic equation for a first-order reaction is
represented as

In(Co/C) = kt, (1)

(b) whereCgo and C are the initial concentration and the con-
_ _ _ _ centration of the substrate after a reaction time aburs,
Fig. 3. @) TEM'l_mage_ of 5 vzt% Pt/graphite; (b) TEM image of 5 wt% respectively, and is the rate constant.
Pugraphite modified with 1 wi% Teflon. As can be seen frorrig. 4 (right), a straight line is in-
deed obtained, which suggests that the reaction is first order

pores that could be favorably blocked by the Teflon deposi- with respect to the 9-anthracene methanol within experimen-
tion. TEM images Figs. 3a and 3bdemonstrate that there tal error. The slope of this straight line gives the constant
was indeed some degree of Pt particle agglomeration afterwhich is calculated to be.83 x 102 h™*. Taking the sub-
the Telfon modification. Thus, the selective loss of metal Strate (1735x 10?° molecules) and available surface metal
sites could be due to the combination of these two possi- Sites (1775 x 10 surface metal sites evaluated from CO
bilities. One important fact derived from this work is thatthe chemisorption in the 100 mg catalyst) into account, the TOF
Teflon modification creates a dual effect. On one hand, theis determined to be 8.63 1 (based on exposed Pt sites),
selective coverage of metal sites with a Teflon coating can with no induction period being observed.
substantially reduce catalytic activity (covering the metal
sites), but the gain in hydrophobicity can compensate for the 3.2. Catalytic oxidation ofz-hydrobenzoin
loss in activity. Thus, careful optimization is required to in-

troduce the hydrophobic charactirthe resulting catalyst A brief study of catalytic aerial oxidation a@i-hydroben-
without severely burying the metal sites. zoin was carried out over the same 1% Teflon-promoted
100 35
80 - E y =0.0883
o 25 R =0.999
A — i
s 7f S 2t
o o
g ol = 15 F
5 I
O 1L
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Fig. 4. (left) Conversion vs time for the oxidation of 9-anthracenehameil; the derived plot of the initial conc. to measured conc. raggC, of the substrate
vs time (right) (288 x 10~* mole 9-anthracene methanol, 100 mg of 01T5PY/G, 5 har65°C, 150 bar scC@. Under these conditions 100% selectivity
toward corresponding aldehyde was noted over all different times; the time zero was defined as the true wherafled into the mixture after a steady
state was achieved. Each data point was collebieduickly quenching (in a running water jacket with20 min. cooling time) and analyzing the reactor
contents to minimize the catalysierributions from nonsteady periods).
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OH o)
H Ph
deoxybenzoin benzil
[O]
-H,O
o]
Ph
O, N/,
2 o phY / \ H
H Ph
H benzaldehyde
trans-stilbene epoxide
[O]
Ph
2 o
HO
benzoic acid
Scheme 1. Reaction pathway for thhehydrobenzoin oxidation.
Table 3
Oxidation ofm-hydrobenzoin in scC& influence of temperature and pressure
Condition Conversion Product distribution (%)
(%) Epoxide Deoxybenzoin Benzil dhzaldehyde Benzoic acid

60°C, 110 bar 17 56.3 144 199 9.1 04
80°C, 100 bar 42 1@ 05 63.3 25.8 02
80°C, 150 bar 78 7.2 216 439 261 12
80°C, 180 bar 9D 6.8 337 337 264 21

2.81 x 10~4 mol m-hydroxybenzoin, 100 mg 01T5Pt/G, 5 bay,®5°C, 24 h.

