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Abstract

The kinetics of isopropyl alcohol (IPA) dehydrogenation over carbon-supported Pt and three bimetallic Cu–Pt catalysts were
and compared with previous results for carbon-supported Cu. Adsorption of H2 and CO, dissociative chemisorption of N2O, and the titration
of adsorbed O atoms by H2 and CO were used to determine surface compositions and metal dispersion. Monometallic platinum c
had a higher specific activity than monometallic Cu catalysts and the bimetallic catalysts; for example, at 448 K and 14 Torr IP
activated carbon heat treated at 1223 K as the support, the turnover frequency (TOF) on the Pt catalyst was 0.11 s−1, the TOF on the Cu
catalyst was 0.020 s−1, and the TOFs on the three bimetallic catalysts were between 0.006 and 0.043 s−1. Reaction orders were typicall
between 0 and12 for IPA and slightly negative for acetone and H2. Increasing the Cu loading reduced the number of surface Pt atoms
the kinetic behavior became similar to that of monometallic copper catalysts. The apparent activation energy for acetone produ
IPA on Pt/C was 6.8 kcal mol−1, compared with 21 kcal mol−1 for the monometallic Cu/C catalysts. Apparent activation energies fo
Cu–Pt/C catalysts (7–9 kcal mol−1) were comparable to those of Pt/C at lower temperatures and decreased further to∼ 3 kcal mol−1 above
443 K. This decrease is not due to diffusional limitations and can be explained by a decrease in the surface coverage of IPA. A L
Hinshelwood model invoking cleavage of the alcohol O–H bond to form a surface isopropoxide species as the rate-determining s
data well and accounted for the shift in the apparent activation energy. Physically meaningful values of enthalpies and entropies of
were obtained from the fitting parameters contained in the L-H rate expression. Additional evidence for adsorbed IPA and ace
provided by infrared spectra of the catalysts obtained under reaction conditions.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The replacement of copper chromite systems with m
environmentally benign copper catalysts, such as car
supported Cu, is of current interest because of the proh
tion of chromite disposal in landfills by the EPA. Cu is high
selective for alcohol dehydrogenation but suffers from l
activity and a propensity to sinter; thus, the addition o
second metal may not only increase dehydrogenation a
ity and catalyst lifetime and still maintain high selectivi
but also facilitate reduction of the Cu precursor to me
* Corresponding author.
E-mail address: mavche@engr.psu.edu(M.A. Vannice).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.020
and Pt–Cu/C catalysts; Kinetics of dehydrogenation; Carbon supports

lic Cu. The bimetallic Cu–Pt/C catalysts investigated h
were prepared by the addition of Cu to a prereduced P
catalyst and then characterized by chemisorption, X-ray
fraction (XRD), X-ray photoelectron spectroscopy (XP
transmission electron microscopy (TEM), and temperat
programmed reduction (TPR). The addition of a group
metal such as copper to a Group VIII metal, with its partia
filled d-bands, might be expected to reduce the catal
activity for dehydrogenation[1,2]; such a decrease could o
cur in these bimetallic catalysts relative to monometallic
and Pt systems. Conversely, the activity of a bimetallic C
Pt catalyst could increase relative to Cu alone becaus

the high affinity of hydrogen for Pt relative to copper. This
would provide a mechanism where the Pt surface acts as a
sink for H and facilitates H2 desorption, thereby freeing the

http://www.elsevier.com/locate/jcat
mailto:mavche@engr.psu.edu
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Cu surface to adsorb and dissociate isopropyl alcohol (IP
This role of Pt in a Group IB bimetallic catalyst has be
postulated previously[3], but for this to enhance activity, on
would anticipate that H2 desorption is rate-determining. T
better understand the behavior of platinum in dehydroge
tion reactions, Pt/C catalysts were studied to complem
previous work with Cu/C catalysts[4] and to allow appro-
priate comparisons between the two monometallic cataly

