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Abstract

In this paper we describe the preparation, catalysis of hexane and propane conversion, and characterization results of
several phosphorus containing Pt and Pt—Au catalysts on silica supports. The catalysts were prepared by adsorption from
solution of mono- and bi-metallic molecular precursors that are ligated by triphenylphosphine. The effects of phosphorusin
the calcined and activated catalysts are much greater than that of gold and lead to remarkable changes in selectivity and
stability compared with conventional, non-phosphorus containing Pt/SiO, and co-deposited Pt—Au/SiO, catalysts. All
catalysts derived from triphenylphosphine precursors showed high selectivity and activity towards dehydrogenation products.
Other reactions, namely cyclization, isomerization and cracking, were severely inhibited. Preliminary results for propane
conversion show that phosphorus containing catalysts are excellent catalysts for propane dehydrogenation (90% selectivity to
propylene at 35% conversion, 550°C, SV = 0.5 h™1). The phosphorus containing catalysts also have much greater stability
on stream than the non-phosphorus containing catalysts. DRIFTS data on adsorbed CO show that the presence of phosphorus
in the catalysts has a significant effect on the CO stretching frequency and causes an upward (blue) shift of about 10 cm™1.
TPD of adsorbed CO showed that desorption of CO from a phosphorus containing Pt catalyst had a maximum at ca. 140°C
while CO desorption from a conventional Pt/SiO, catalyst peaked between 240—-270°C. These results are consistent with a
phosphorus ligand effect on Pt. Preliminary TEM data with a phosphorus containing Pt catalyst showed very small Pt
particles estimated to be less than 1 nm. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction addition of gold can have important effects on

the catalytic properties of platinum [3,4]. Since

Supported noble metal catalysts, often with a
second metal and other dopants added, are the
mainstay of the petrochemica industry and
alkane conversion by these catalysts has been
widely studied [1,2]. It is well known that the
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gold by itself is not a catalytically active metal
in akane reforming reactions, the study of Pt—
Au alloys offers a good opportunity to test the
importance of geometric effects on the catalysis.

The reactivity of Pt—Au catalysts towards
n-pentane and n-hexane conversion has been
extensively studied [3—9]. It has been shown
that catalysts where platinum is diluted with
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gold show differences in selectivity [5,6]. Iso-
merization reactions are favored by the addition
of gold to a platinum catalyst when the reaction
is conducted at high pressures of H, and hexane
[6]. Single crystal studies showed that annealing
Au on the Pt[111] surface indeed increases both
activity and selectivity towards isomerization,
while aromatization and hydrogenolysis pro-
cesses are suppressed [3]. The most recent stud-
ies by Sachdev and Schwank showed similar
results for SiO, supported Pt—Au catalysts [4].

Much of the previous effort in preparing
supported mixed-metal Pt—Au catalysts was
limited to co-impregnation of Pt and Au salts
such as H,PtCl and HAuCl , [4,10-12]. Phase
Separation is a common problem with this
method since the Pt—Au aloys that contain
between 18% and 97% Pt are thermodynami-
cally unstable. In addition, the presence of Auis
known to affect Pt particle size. A different
approach is to use organometallic precursors for
heterogeneous catalysts, in particular molecular
cluster compounds [13—19]. Past studies in this
field involved the use of carbonyl clusters as
precursors [15,17-21]. In these studies, metal
cluster compounds were supported on various
oxide supports (silica, alumina, or zeolites) and
their carbonyl ligands were removed by heating
under vacuum or inert atmosphere. Further stud-
ies showed that in some cases the structure of
the cluster’s metal core remained substantially
intact [20].

Unfortunately, there are no known carbonyl
clusters that contain both platinum and gold.
However, there are many known Pt—Au molec-
ular clusters stabilized by phosphine ligands
[22—28]. Several examples of these clusters are
[Pt(AuPPh,)g(NO,),, [(PPh,)Pt(AuPPh,)]
(NO,),, and [Pt(AuPPh,),(PPh;),1(NO,),.
These clusters are cationic and have a platinum
atom in the center surrounded by a variable
number of AuPPh; and PPh, groupings. These
Pt—Au clusters contain both Pt—Au and Au—-Au
bonds. Known triphenylphosphine ligated Pt—Au
clusters provide a wide range of Pt:Au ratios,
varying from 1:2 to 1:9.

The presence of phosphorus in these potential
catalyst precursors may also have substantia
effects on the resulting catalysts. There have
been very few studies on the effect of phospho-
rus on alkane conversion catalysis [29]. It is
conventional wisdom that phosphorus is a poi-
son for catalysis and should be avoided; how-
ever, the addition of phosphorus has been shown
to promote HDS and HDN activity for some
systems [30—32]. Other suspected poisons such
as sulfur have been studied as additivesto alkane
conversion catalysts [33—35]. These studies in-
dicate that the presence of sulfur, an element
not dissimilar to phosphorus, increases both the
stability of the catalyst [33,34] and yield of
dehydrogenation products while inhibiting often
undesirable cracking reactions [35,36]. In gen-
eral, catalysts modified by sulfur often show
superior properties compared to pure platinum
systems [2,37-39]. Therefore, it is not surpris-
ing that in this study we find similar pro-
nounced effects for phosphorus.

