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Polyamide-Supported Platinum—Gold Catalysts for Selective
Hydrogenation of Benzene

Polyamide-supported noble metal cata-
lysts exhibit activity and selectivity pat-
terns significantly different from those ob-
served when the same metals are deposited
on more traditional materials, such as sil-
ica, alumina, or charcoal (/). Such cata-
lysts appear to be particularly effective for
the selective hydrogenation of benzene into
cyclohexene (1-4). Nevertheless, the na-
ture of their active sites is still controver-
sial. Harrison and Rase (3) advocated, for
Pt/nylon catalysts, a particular geometric
arrangement of platinum metal atoms on
the surface of the support, whereas Dini et
al. (4), for similar catalysts, postulated the
formation of a stable bivalent platinum co-
ordination complex, produced during the
activation step. Strong evidence has been
gained in our laboratory in favor of the
presence of active metallic sites on the sup-
port for Pt/nylon and Pd/nylon catalysts
(5, 6). Their unusual selectivity in the par-
tial hydrogenation of benzene has then been
attributed to an electron transfer from the
polyamide support toward the metal (2, 6,
7).

The present work has sought to gain fur-
ther information on the active sites of Pt
supported on polyamide by examining the
effect of ‘‘alloying’’ by gold on the catalytic
properties of Pt in the partial hydrogenation
of benzene.

Catalysts were made by refluxing (reflux
temperature: 100°C) polyamide-66 (nylon-
66) powder (0.1-1 mm size; 12 m? g~!) with
aqueous solutions of metal chlorides
(H,PtCl, and/or AuCl;, NaCl) for 30 min,
followed by filtering, washing with water
and methanol (8). After drying in air at
120°C, the solids were reduced in a hydro-

gen flow at 160°C for 1 h. Catalyst composi-
tion was determined by atomic absorption
photometry.

The hydrogenation of benzene was car-
ried out in a flow differential reactor de-
scribed elsewhere (9, 10). The total conver-
sion level was in all cases maintained below
2%.

The platinum surface areas of catalysts
were determined by hydrogen-oxygen ti-
tration following a pulsed chromatographic
method previously reported (5). Under the
experimental conditions used, no hydrogen
consumption via H,-O, titration was ob-
served on gold. Therefore, it was assumed
that H-O, titrations measured only plati-
num area. Electron microscope examina-
tion of catalyst particle cuttings was per-
formed, as previously described (//), with
a JEM 100 B model.

The composition of the catalysts and the
corresponding composition of the impreg-
nation solutions are provided in Table 1.

For impregnation solutions containing
more than 17% Au, the catalysts exhibit a
large excess of gold. This is particularly ob-
vious for the Pt—-Au-9 sample for which Au/
Pt = 10 whereas the corresponding impreg-
nation solution has a Au/Pt ratio of only 2
(column 3). This result confirms the reduc-
ing character of polyamide-66 (6, 12), since
it is well known that Au(III) complexes are
powerful oxidizing agents (/3), probably
stronger than H,PtCl.

The results obtained from H,-O, titration
and kinetic measurements are summarized
in Table 2. The hydrogenation of benzene
(B) was performed at T = 433 K, with Pg =
60 Torr, Py, = 700 Torr, total flow rate: 30
cm® min~!, and catalyst weight = 3 to 20
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TABLE 1

Composition of Nylon-Supported Catalysts versus Composition of
Impregnation Solutions

Catalyst Total metal In On catalyst
(wt %) impregnation (atom %)

on catalyst solution ———————

(atom %) Pt Au

Pt Au

Pt-100 15 100 0 100 0
Pt-Au-95 20 91 9 95 5
Pt-Au-85 13 83 17 85 15
Pt-Au-34 12 67 33 34 66
Pt-Au-9 23 33 67 9 91
Au-100 34 0 100 0 100

mg Kinetic measurements were obtained
by extrapolating the activity vs time on
stream curves to time zero In all cases, the
conversion of benzene decreased smoothly
with time and no significant stabilizing ef-
fect of gold was observed 1n this respect
As can be seen from Table 2, the addition
of Au causes a decrease in the percentage
of Pt exposed (decrease of Pt specific sur-
face area, column 2) A similar effect was
reported for silica-supported Au-Pt cata-
lysts and was ascribed to the coverage of Pt
by Au (14) From wide-angle X-ray scatter-
ing (WAXS) and transmission electron mi-
croscopy (TEM), the authors concluded

TABLE 2

Platinum Surface Area, Turnover Frequency, and
Selectivity to Cyclohexene (CHE) of
Polyamide-Supported Catalysts

Catalyst S Conversion  Scug® N?