The surface chemistry of alcohols on single crystals
various metals has been studied[5–12]; however, little work
has been conducted with single crystals of Cu, a metal hi
selective for alcohol dehydrogenation, although oxyg
covered Cu single crystals have been investigated[13–15].
In most of these investigations, evidence has strongly
gested that alcohol dehydrogenation occurs via an alko
intermediate, which has been identified by a variety of s
face science techniques. Consequently, an alkoxide sp
is a likely intermediate during alcohol dehydrogenation
metal surfaces, and evidence has indicated the presen
such a surface species on dispersed metal catalysts[16–18].
Kinetic modeling of this reaction on a Cu/SiO2 catalyst has
suggested that the dehydrogenation of IPA occurs throug
isopropoxide intermediate and that the rate-determining
(RDS) involves further dehydrogenation of this isoprop
ide species to acetone[17]. However, there is no gener
consensus about the RDS in these alcohol dehydrogen
reactions[4,19–23], and, should a RDS exist, it may be d
pendent on the structure of the alcohol, the type of m
surface, and the reaction conditions.

Reaction pathways for alcohol dehydrogenation h
been discussed primarily in the surface science litera
related to monometallic single crystals, and considera
less work has been conducted on the kinetics of alco
dehydrogenation over any type of bimetallic catalysts
alcohol formation, a synergistic effect between Cu and
for methanol synthesis has been documented by a numb
researchers[24–28], and it is known that the rate of alcoh
dehydrogenation is metal specific[1,2]. However, the ef-
fect of the metals chosen and their composition in bimeta
systems are poorly understood with regard to alcohol
hydrogenation chemistry, although there are some exam
involving the addition of zinc to a Cu/SiO2 catalyst[23] and
the addition of vanadium to Cu–Zn catalysts[29]. The one
study reported on the reaction mechanism of alcohol de
drogenation on carbon-supported copper catalysts sho
that the reaction appears to be relatively structure insens
and that a Langmuir–Hinshelwood kinetic model with t
removal of the hydroxyl hydrogen as the RDS accuratel
the data and provided meaningful thermodynamic values
the fitting parameters[4]. IPA dehydrogenation over Pt an
bimetallic Cu–Pt catalysts has not been examined, so a
tailed kinetic and mechanistic analysis of this reaction o
these catalysts was undertaken. These catalysts were

acterized by XRD, TEM, and a variety of chemisorption
methods, some just recently developed, to determine overal
metal dispersion and surface composition.
f Catalysis 233 (2005) 147–165
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2. Experimental

2.1. Catalysts

The carbon used in the study has been described
viously [30], but a brief summary is given here. Activat
carbon (Norit SX-1) was obtained from the Norit Corp
ration; it had a specific surface area of 800 m2 g−1 and a
pore volume of∼ 0.5 cm3 g−1. This carbon is referred to a
AC-ASIS, and its major impurities were Si, S, Na, and
[4,31]. After this carbon was washed in refluxing nitric ac
(12 N, J.T. Baker) at 363 K for 12 h, its surface was r
in oxygen-containing functional groups, and its surface a
was 616 m2 g−1. This carbon is designated AC-HNO3. We
produced a high-temperature-treated carbon (AC-HTT-2)
with a hydrophobic surface by heating the ASIS carbon
1223 K in flowing H2 for 6 h. The final material had a BE
surface area of 1137 m2 g−1.

The carbon-supported catalysts were prepared by a
impregnation technique utilizing 0.5 cm3 g−1 of aqueous
metal salt solution with the metal precursors copper nitr
Cu(NO3)2 · xH2O (99.999%, Aldrich), and chloroplatini
acid, H2PtCl6 · xH2O (99.995%, Aldrich). Aqueous solu
tions of appropriate composition were added dropwise
carbon sample that was continuously stirred, and the c
lysts were dried overnight at 393 K in air. Before furth
characterization, catalyst samples were heated at eithe
or 573 K under 50 sccm He (1 atm) for 1 h and then redu
in 50 sccm H2 (1 atm) at the same temperature for 4 h.