Several phosphine ligated Pt—Au cluster
compounds have been supported and ther-
molized on silica [40—42]. The process of ad-
sorption from solution and the properties of the
adsorbed intact clusters, including their thermal
activation, were thoroughly studied; however,
their catalytic reactivity (H,—D, equilibration
and ethylene hydrogenation) has been only
briefly investigated [40,41]. Thermolysis experi-
ments showed that the supported clusters
[Pt(AUPPh;)I(NO,), and [(PPh,)PH(AuPPh,),]
(NO,), begin decomposing at ca. 200°C under
H,. This decomposition was accompanied by a
significant decrease in the rate of H,—D, equili-
bration. The properties of the catalysts derived
from these supported clusters were shown to
depend significantly on the treatment conditions
[41]. Systems treated only under reductive con-
ditions (H,) did not chemisorb CO and had
very low catalytic activity for H,—D, equilibra-
tion and ethylene hydrogenation. However, ex-
posure of the samples to O,, even at room
temperature, resulted in significant increases of
both CO uptake and catalytic activity. The data
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obtained from **P CP MAS NMR is consistent
with phosphine oxidation upon exposure of the
samples to O, [41]. Oxygen chemisorption at
room temperature indicated that
[Pt(AuPPh;),1(NO,),/SIO, takes up ca. 5 mol
of O, per mol of Pt—consistent with ligand
oxidation. Treatment of [Pt(AuPPh,)gl
(NO,),/SIO, with O, at 230°C resulted in a
catalyst with excellent dispersion (0.8 mol CO
per mol of Pt by CO chemisorption and metal
particles <1 nm by TEM) and reactivity to-
wards ethylene hydrogenation and H,—D, equi-
libration. Its hydrogenation activity, for exam-
ple, increased by two orders of magnitude com-
pared to the sample treated only under H, [41].
A study on the thermal activation of
[Pt(AuPPh,)(PPh,)I(NO,),/SiO, at 200°C and
400°C under vacuum was recently published by
Yuan et a. [42]. Thermolysis at 200°C resulted
in a catalyst with poor hydrogenation and H-D
exchange activity. EXAFS data suggested that
the catalyst they obtained had Pt—P bonds which
coincided with poisoning of the catalyst. Ther-
molysis at 400°C resulted in Pt particles that
still showed Pt—P bonds in the EXAFS anaysis.

The qualitative picture that emerges from the
above studies is that PPh, ligated Pt—Au clus-
ters on silica can be calcined under O, to give
well dispersed and highly active catalysts. Ther-
molysis under H, or vacuum gives poisoned,
inactive systems that do not bind CO and show
Pt—P bonding by EXAFS. Exposure of these
systems to O, at room temperature gives active
catalysts due to oxidation of the phosphine
residues. This qualitative model sets the stage
for the current study.

2. Experimental
2.1. Catalyst preparation

Phosphine containing mono- and bi-metallic
molecular precursors, [Pt(AuPPh,);1(NO,),
[43], Pt(PPh,),0, [44], and [Pt(AuPPh,),
(PPh,),1(NO,), [45,46], were prepared accord-
ing to literature procedures and characterized by

¥p('H} NMR, FAB-MS, and UV-visible spec-
troscopy in solution. Hexachloroplatinic acid,
H,PtCl4 - 6H,0O, was prepared from Pt metal
(99.99%) according to a literature procedure
[47]. Auric acid (HAuCI , - H,0O) was purchased
from Strem. Davisil SO, (35-60 mesh, BET
surface area 360 m” g~ *, average pore diameter
=150 A) was washed with high purity mille-
pore distilled and deionized water to remove the
fines and dried under vacuum at 120°C for 24 h
prior to use. The above precursors were de-
posited onto the pre-treated SiO, support by
incipient wetness impregnation and co-impreg-
nation. The solution concentrations were ad-
justed to give the following metal loadings
(weight percents) with catalyst abbreviations: Pt
(1% Pt), Au (2% Au), Pt—Au (1% Pt + 2% Au).
The phosphine containing precursors
Pt(PPh;),0, and [Pt(AuPPh,),(PPh,),I(NO,),
spontaneously adsorbed from methylene chlo-
ride solution. The appropriate amount (usually
10-20 mg) of the compound was dissolved in
5-10 ml of CH,Cl,. The solution was then
added to 0.5-1.0 g of dry SIO,. After swirling
for 10-20 min a room temperature the com-
pounds quantitatively adsorbed onto the silica
The impregnated silica was then decanted and
dried under vacuum at 50°C for 2 h.
[Pt(AuPPh,)I(NO,), was similarly supported
from methanol solution. In this case, a solution
of 10 mg of the cluster in ca. 15 ml MeOH was
added to 1 g of silica and swirled for 1 h at
room temperature. After that time most (but not
al) of the cluster was adsorbed on silica. The
solvent was then slowly evaporated under vac-
uum at room temperature and the sample dried
as above. The resulting catalyst loadings and
abbreviations are: PtP, (1% PY), PtAu,P, (1%
Pt + 2% Au), and PtAugP; (0.05% Pt + 0.4%
Au).

2.2. Catalyst activation
Catalyst activation, chemisorption measure-

ments, temperature programmed characteriza-
tions (TPC), and catalytic investigations were
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carried out with the use of an RXM-100 catalyst
characterization system purchased from Ad-
vanced Scientific Designs. In a typical experi-
ment (except for TPD of CO experiments, vide
infra), 50-500 mg of the supported catalyst
precursors were loaded into a U-shaped quartz
microreactor (i.d.=11 mm), attached to the
RXM-100 system, and heated in the presence of
flowing gas as described below. The sample
was loaded into the RXM-100 system and
purged with O, for 5 min at 30°C. The tempera-
ture was then ramped 10°C min~* to 300°C and
held for 2 h with O, flowing a 20 ml min~*.
Following the 2 h soak at 300°C, the sample
was purged with He flowing at 100 ml min~*
while the temperature was ramped 10°C min~*
to 200°C. The sample was then reduced at
200°C under flowing H,, (20 ml min~*) for 1 h.
This is the standard catalyst activation proce-
dure used for al experiments unless specifically
stated otherwise.

2.3. Gases

Hydrogen, helium, and oxygen were all UHP
grade (99.999%) and were used without further
purification. Propane (99.5%) was obtained from
Scott Specialty Gases. O,/He and H,/Ar gas
mixtures were purchased in pre-mixed cylinders
of UHP grade (99.999%) gases from Linde and
were used without further purification.