Pt catalyst in order to investigate the solvent effects of to the inverse relationship between conversion and selec-
the scCQ. The reaction pathway oh-hydrobenzoin ox-  tivity.) Indeed, a small amount afansstilbene epoxide,
idation is presented irfBcheme 1 As seen, oxidation of  whichis the main dehydration productefhydroxybenzoin
m-hydrobenzoin can lead to the formation of numerous (56.3%), presumably formed from its small vapor pres-
products, due to its facile and specific structure. Under our sure at 60C (for pure scC@ the density would be about
conditions, trans-stilbene epoxide, aeybenzoin, benzyl, 0.3 gcnt3, thus low density of this fluid with a low sol-
benzaldehyde, and benzoic acid were detected as the majovency is expectedl13]), decreases to 10.2% selectivity at
products.Table 3presents the:-hydrobenzoin conversions 80°C, whereas in the meantime, selectivity to oxidative de-
and product distributions as a function of both temperature hydrogenated products (known to be favorable at elevated
and pressure. One can classify three routes (arbitrarily as-temperatures), especiallyetbenzil, increases up to 63.3%.
signed as parallel routes) to produce these products, namelyWhen the reactions were carried out at 180 bar sc@0O
oxidative dehydrogenation efi-hydrobenzoin to form de-  the same temperature (for pure scfe density would be
oxybenzoin and subsequently benzil (these routes are catabout 0.55 gcm?, thus higher density with better solvency
alyzed by the surface of a noble metal catalyst in air); oxi- of the fluid is expected13]), a dramatic increase in the
dation cleavage of C—C bonds leading to benzaldehyde andconversions with an almost opletion in conversion was
then benzoic acid (facile nature of the C—C bond associ- observed. This observation agrees well with our previous re-
ated with the two Ph pedant groups); and dehydration of the sults in the oxidation of 9-anthracene methgiidl] as well

m-hydrobenzoin tdrans-stilbene epoxide. as those shown in the literature suggesting an increase in
Using similar pressure of scGQthe increase of the reac-  pressure will result to an increase in solvent propefBe3,
tion temperature leads to an increase ofith@ydroxyben- 14]. It is interesting to notice that a rough plot of the con-

zoin conversion, but more interestingly, a complete change version vs pressure gives a straight line. By enhancing the
of product distribution is noted. (This could be partly due solvency of the fluid, more solid substrate would be able to
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enter into the fluid phase; hence a higher substrate t@(» as readily observed in our case. It is noted that there are
will be in contact to the catalyst surface. For noble-metal- very limited options for altering the relative hydrophilic-
catalyzed oxidation, availability of £and organic sources ity of scCQ, since the uses of organic co-solvent(s) and
to metal surface is well known to affect reaction activity and elevated temperatures reduce the attraction of this new sol-
selectivity. There seemed to be no major change in the se-vent with regard to environmental impacts and safe opera-
lectivities of the oxidatively cleaved products (benzaldehyde tion for metal-catalyzed oxidation reactions. In contrast, re-
and benzoic acid) once the temperature reaché€&q dif- ported work on using unmodified Pt/alumina catalysts (pre-
ferent pressures (different substrate-tp+@tios in the fluid sumably the catalyst is more hydrophilic than our carbon-
phase). However, higher selectivities were found toward the supported catalysts) for the air oxidation of octyl alcohol
partially oxidized product deoxybenzoin at the expense of in scCQ [8,9] does not seem to suffer from rapid cata-
the fully oxidized product benzil at higher substrate-tp-O lyst deactivation under their continuously flowing reactor
ratios (at higher pressures). Thus, for the chosen alcohol ox-system. We therefore believe that this catalyst deactivation
idation, it is very interesting to observe the dramatic change could perhaps be more pronouncedly noticeable at low op-
in both activity and selectivity of the reaction by modifying erating temperatures in a batch reactor system similar to
the solvency of the supercritical phase via pressure and tem-our system, where there is no escape in the build up of the
perature alternations. polar species during the oxidation. It is noted that water
molecules are attributed asetftause for the deactivation;
however, other polar species/intermediates cannot be dis-
4. Discussion counted. In the absence of identification of other hydrophilic
species, the water molecule is the prime suspect. It is noted
As already stated, there is1dncreasing demand to use that a small quantity of water is required to block the small
O, from air as an oxidant for industrial oxidation processes pores. Accurate analysis of water from the catalysts with
with regards to process economy and reduced environmen-and without the Teflon modification cannot easily be car-
tal impacts. However, air oxidation of fine organic molecules ried out. Nevertheless, the important point is that one should
in organic solvents is industrially not preferred, since vigor- be cautious on the compatibility of solvency and polarity
ous oxidation could cause overoxidation of the bulk organic of species involved when mild temperatures, suitable for
solvent, leading to explosiori6]. Thus, water has always oxidation of thermally labile multifunctional complexes of
been the favored option for the oxidation of water-soluble fine/pharmaceutical chemicalare adopted. Thus, scg@s
alcohols, but water-insoluble compounds remain the main a solvent offers new opportunities as well as new limita-
problem. Even so, it is well known that the presence of bulk tions. To overcome this limitation the noble metal catalyst
water unfortunately leads to rapid formation of geminal di- was modified with a Teflon coating. The results showed a
ols on metal surface from water-soluble alcohols, which will significant improvement for -@nthracene methanol oxida-
further undergo dehydrogenation to form an undesirable acidtion. This improvement can be accounted for by improve-
product[6]. With the scCQ as the solvent medium, this ment in the hydrophobic character of the Teflon-modified
problem is apparently overcome; in particular, no bulk wa- catalyst, which prevents the absorption of polar species, i.e.,
ter phase will be in contact with the metal surface. Thus, in prevents water formed during the oxidation process from be-
the oxidation reaction of 9-amtacene methanol, higher se- ing retained on the catalyst surface. However, it is also clear
lectivity to corresponding aldehyde was indeed found when from our catalyst characterizations that the amount of Teflon
scCQ was used as the solvent. This result clearly demon- loaded must be carefully controlled, as our results indicate
strates the beneficial effect of this new environmentally that overloading of the Teflon coating can lead to a dramatic
friendly “solvent” both in term of product distribution and decrease of catalytic activity due to selective covering of the
in term of enhanced conversion. active metal sites (blocking pores where metal is located)
However, from this work we also note a new scenario by the Teflon. From the study of reaction rate, we have also
in the alcohol oxidation in the scGOThe scCQ, being demonstrated that the reaction is first-order with respect to
a very nonpolar soknt with a poor ability to dissolve po-  9-anthracene methanol. This observation is consistent with
lar species, is rather difficult to use to remove polar prod- similar observations made in detailed kinetic analyses of
ucts or by-products formed from the catalyst surface due metal-assisted oxidation reactions, which suggested that ini-
to incompatilility in hydrophilicity/hydrophobicity. This is tial dehydrogenation of alcohol onto metal surface is likely
a very important point since the oxidation reaction will al- to be the rate-limiting step in the alcohol oxidati@}. Sur-
ter the polarity of organic compounds drastically, especially prisingly, a rather low turnover frequency of 8.63'hbased
when O is inserted into the molecules. Polar intermediates on Pt, over our 1 wt% Teflon-promoted 5% Pt/graphite cat-
or by-products, such as water molecules as a co-product, aralyst was obtained at 6%, 150 bar scCg as compared to
commonly produced from oxidation reactions. Their forma- the recent reported TOF of 1.585 hfor the oxidation of
tion over a catalytic surfacelegively hydrophilic compared  benzyl alcohol over 0.5% Pd/alumina catalyst at 80and
to the nonpolar scCoprevents their desorption to the non- 150 bar scCQ in a continuous flow systerfl5]. Despite
polar fluid phase, leading to paitial catalyst deactivation, taking this value too literally, there is a significant difference
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(more than two orders of magnitude) in the TOF value we 5. Conclusion