Bimetallic Cu–Pt samples were prepared with a 1%
catalyst that had been heated under He for 1 h and
reduced for 1 h at 673 K, followed by room-temperature p
sivation in 1% O2/He. After impregnation with a Cu solutio
to give Cu loadings of 0.5, 1, or 5 wt%, these catalysts w
dried overnight at 393 K. Before use, these catalysts wer
duced as stated earlier. Actual Cu and Pt loadings were d
mined by inductively coupled plasma emission-mass s
trometry at Pennsylvania State University[31]. We cleaned
ultra-high-purity (UHP) Pt powder (99.999%, Alfa Aesa
by heating it at 573 K for 15 min in 10% O2/He to remove
any surface contaminants by oxidation before normal c
lyst pretreatment.

2.2. Catalyst characterization

Monometallic Cu catalysts were characterized by se
tive chemisorption techniques and X-ray diffraction (XR
as described previously[4]. Pt/C catalysts were chara
terized by H2, CO, and oxygen chemisorption (via N2O
decomposition). Volumetric chemisorption measureme
were conducted in a stainless-steel apparatus equipped
a mechanical pump (Edwards E1M5) and a diffusion pu
(Edwards Diffstak MK2), which maintained a vacuum bel

−6
l
10 in the chemisorption cell. The dual isotherm method,
with a 1-h evacuation between isotherms, was used to mea-
sure total and reversible H2 and CO adsorption and titration
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uptakes at 300 K, with irreversible adsorption represen
by the difference between the two uptakes. The decom
sition of N2O at 363 K on catalyst samples (7–10 mg) w
measured gravimetrically in a thermal gravimetric analy
system (Perkin-Elmer TGS-2) with an instrumental sens
ity of 0.1 µg[32,33].

Titration of chemisorbed oxygen at 300 K by CO a
H2 [34], as well as other more standard chemisorption m
ods, was used to determine the overall dispersion and su
composition in these bimetallic Cu–Pt catalysts. Four se
rate experiments were conducted on each sample. First,
appropriate reduction the sample (ca. 400 mg) was coole
room temperature and both total and reversible H2 isotherms
were measured. Second, the catalyst was reheated to 5
under H2 and held for 1 h, evacuated (∼ 1 h) at 573 K, and
cooled to 300 K, and total and reversible CO isotherms w
collected. Third, the sample was re-reduced at 573 K
der flowing H2, evacuated for 1 h, and cooled to 363
where N2O decomposition at 75 Torr N2O was conducted
then after evacuation and cooling, the adsorbed O at
were titrated with H2 at 300 K. This experiment is desig
nated as “N2O–H2 titration” [35]. Finally, after both tota
and reversible H2 titration isotherms were obtained, the c
alyst was re-reduced, evacuated, and cooled to 363 K, w
75 Torr N2O was again introduced to the sample. Then, a
decomposition, evacuation, and cooling to 300 K, the
sorbed O atoms were titrated with CO. This experimen
designated “N2O–CO titration” [33]. A standard N2O de-
composition experiment at 75 Torr N2O and 363 K was
also conducted on a separate sample in the gravimetric
paratus[32]. These four sequential runs are summarize
Table 1, along with the information provided by each exp
iment.

X-ray photoelectron spectroscopy (XPS) measurem
on bimetallic samples were obtained with a 5700 Phys
Electronics LSci instrument with both a Mg and an Al X-r
source. Each sample was given the desired pretreatmen
underwent the standard passivation procedure before
dling in air for XPS measurements. Survey and regio
(Cu energy region) scans were taken; the latter concent
between 925 and 970 eV, since the 2p1/2 and 2p3/2 photo-

Table 1
Bimetallic Cu–Pt catalyst characterization methodology

Run # Experimental at 300 K Designation Informatio
obtained

1 H2 chemisorption on reduced
sample

[HT, Hirr ] Ptsa

2 CO chemisorption on reduced
sample

[COirr ] Ptsb

3 H2 titration after N2O
decomposition

[N2O–H2 titr.] Pts

4 CO titration after N2O
decomposition

[N2O–CO titr.] Pts + Cu+1
a Assuming no H spillover from Pt to Cu0 and to the support.
b Assuming no Cu+1.
f Catalysis 233 (2005) 147–165 149
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electron lines for Cu are located at 933 and 953 eV, res
tively.