2.4. Chemisorption experiments

All adsorption isotherms were measured at
20°C over a pressure range of 10-80 Torr. The
chemisorption protocol was as follows. Follow-
ing catalyst pretreatment, samples were cooled
10°C min~* to 135°C and evacuated for 20 min.
The samples were then cooled to room tempera-
ture under high vacuum and the furnace was
replaced with a water bath. CO chemisorption
was then measured using the two isotherm
method. In each chemisorption experiment, two
gas uptakes were measured. Between the two
measurements, the sample was evacuated at

20°C for 10 min. In CO chemisorption experi-
ments, the dispersion (Pty, .o/ Plio) 1S €qua
to the ratio of adsorbed CO to total platinum
atoms (CO/Pt,,,) calculated from the irre-
versible CO uptake at 60 Torr on catalyst sam-
ples using the adsorption stoichiometry CO:Pt
as 1:1 [48]. However, it has been reported that
for very small Pt particles the CO:Pt ratio can
exceed unity [1]. Accuracy in the determination
of CO/Pt,, Vvaues was +0.02. CO
chemisorptions were reproducible after CO des-
orption under vacuum at 300°C. The blank sil-
ica support showed no irreversible CO uptake.

2.5. Temperature programmed characterization

Temperature programmed oxidation (TPO)
was performed on supported (non-activated)
precursors. The samples were loaded into the
quartz microreactor described above and heated
at a constant rate (usually 10°C min~?1) under
flow of 3% O,/He. For CO temperature pro-
grammed desorption experiments, large sample
sizes (ca. 1.7 g) were used in order to reduce
experimental error. These samples were placed
in a larger quartz reactor (inner volume ca. 2
ml) and treated according to the standard cata-
lyst activation protocol. The samples were then
treated under H, at 400°C for 1 h and evacuated
at room temperature. Previously used samples
were re-reduced under H, at 400°C for 1 h and
evacuated at room temperature. After CO
chemisorption, helium was flowed through the
sample for about 30 min in order to let the TCD
output stabilize. The sample was then heated at
a constant rate (usually 10°C min~ 1) and the
effluent gas was monitored by a TCD detector
and mass spectrometer. The mass spectrometer
used was a Leybold Inficon Quadrex 200 Resid-
ual Gas Analyzer.

2.6. Diffuse Reflectance Infrared Fourier-Trans
form Spectroscopy (DRIFTS

DRIFTS studies were conducted with a
Magna 750 FTIR system (Nicolet) using a
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DRIFTS cell (SpectraTech) equipped with a
SpectraTech accessory that allows in situ treat-
ments with different gasses at temperatures up
to 900°C. OMNIC software was used for data
processing. A liquid nitrogen cooled MCT de-
tector was used for data collection. The interfer-
ograms typically consisted of 256 or 512 scans
and the spectra were collected with a 2 cm™*
resolution. Spectra were obtained in the ab-
sorbance format.

2.6.1. DRIFTS of adsorbed CO

The silica supported precursors were pre-
treated by the usual activation protocol. In some
cases they had been previoudy used in standard
hexane conversion experiments (vide infra). The
samples were then finely ground (important)
and placed into the DRIFTS cell where they
were re-reduced under a flow of H, at 200°C.
The spectra of the samples were collected using
the spectrum of air as a background. The sam-
ples were then treated with carbon monoxide at
room temperature under atmospheric pressure
by flowing CO through the cell for 1 min
followed by flushing the cell with nitrogen for 2
min. The spectra were then collected. In order
to best observe the peaks corresponding to bound
CO, the gpectra collected before the CO treat-
ment were subtracted from the spectra after the
CO treatment.

2.6.2. DRIFTS of adsorbed pyridine

All samples were first treated with O, in the
RXM-100 reactor at 300°C for 2 h. Spectra of
adsorbed pyridine were collected after reductive
treatment at 400°C under H, for 2 h in the
DRIFTS cdll. In these experiments the IR spec-
tra were first collected on freshly reduced sam-
ples without pyridine added. Then pyridine va-
por in N, was introduced into the DRIFTS cell
with an air-tight syringe and pyridine was al-
lowed to adsorb on the catalyst for approxi-
mately 20 min. The DRIFT spectra were then
collected and the previously obtained spectra of
the freshly reduced samples were subtracted.

2.7. Transmission Electron Microscopy (TEM)
and Energy Dispersive Spectroscopy (EDS)

TEM imaging was carried out with use of a
Philips CM30 transmission electron microscope
equipped with a LaB filament and operated at
300 keV. Images were recorded on film and
transferred to a digital format using a flatbed
scanner. Samples were prepared by grinding the
catalyst with an agate mortar and pestle and
sonicating the powder in hexanes for 2 h. This
suspension was then dripped from a Pasteur
pipette onto a holey carbon grid (Ted Pella) and
alowed to dry. EDS were obtained from an
attached EDAX PV9900 energy dispersive spec-
trometer equipped with an ultrathin window and
operating with a resolution of about 165 V.