measured compared with the literature value (different al-

cohol). We believe that the discrepancy could be due to a Itis revealed that polar/hydphilicincompaibility of the

combination of possible reasons. First, our substrate mole-supercritical fluid with the polar product(s) such as water

cule is different from the reported benzyl alcohol, which is a produced from oxidation with respect to the catalyst surface

volatile liquid, whereas our 9-anthracene methanol is a solid could lead to a rapid catalyst deactivation. To overcome this

under reaction conditions. Thus, one could argue that thereproblem, we report synthesis, testing, and characterization

could be contributions from direct vapor-phase as well as of new Teflon-coated noble metal catalysts, which can be

liquid-phase catalysis when the substrate was dosed into theoptimized to be active for catalyzing aerobic oxidation of

flowing stream of scC@in the case of the benzyl alcohol alcohols in scC@ without noticeable deactivation. We also

oxidation. For solid 9-antlaicene methanol, this substrate demonstrate that temperature and pressure are important ex-

could only be available to the catalyst when dissolved in perimental parameters to influence activity and selectivity in

scCQ. On the other hand, there is no published data on the the m-hydrobenzoin oxidation in scCQluid over this type

solubility of 9-anthracene methanol nor is there any reliable of Teflon-modified Pt catalyst. The pressure and temperature

theoretical prediction of this value. Thus, we cannot dis- are expected to affect elementary surface reactions during

count the possibility that a slow rate is encountered due to am-hydrobenzoin oxidation over Pt catalyst, giving rise to dif-

slow equilibrium to solution at the excess solid 9-anthracene ferent products.

methanol to bring it into contact with the catalyst despite

the fact that a small quantity is deliberately placed. Work is

in progress to compare catalytic oxidative activity in segCO Acknowledgments
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