Catalyst morphology and particle size measurement
Cu–Pt/AC-HTT-H2 catalysts were determined by transm
sion electron microscopy (TEM). The microscope (Phil
420T) had an operating voltage of 130 kV. Reduced and
sivated samples were ultrasonically dispersed in acetone
mounted on a 200-mesh copper lacy carbon grid (Elec
Microscopy Sciences). On average, 150–200 particles w
counted from bright-field images to determine statistica
meaningful average particle sizes.

Temperature-programmed reduction (TPR) experim
were conducted with a glass microreactor connected
temperature-programmed reduction setup with mass
controllers and a thermal conductivity detector (TCD). B
fore measurement of the H2 consumption, H2O was removed
from the gas flow by a zeolite trap. Heating rates vary
from 5 to 20 K min−1 were used with a 30 cm3 min−1 flow
of 3% H2 (Matheson, 99.999% purity)/97% Ar (Matheso
99.999%). The heating rate was determined to have a
imal effect on the temperature where maximum reduc
occurred; therefore only data for 10 K min−1 heating rates
are shown.

2.3. Kinetic behavior

Kinetic studies of the vapor-phase dehydrogenation
IPA were conducted in a differential microreactor. He (M
Ind., 99.999%) and H2 (MG Ind., 99.999%) flow rates wer
regulated with needle valves and monitored with Hasti
Raydist mass flow meters. We degassed isopropanol (A
Organics, 99+% purity) either with three freeze/thaw cycl
with liquid N2 or by bubbling N2 through it for 1 h. The IPA
was pumped by a Sage Instruments (model 341A) syr
pump into a heated stainless-steel line, where it was va
ized. During experiments in which the effect of acetone
reaction kinetics was probed, acetone was fed to the
stream with a KD Scientific syringe pump. All lines befo
and after the reactor were heated to 393 K to prevent
densation, and the effluent composition was analyzed w
Hewlett-Packard 5890 gas chromatograph equipped w
Porapak T column (Supelco)[31].

Kinetic runs were conducted with 20–200 mg of catal
that was pretreated in situ for 4 h at 473 or 573 K un
50 cm3 (STP) min−1 H2. After reduction, the catalyst wa
flushed with 25 cm3 (STP) min−1 He for 30 min at the
reduction temperature. Standard conditions for IPA de
drogenation activity measurements were 14 Torr C3H7OH,
no H2 (balance He), and 448 K. The temperature dep
dencies for IPA dehydrogenation were determined ove
temperature range of 423–473 K for monometallic platin
and 403–523 K for the bimetallic samples, and we obtai
Arrhenius plots by varying the temperature in both an

cending and a descending order to verify reproducible ac-
tivity and check for deactivation. Partial pressure studies
of IPA, H2, and acetone were conducted at four different
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temperatures (433, 448, 458, and 473 K) for kinetic m
eling purposes, with the use of the 1% Pt/AC-HTT-H2 and
the 5% Cu-1% Pt/AC-HTT-H2 catalysts. For the bimeta
lic samples with lower Cu loadings, reaction orders w
measured at 413, 423, 433, 448, 458, 473, and 493 K.
ing the IPA partial-pressure study, the IPA pressure ran
from 7 to 50 Torr (760 Torr= 1 atm), and during a H2
pressure dependence study, the IPA pressure was con
at 14 Torr and the H2 pressure was varied between 5 a
170 Torr. The dependence on acetone was determined a
and H2 partial pressures of 14 and 0 Torr, respectively, wh
the acetone pressure was varied from 2 to 15 Torr. D
for the same experiment were obtained with different c
alyst samples under identical conditions, and we comp
these in order to calculate experimental uncertainty, whic
±5% (maximum) for the reaction order and±3 kcalmol−1

for the apparent activation energy, and the reproducib
of turnover frequencies (TOFs) was> 90%. Additional de-
tails are provided elsewhere[31]. Kinetic performance wa
measured as activity in µmol s−1 g−1

cat, which was then nor
malized per mole of surface Cu0, Cu1+, and Pt specie
to obtain a TOF, that is, molecule site−1 s−1, with a site
representing any metal surface atom, Ms. Blank rate mea-
surements with pure AC-HTT-H2 carbon treated in H2 at
573 K showed no activity over the temperature range s
ied.