2.8. Hexane conversion

A saturated hexane in hydrogen gas stream
was produced by bubbling hydrogen through a
gas dispersion frit immersed in hexane (99 + %
hexane, purchased from Aldrich) in a 250 ml
round bottom flask sealed with a rubber septum.
The round bottom flask was submerged in an
ice bath to maintain a hydrogen:hexane ratio of
16:1 (corresponds to a partial pressure of hex-
ane=49 Torr). The gas mixture was fed di-
rectly to the RXM-100 reaction manifold where
it subsequently flowed over the catalyst bed.
The catalysis runs were all conducted at 400°C.
The weight hourly space velocity (WHSV = (g
hexane fed)(g Pt)~*(h™1)) of hexane was typi-
cally between 0-2000 h~*. Reaction products
were analyzed on stream via gas chromatogra-
phy (Hewlett-Packard 5890A gas chromato-
graph operated with FID detection). Separation
was achieved with use of a 30-ft SP-1700 Coated
80,/100 Chromosorb P AW packed column
(Supelco) operated at 90°C and column head
pressure of 100 psi. Products were identified by
calibrating peak retention times with known
hydrocarbons. The products were classified into
four types: cracking (formation of C,—C¢ hy-
drocarbons), isomerization (2-methyl- and 3-
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methylpentane), hexenes, and cyclization (meth-
ylcyclopentane). Yields of products were mea-
sured in mass percent. Blank runs with plain
SiO, and Au did not show significant activity
under reaction conditions.

2.9. Propane conversion

Propane dehydrogenation experiments were
carried out at 550°C with use of a micro flow
reactor. A pure propane flow was introduced
through a mass flow controller and the space
velocities (SV = (g propane fed)(g
catalyst) ~*(h~1)) typically ranged from 0.2 to 2
h~!. Products were analyzed on line by gas
chromatography.

2.10. Toluene hydrogenation

Toluene hydrogenation experiments were
carried out with a toluene-H, gas mixture gen-
erated in a similar fashion as in the hexane
conversion catalysis study. Hydrogen was bub-
bled through liquid toluene (Mallinckrodt, HPLC
grade) maintained at room temperature (toluene
partial pressure=22 Torr). The gas mixture
was flowed through the catalyst bed maintained
a 60°C. The methylcyclohexane and toluene
were detected and quantified by gas chromatog-

raphy.

3. Results
3.1. The catalysts

A series of silica supported platinum cata-
lysts was prepared in order to study the effects
of gold, phosphorus, and precursor type on se-
lectivity, activity, and catalyst structure. Cata
lysts derived from monometallic non-phos-
phorus containing precursors were prepared
from hexachloroplatinic and auric acids by wet-
ness co-impregnation from water. The phospho-
rus containing monometallic precursor used was

Pt(PPh,),0,. Catalysts derived from bimetallic
phosphorus containing precursors were prepared
from the cluster compounds [Pt(AuPPh,),]
(NOy), and [Pt(AuPPh,),(PPh;),]I(NO,),.
Silica was chosen as the support because it is
relatively inert [2]. All phosphorus containing
compounds, both mono- and bi-metallic, sponta-
neously adsorb on silica from methylene chlo-
ride or methanol solution. The clusters remain
intact on the support prior to calcination [40,41].
The supported materials were treated by initial
oxidation under flowing O, a 300°C for 2 h
followed by a reduction under flowing hydrogen
a 200°C for 1 h. Activation conditions were
chosen to be as mild as possible based on
temperature programmed oxidation and reduc-
tion experiments. Temperature programmed 0Xx-
idation for al supported phosphine precursors
indicated that ligand oxidation occurs primarily
between 250°C and 300°C. Prior work aso
showed that an oxidation step was necessary to
give active catalysts [40,41]. Elemental analysis
and confirmed the majority of the phosphorus
from the precursors remained on the support
after activation and after catalysis. The catalyst
abbreviations with indicated metal loadings
(wt.% on SIO,) used in this study are given in
Section 2.

3.2. Hexane conversion

The hexane conversion reaction was chosen
to evauate the performance of the catalysts
because a wide array of products can be formed
(vide infra). Platinum—gold catalysts prepared
from monometallic, non-phosphorus containing
precursors have also been extensively studied
for this reaction [3,4,49,50]. All experiments
were run with the use of a micro flow reactor
thermostated at 400°C with a 1:16 hexane:H,
flow mixture. WHSV’s ranged approximately
from 10-2000 h~! to achieve hexane conver-
sions between 2 and 25%. Space velocities are
for total Pt in the catalyst and are not corrected
for Pt dispersion (vide infra). The contact times
(T = (catalyst volume) /(volumetric flow of
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hexane + H,)) reported are proportiona to the
inverse space velocity (WHSV) 1. The major
product classifications used hereafter are: crack-
ing (C,—C hydrocarbons), isomerization (2-
methylpentane and 3-methylpentane), hexenes,
cyclization (methylcyclopentane and cyclohex-
ane), and benzene. Selectivities of different cat-
alysts at low conversion (ca. 2%) are shown in
Table 1. It is apparent from this table that the
presence of phosphorus in the catalyst precursor
is the primary factor in determining the selectiv-
ity of the catalyst. Whenever phosphines are
present in the molecular precursor, the catalyst
selectivity shifts almost exclusively towards the
production of hexenes.

The Pt and Pt—Au catalysts are not selective
for any specific product. Fig. 1A shows the
selectivity vs. conversion profile for the Pt cata-
lyst. The Pt—Au catalyst shows a similar selec-
tivity vs. conversion dependence to that of Pt.
Since the effects of phosphorus were so much
greater than that of gold, we will not discuss the
differences between Pt and Pt—Au in this paper.
At very low conversions (< ca. 2%), hexenes
are the major product. As conversion increases,
the dehydrogenation selectivity rapidly de-
creases while the selectivity towards isomeriza-
tion, cyclization, and cracking increases. For
these catalysts, methylcyclopentane and meth-
ylpentanes are the major products of catalysis at
conversions above ca. 10%. These observations
are consistent with literature data [4] and with
proposed models for dehydrogenation and skele-
tal isomerization of hydrocarbons by metals
[1,51,52].

Table 1
Selectivities (%) for hexane conversion at low overall conversion
(ca. 2%)?