(m? g™ ' Pt) (%) (h™
Pt-100 62 168 020 2330
Pt-Au-95 45 080 026 287
Pt—Au-85 39 054 046 253
Pt—Au-34 32 005 080 68
Pt-Au-9 22 00 — 0

a Selectivity to cyclohexene expressed as cyclohex-
ene/cyclohexane

b Turnover frequency 1n molecules of benzene con-
verted per surface Pt atom per hour

that mixed aggregates of Au and Pt atoms
and the aggregates of Au atoms only were
both present, the latter being considerably
larger than the former (/4)

For Pt-Au-95 sample (95% Pt-5% Au),
the TEM micrograph shows the presence of
homodispersed particles of 3—-4 nm and a
few aggregates of 1 order of magmtude (or
more) larger (Fig 1) These large aggre-
gates become dominant on Au-nich cata-
lysts as can be seen in Fig 2, which espe-
cially exhibits large particles of 20-40 nm
for the Pt—-Au-9 sample (9% Pt-91% Au)
For the monometallic Au sample (Au-100),
even larger particles with definite geometric
shapes (tnangles, squares, rectangles )
are present (Fig 3) Therefore, large parti-
cles may especially result from aggregation
of Au, since the mobility of Au particles 1s
higher than that of Pt particles (lower melt-
g pomnt for Au) Nevertheless, the pres-
ence of Pt in bimetallic catalysts partially
ihibits the growth of large particies and the
formation of their facets (compare Fig 2
with Fig 3) This tends to show that these
large particles of Fig 2 are bimetallic clus-
ters, 1n the Sinfelt sense (15), rather than
aggregates of Au atoms only (/4), although
the reduction temperature of Pt-Au/nylon
catalysts never exceeded 160°C This as-
sumption may be explained by a close con-
tact between Pt and Au on the polyamude
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F1G. 1. Electron micrograph of Pt-Au-95 catalyst (5 atom% Au).

support, since AuCl; and H,PtClg are both
powerful oxidizing agents (13) and should
therefore adsorb on the same reducing sites
(amide groups) of the polyamide carrier.
However, the endothermic formation of
Au-Pt alloy is unlikely at 160°C.

An inspection of Table 2 (column 5)
clearly shows that the turnover frequency
(N) of Pt very strongly decreases by the
addition of 5% Au. A dramatic decrease of
the catalytic efficiency of Pt resulting from
such a small content of Au therefore sug-
gests an electronic effect rather than a
screening effect by gold. Further additions

of Au result in a less-pronounced decrease
of the turnover which finally becomes negli-
gible for the Pt—-Au-9 sample (91% Au). The
variation of the selectivity to cyclohexene
(Scup) with the total conversion level for
different catalysts is shown in Fig. 4. This
type of curve allows the comparison of the
selectivity of catalysts of various composi-
tions exhibiting a strong decrease of selec-
tivity with an increasing conversion level
(10). Indeed, the same curve as that shown
in Fig. 4 was established for the monome-
tallic Pt/nylon catalyst (Pt-100) in the same
range of conversions. This behavior

FiG. 2. Electron micrograph of Pt—-Au-9 catalyst (91 atom% Au).
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Fic 3 Electron micrograph of Au-100 catalyst

strongly suggests that the selectivity char-
actenistics, of bimetallic Pt—Au/nylon cata-
lysts 1n the partial hydrogenation of ben-
zene are 1dentical to those of pure Pt on
nylon which were explained by a kinetic
scheme (2) Therefore, both electronic (do-
natton from Au to Pt) and ensemble size
(dilution by Au) effects play only a second-
ary role, if any, in the selectivity of Pt-Au/
nylon catalysts for the partial hydrogena-
tion of benzene

In summary, bimetallic Pt—-Au clusters
can be formed at low temperature (160°C)
on a reducing organic carrier such as the
polyamide-66 powder used in this work
The lack of an ensemble (or dilution) effect,
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due to the addition of gold, on the selectiv-
ity of Pt/nylon catalysts strongly suggests
that the adsorption sites for benzene mole-
cules involve one Pt atom only In such a
case, the observed decrease of the activity
per accessible Pt atom (turnover frequency)
by addition of Au may be due to the elec-
tromc effect (/6) and/or more simply, to a
decrease of the accessibility of benzene
molecules to Pt atoms screened by Au The
kinetic scheme which, as for monometaliic
Pt catalysts, favors the selectivity to cyclo-
hexene when the conversion level de-
creases, remains the same for Pt—-Au cata-
lysts
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