Catalyst Cracking Isomerization Cyclization Dehydrogenation

Pt 14 12 37 35
P-Au 8 15 46 31
PP, 2 0 0 98
PtAu,P, 6 3 0 o1
PtAugP; 9 3 0 89

#See text for product classifications and catalyst abbreviations.
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Fig. 1. Product selectivity dependence on conversion of hexane
for the catalysts Pt (A) and PtP, (B). The products are designated
as follows: hex = hexenes, iso = isomerization, cyc = cyclization,
cra= cracking, and ben = benzene. No benzene was observed for
PtP, (B) and the lines are drawn only to help see the trends.

When phosphorus is present in the catalyst
precursor, however, there is a dramatic shift in
observable activity and in product selectivities
(Table 1, Fig. 1). For al three phosphorus con-
taining catalysts, (PtP,, PtAu,P,, and PtAugPy),
we were unable to achieve conversions above
10%, even at very low space velocities (i.e.,
long contact times). At higher space velocities,
the catalysts maintained conversions of ca. 2%.
Conversions of less than 2% could only be
achieved with  WHSVs=2-5000 (T = 0.5-
0.05 s). In this lowest conversion regime, selec-
tivity towards dehydrogenation products was
routinely at or near 100%.

As space velocities were drastically de-
creased to increase conversion, some production
of cracking, isomerization, and cyclization prod-
ucts was observed. The decrease in selectivity
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Fig. 2. Dependence of cyclization (A) and isomerization (B)
selectivities on conversion. Selectivities are expressed as a percent
of products vs. total hexane conversion to all products for the
catalysts Pt, PtP,, and PtAugP;.

towards hexene production at higher conver-
sions follows a similar trend as the Pt catalyst;
however, only selectivity towards cracking in-
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Fig. 3. Plots of total hexane conversion (%) vs. contact time (s)
for the phosphorus containing catalysts PtP,, PtAu,P,, and
PtAugP;. The line for the Pt catalyst is shown for comparison
purposes and to illustrate its much faster rate of conversion.
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Fig. 4. Stability on stream for the catalysts PtAugP; and Pt during
hexane conversion at 400°C.

creases greatly (Fig. 1). As shown in Fig. 2,
there is little production of cyclization or iso-
merization products by the phosphorus contain-
ing catalysts. It is worth noting that there is a
linear relationship between percent conversion
and contact time for these catalysts, shown in
Fig. 3. The slopes of these percent conversion
vs. contact time plots (T > 0.5 s) have small
values compared to Pt and they all have non-zero
intercepts of ca. 2% conversion.

The presence of phosphorus in the catalyst
aso greatly affects catalyst longevity. The phos-
phorus containing catalysts show much greater
stability on stream under the hexane conversion
reaction conditions than the non-phosphorus
containing catalysts. Fig. 4 shows a comparison
of stabilities on stream for PtAugP; and Pt. In
the course of 16 h, the activity of the Pt catalyst
decreases by about 75% while the activity of
PtAugP; remains nearly constant.

3.3. Propane dehydrogenation

Since the phosphorus containing catalysts
showed high activity and selectivity for the
dehydrogenation of hexane, some experiments
were run with propane in order to evauate a
more practical reaction. All experiments were
run in amicro flow reactor at 550°C with a pure
propane flow. A plot of propylene selectivity vs.
total percent conversion for severa of the cata-
lysts is shown in Fig. 5. The phosphorus con-
taining catalysts show much better selectivity
for propylene production, typically around 90%
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Fig. 5. Selectivity of propane dehydrogenation to propylene vs.
total conversion for the catalysts Pt, PtP,, and PtAu,P,.

a 35% conversion. Propylene yields ranged
from 5-50 g propylene per gram Pt per hour,
depending on catalyst, space velocity, etc. The
Pt catalyst gave only about 50% selectivity at
35% conversion and became inactive due to
coking in less than 1 h. The phosphorus contain-
ing catalysts do partially deactivate to ca. 70%
of the initial activity after several hours on
stream but can be regenerated with oxygen
treatment.

3.4. Catalyst characterization; CO chemisorp-
tion

All catalysts were subjected to CO
chemisorption measurements in order to evalu-
ate the percent of total Pt available for CO
bonding. The room temperature irreversible up-
takes of these catalysts are shown in Table 2.

Table 2
Irreversible chemisorption of CO and adsorbed CO stretching
frequency data for the catalysts®

Catalyst  CO uptake (% of total PY)®  CO stretch (cm~1)¢
Pt 44 2066
Au ~0 -
Pt—Au 32 2062
PAU,P, 20 2077
PP, 48 2073
PAugP, 60 2076

All measurements were made at room temperature.

PActivation under O, at 300°C for 2 h followed by H, at 200°C
for 1 h.

“Measured by DRIFTS as described in Section 2. Values did not
significantly change after hexane conversion catalysis.

All of the samples calcined under O, showed
similar CO uptake, except Au which did not
chemisorb CO and was inactive in al catalysis
reactions studied. These results agree qualita-
tively with DRIFTS data (vide infra) that indi-
cates CO coverage for the Pt containing cata-
lysts is similar. The CO uptake for Pt also
agrees very well with the TEM data (vide infra)
which shows an average Pt particle size of 3
nm, corresponding to a Pt dispersion of about
45% [1,53]. These values are in good agreement
with the literature data for Pt on silica [54].

3.5. DRIFTS

The results of DRIFTS experiments of ad-
sorbed CO are shown in Fig. 6 and the CO
stretch absorption maxima are given in Table 2.
The Pt catalyst has a CO stretch at 2066 cm ™2,
in agreement with some literature values [55].
Surprisingly, addition of gold does not greatly
alter the CO stretching frequency. A lowering
(red shift) of only 4 cm~* was observed with
Pt—Au while some papers report shifts of up to
10-15 cm™~?! upon Au alloying [3,56,57]. This
difference might be explained by the use of
different supports, pre-treatment and sample
preparation conditions, and spectroscopic tech-
nigue. Previous studies used transmission spec-
troscopy whereas we used the diffuse re-
flectance technique. It is well known that the

Absorbance

2100 2080 2060 2040 2020
Wavenumber (cm-1)

Fig. 6. DRIFTS of CO chemisorbed on Pt, Pt—Au, PtP,, PtAu,P,,
and PtAugP;.
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CO dretching frequency is very sensitive to
variables in sample preparation technique
[55,57-60].

The presence of phosphorus in the catalysts
has a significant effect on the CO stretching
frequency and causes an upward (blue) shift of
about 10 cm~*. The CO stretching frequency of
these catalysts did not change after hexane con-
version catalysis. Absence of such change im-
plies that the catalyst structure and composition
does not change significantly under catalytic
conditions. This result is consistent with ele-
mental analysis data that show the phosphorus
content in the catalysts did not decrease after
overnight catalysis. The phosphorus content of
the oxidatively calcined catalysts after overnight
hexane conversion catalysis remained greater
than 75% (elemental analysis data) of the origi-
nal phosphorus adsorbed. DRIFTS spectra con-
tained no peaks due to C—H and C=C stretches
in the phenyl groups [61], indicating oxidation
of the organic portions of the ligands. These
results agree with the results of elemental analy-
sis indicating that the carbon content of the
catalysts decreases sharply after oxidative treat-
ment at 300°C.

DRIFTS experiments were also carried out
on catalyst samples that were treated with pyri-
dine. In these experiments the IR stretches of
the six-member heterocyclic ring observed in
the 1450-1650 cm ™ region were monitored to
evaluate the acidity of the catalyst. These
stretching frequencies are very sensitive to pro-
tonation (formation of PyH™, Bransted acidity)
and ligation with the support (formation of PyL,
Lewis acidity) [62]. The pyridine treated Pt
catalyst has the exact same features as the spec-
trum of pyridine adsorbed on pure silica sup-
port. PtP, has an additional peak at 1491 cm™%;
however, the intensity for this peak is very low.

3.6. Temperature programmed desorption (TPD)
of CO

TPD experiments were conducted with the Pt
and PtP, catalysts in order to evaluate the effect

Detector Response

PPy

72 144 216 288 360

o

Temperature (°C)

Fig. 7. Temperature programmed desorption (TPD) CO profiles
for Pt and PtP, recorded with use of the thermal conductivity
detector.

of phosphorus on CO desorption. As shown by
Herz et al. [63], TPD of CO is extremely sensi-
tive to experimental variables such as the flow
rate of the inert gas and rate of temperature
increase. In order to obtain comparable TPD
results, experimental conditions used for both
catalysts were carefully reproduced (see Section
2 for details). The desorbed gases were moni-
tored by the thermal conductivity detector (TCD)
and by a mass spectrometer. A significant dif-
ference in the temperature of CO desorption for
these two catalysts was observed as shown in
Fig. 7. Desorption of CO from PtP, had a
maximum at ca. 140°C while CO desorption
from Pt peaked between 240—-270°C. Moreover,
desorption from PP, was very clean, giving
only CO. For Pt, the desorption products con-
tained a significant amount of CO,. The higher
temperature of desorption with Pt probably re-
sults in reaction with residual water or surface
OH groups or possibly CO disproportionation
into CO, and C [64].

3.7. Transmission Electron Microscopy (TEM)

Preliminary TEM analysis has been carried
out on the Pt and PtP, catalysts. For Pt, the
average particle size (3 nm) and size distribu-
tion are similar to literature values [4]. The
average particle size is also consistent with CO
chemisorption data previously described. The
results for PtP, indicate very small Pt particles
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at the resolution limit of our instrument. Energy
dispersive spectroscopy (EDS) and €electron en-
ergy loss spectroscopy (EELS) of this sample
confirmed the presence of Pt and P. We esti-
mate the average particle size to be less than 1
nm and particles of about 0.5 nm are observ-
able. This experiment needs to be repeated on a
higher resolution instrument; however, it is clear
that the use of the triphenylphosphine contain-
ing precursor for this catalyst results in much
smaller Pt particles.

4. Discussion

It is apparent that the primary factor in deter-
mining the properties of the resulting catalyst is
the presence or absence of phosphines in the
catalyst precursor. We believe that al the data
can be best explained by a model in which the
phosphine residues act as selective poisons for
cracking, isomerization, and cyclization reac-
tions. The dehydrogenation of hexane is not
poisoned relative to the Pt catayst; however,
high conversions can not be achieved because
this reaction is at equilibrium and therefore is
not limited kinetically. This conclusion about
the paraffin/olefin equilibrium holds for both
phosphorus and nhon-phosphorus containing cat-
alysts and is supported by thermodynamic data.
At 400°C, AG"® for hexane dehydrogenation to
hexenes is 22.45 kJ mol ! [65] which corre-
sponds to 1.95% conversion of hexane to hex-
enes at equilibrium under the reaction condi-
tions. This value is very close to the intercepts
of the plotsin Fig. 3. Additionally, the absolute
activity (percent conversion) of PtAugP; is very
close to that of PtP, and PtAu,P,, despite a
20-fold difference in Pt loading (Pt loading of
PtAugP; is only 0.05%). At very short contact
times and low conversions, the activities of the
phosphorus containing catalysts are also compa-
rable to that of the Pt catalyst. This conclusion
about the thermodynamic control of dehydro-
genation is also consistent with the previoudly
described model and with the observations that

dehydrogenation is faster than other process that
occur in reforming [1].

For the non-phosphorus containing catalysts
Pt and Pt—Au, other processes such as cycliza-
tions are also fast; thus, olefin selectivities are
lower than for phosphorus containing systemsin
which al the secondary reactions are strongly
inhibited. These are the reactions that can lead
to high hexane conversion since they are ther-
modynamicaly neutral or favorable. When
phosphorus is present in the catalyst, however,
these secondary processes are severely poi-
soned. The dependence of selectivity on percent
conversion for the phosphorus containing cata-
lyst PtP, is shown in Fig. 1B; the data for the
other phosphorus containing catalysts are simi-
lar. Because of the hexane/hexenes equilib-
rium, the absolute production of olefins remains
stable while production of cracking products
increases with increasing conversion, resulting
in increased selectivity towards the latter. The
isomerization and cyclization reactions are the
most severely poisoned. A comparison of the
selectivity for cyclization and isomerization for
the non-phosphorus containing Pt catalyst to
PtP, and PtAugP; is shown in Fig. 2. It is clear
that the presence of phosphorus in the catalyst
severely inhibits these reactions.

The phosphorus containing catalysts have
much lower observable activity for total hexane
conversion than the non-phosphorus containing
catalysts. Even at 1% conversion, the rate of the
back reaction producing hexane from hexenes is
significant; hence, conversion data does not ac-
curately represent an intrinsic reaction rate.
However, we wish to emphasize that the dehy-
drogenation reaction is NOT poisoned by the
presence of phosphorus. Combining the conver-
sion, selectivity, and space velocity data, Fig.
8A shows the plots of olefin yield (olefin yield
= (conversion)(selectivity)( WHSV)) vs. the
weight hourly space velocity for Pt and PtP,.
The plots for the two catalysts are virtualy
identical: olefin yield increases linearly with
space velocity over a very wide range of space
velocities (three orders of magnitude). This
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Fig. 8. Dependence of olefin yield (A) and C,—Cg (cracking
products) yield (B) on WHSV for the catalysts Pt and PtP,.

would be expected for a process operating at
equilibrium and indicates that the dehydrogena-
tion process is similar for the two catalysts.
Moreover, al the cataysts studied are likely to
have similar rates of dehydrogenation and hy-
drogenation. This is supported by experiments
showing that the catalysts Pt and PP, have
similar rates for toluene hydrogenation to meth-
ylcyclohexane [66].

Despite the increased selectivity towards
cracking products at higher conversion, crack-
ing reactions are inhibited when the phosphorus
is present in the catalyst. The cracking selectiv-
ity increases at higher conversion for PtP, (Fig.
1B) because it is the dominant secondary reac-
tion available. This becomes apparent by com-
paring the cracking yields (computed in the
analogous fashion to the olefin yield) of Pt and
PtP, vs. space velocity, shown in Fig. 8B. This
plot clearly shows that cracking reactions are
significantly faster for the Pt catalyst.

It is possible that during oxidative activation
of the phosphorus containing catalysts some
surface acidic sites were produced. This acidity
might be responsible for some of the observed
cracking activity for phosphorus containing cat-
aysts (vide supra) [1]. DRIFTS experiments
with adsorbed pyridine indicate an additional
small peak at 1491 cm™*, afrequency assignable
to PyH™ and identical to the Bransted acidity
peak for pyridine on alumina[62,67]. The inten-
sity of the peak is very low; however, it is
plausible that oxidized phosphorus on the sup-
port introduces some weak Brensted acidity to
the catalyst. For some of these catalysts, we
observe some production of methane whereas
we do not observe methane produced by the Pt
catalyst. Beyond the production of small quanti-
ties of methane; however, we see no maor
differences in cracking product distributions that
might indicate a drastic change in the mecha
nism of C—C bond scission when phosphorus is
present.

Selective poisoning by phosphorus is aso
consistent with the enhanced longevity observed
with the phosphorus containing catalysts for
both the hexane conversion (Fig. 4) and propane
dehydrogenation reactions. Because the phos-
pine derived systems have lower rates of crack-
ing and dehydrocyclization, they may be less
susceptible to some coking processes. Indeed,
this was the rationale for examining the propane
dehydrogenation reaction. Under propane flow
we do observe the formation of coke; however,
the phosphine derived catalysts are much more
resistant to deactivation than the Pt catalyst. In
addition, the selectivities and conversions of
these catalysts for propane dehydrogenation are
comparable to many patented industrial cata-
lysts for this reaction [33,34,68—74]. The reac-
tion conditions have not been significantly var-
ied and the system has not been tuned, so it is
probable that the performance of the phosphorus
containing catalysts can be improved. Work in
progress is directed at optimizing the catalyst
(e.g., metal loading, support) and conditions of
reaction.
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CO chemisorption experiments with the Pt
catalyst indicate good agreement between dis-
persion measured by this method and particle
size measured with TEM (vide supra).
Chemisorption data obtained for bimetallic
compounds are more difficult to interpret since
they do not necessarily provide direct informa
tion about particle size. For example, a highly
dispersed catalyst where a non-chemisorbing
metal is predominantly on the surface would
have a very low chemisorption. Carbon monox-
ide is also known to restructure an alloy surface
and bring the metal that binds CO more strongly
(Pt in this case) to the surface [56]. However,
the bimetallic catalysts in this study have rea
sonable CO chemisorption values that are gen-
erally consistent with TEM results (vide infra)
and with previous measurements of H, and O,
chemisorption [40]. The CO chemisorption mea-
surement for PtAugP; showed a Langmuir
isotherm pattern of CO uptake suggesting that
CO coverage increases with increasing CO pres-
sure. Chemisorption on Pt resulted in a linear
CO uptake indicating that the Pt surface is
saturated with CO even a low CO pressure.
This result implies possible restructuring of the
PtAugP, catalyst during the experiment, a con-
clusion that agrees with the previously reported
data [75]. Chemisorption data for the phospho-
rus containing catalyst PtP, may also be diffi-
cult to relate to Pt particle size since bound
phosphorus may be blocking some of the sur-
face Pt sites. TEM results on PtP, show very
small Pt particles between 0.5 and 1 nm sug-
gesting that this may indeed be the case [76].

The DRIFTS results summarized in Table 2
also indicate intimate interaction between phos-
phorus and platinum in the phosphine derived
catalysts. Two explanations have been for-
warded for CO stretching frequency shifts in
alloyed and doped Pt catalysts—geometric and
electronic effects [77]. Typicaly, dilution of the
CO binding metal with an inert material would
reduce CO dipole—dipole coupling thus causing
ared shift in the CO stretching frequency. This
explanation has been predominant in under-

standing of red shifts in the CO stretch in
bimetallic catalysts. However, since a blue shift
is observed in the phosphorus containing cate-
lysts, this explanation is not applicable to these
systems. Other possibilities involve an elec-
tronic ‘ligand’ effect of the bound phosphorus
on platinum or a geometric compression of the
adlayers of CO due to the presence of phospho-
rus [58,60]. According to the €electronic argu-
ment, bound phosphorus would reduce electron
density on Pt thus diminishing d7r—pm back-
bonding and strengthening the C-O bond. The
geometric argument suggests that phosphorus
causes Pt to form small ‘idands where CO
ligands are closer together than on a normal Pt
surface. The proximity of CO ligands would
then increase the dipole—dipole coupling and
shift the IR observable symmetric stretch up-
wards [2,58,60]. Evidence for direct Pt—P bond-
ing was recently reported in an EXAFS study
on a similar silica supported, triphenylphos-
phine Pt—Au cluster derived system [42]. An
eectronic ‘ligand’ explanation is consistent with
the experimental data since an electronegative
phosphorus would make platinum less electron
rich, thus reducing back-bonding to CO and
increasing the CO stretching frequency. A geo-
metric compression of the CO adlayers also
remains a possibility. Such an explanation has
been used in the case of oxygen on supported Pt
catalysts [56,58]. Finaly, one also cannot rule
out the possibility that the use of triphenylphos-
phine ligated precursors results in Pt particles
with a different morphology, thus causing a
shift in the adsorbed CO stretch.

The CO TPD experiments argue in favor of a
phosphorus ligand effect on Pt as opposed to a
geometric effect. The difference of over 100°C
in the temperatures in CO desorption from Pt
and PtP, is quite remarkable. A lower CO des-
orption temperature for the phosphorus contain-
ing PtP, is also consistent with the DRIFTS
data described above, since a blue shift in the
CO stretching frequency on PtP, might indicate
a weakened interaction between CO and the
metal. A study by Bain et a. found that catalyst
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poisoning by H,S drastically reduced the tem-
perature of CO desorption from Pt/Al,O, [64].
This observation agrees well with the similari-
ties in cataytic behavior between sulfur and
phosphorus containing systems (vide infra).

5. Conclusions

Catalysts prepared from triphenylphosphine
containing precursors retain most of the phos-
phorus after oxidative activation. All of the
phosphorus containing catalystsirreversibly take
up a significant amount of CO. The presence of
phosphorus has a marked effect on the proper-
ties of these systems. The cataysts PtP,,
PtAu,P,, and PtAugP; exhibit a similar blue
shift in the stretching frequency of chemisorbed
CO compared to the Pt and Pt—Au catalysts.
This shift is consistent with CO TPD data which
indicates that CO is bound much weaker to Pt in
the phosphorus containing catalysts. These ob-
servations implicate an electronic ligand effect
of phosphorus on Pt. Oxidized phosphorus on
the support also causes a small increase in the
catalysts Bregnsted acidity as shown by the
DRIFTS of adsorbed pyridine. TEM data indi-
cate that the PP, catalyst has very small Pt
particles (< 1 nm) compared with the Pt cata-
lyst (ca. 3 nm).

The presence of phosphorus has a dramatic
effect on hexane conversion reactivity compared
with the non-phosphorus containing catalysts.
All catalysts derived from triphenylphosphine
precursors showed high selectivity towards de-
hydrogenation products. Importantly, the dehy-
drogenation rate was fast enough for the reac-
tion to reach thermodynamic equilibrium at high
flow rates. Other reactions, namely cyclization,
isomerization, and cracking, were severely in-
hibited. At higher conversions selectivity to-
wards cracking activity increased for the phos-
phorus containing catalysts; however, the abso-
lute rate of cracking was much slower than with
the non-phosphorus containing Pt catalyst.
Cracking reactions might be promoted by a

small number of Brensted acid sites present in
the phosphine derived systems;, however the
cracked product distributions are similar for
phosphorus and non-phosphorus containing cat-
aysts. The high rate of dehydrogenation sug-
gests that catalysts with very low Pt loading will
show similar dehydrogenation performance
while al the other reactions will be inhibited
even more. This feature makes these triph-
enylphosphine derived catalysts potentialy
valuable for selective dehydrogenation of lighter
alkanes to alkenes. The presence of phosphorus
in PtP, did not greatly inhibit the rate of toluene
hydrogenation compared with the Pt catalyst.
This result indicates that the presence of phos-
phorus does not inhibit structure insensitive hy-
drogenation, consistent with the observation of
rapid dehydrogenation. Preliminary results for
propane conversion show that phosphorus con-
taining catalysts such as PtP, are excellent cata-
lysts for propane dehydrogenation, comparable
to patented industrial catalysts for this process
[33,34,68—74].

The effect of phosphorus on catalyst proper-
ties was found to be similar in some ways to the
reported effects of sulfur [2,37-39]. Both
dopants inhibit structure sensitive cracking and
isomerization while promoting dehydrogena-
tion. Also, similar to sulfur, phosphorus has a
positive effect on catalyst stability. Detailed
studies on sulfur effects have not been pub-
lished; however, results reported here indicate
that the beneficial effects of phosphorus are
probably more pronounced. More studies need
to be conducted to elucidate the form of the
phosphorus in these catalysts and to try to un-
derstand its dramatic effects on the catalytic
properties.
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