2.4. DRIFTS studies

To enhance the low signal-to-noise ratio inherent to th
carbon-supported catalysts, we diluted them with calc
fluoride and mixed them to give a CaF2/catalyst ratio of
30/1. Each diluted sample was loaded into the DRIFTS
and purged with He overnight before it was subjected
an in situ pretreatment. After this reduction step was c
pleted and the sample was cooled to reaction tempera
the first interferrograms was recorded. This was used a
background reference for the fast Fourier transform (F
analysis of all subsequent interferrograms recorded for
particular catalyst. We applied the IPA partial pressure

3 −1
passing 20 cm(STP) min UHP He through an IPA satu-

a Values extrapolated to zero pressure.
b Based ondcrys= 1.13/(HT/PtT).
c Analyzed Pt loading.
f Catalysis 233 (2005) 147–165
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recorded for each catalyst under the selected reaction
ditions. We obtained the spectrum of vapor-phase IPA
448 K by passing 14 Torr IPA in He over an aluminu
mirror placed in the DRIFTS reactor cell. For all DRIFT
samples that were diluted with CaF2, the measured dehy
drogenation rates were the same as those measured f
undiluted samples, and no dehydration activity was s
with the CaF2-diluted samples[4]. Details of the DRIFTS
system and its modifications have been presented p
ously[36,37].

3. Results

3.1. Adsorption and XRD measurements on monometallic
Pt catalysts

The uptakes of H2 and CO, metal dispersions, and cry
tallite sizes for the Pt catalysts are listed inTable 2. The
analyzed Pt loadings are in parentheses. No dissociative2O
adsorption was observed on either Pt/C catalyst at 363 K
contrast to Pt/SiO2 catalysts[32], and the reason for this i
not known at this time. The apparent dispersion of each
alyst was low, but it did increase with reduction temperatu
As expected, the H/Pt ratios based on total H2 uptake were
higher than the CO/Pt ratios.

3.2. Adsorption and XRD measurements on Cu–Pt
catalysts

A method coupling the dissociative adsorption of N2O
with titration of the resulting adsorbed oxygen by H2 or CO
was used to determine the individual surface concentrat
of Cu and Pt and the overall dispersion in these bime
lic Cu–Pt catalysts[34]. The protocol describing the fou
sequential experiments was outlined previously and is s
marized inTable 1, along with the information gathered fro
each run. The amounts of surface Cu0, Cu1+, and Pt atoms
are compiled inTable 3, and the analyzed metal loadin
are again given in parentheses. The results show that a

is added to the base Pt catalyst, the total and irreversible

orp-
tal
rator held at 279 K, with the use of a cyclohexane (99+%,
ACS reagent)/liquid N2 slush bath[35], and spectra were

uptakes of H2 and CO decrease, whereas oxygen ads
tion via N2O decomposition at 363 K increases. The to

Table 2
H2, CO and ‘O’ chemisorption on, and crystallite size by XRD of, carbon-supported Pt catalysts

Catalyst TRED
(K)

H2 uptakea (µmol g−1) CO uptakea (µmol g−1) Htotal/COirr Dispersion dcrys (nm)

Total Total Irreversible HT/PtT COirr/PtT adsb XRD

1% Pt/AC-HNO3 473 2.9 10.2 4.0 1.45 0.119 0.082 9.5 4.8
(0.95% Pt)c 573 4.8 16.5 8.6 1.12 0.197 0.177 5.7 < 2.5

1% Pt/AC-HTT-H2 473 4.4 9.6 5.0 1.76 0.177 0.101 6.4 5.2
(0.97% Pt)c 573 7.3 16.2 11.4 1.28 0.294 0.229 3.8 4.3

UHP Pt powder 573 3.0 3.8 3.4 1.77 0.0012 0.0007 965 > 100
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Table 3
H2, CO, N2O chemisorption and titration uptakes on carbon-supported Cu–Pt catalysts

Run Gas uptake (µmol g−1) HT/PtT Surface concentration (µmol g−1)

H2 CO ‘O’ uptakeb Cu+1 Cu0 Pt

Total Irreversible Total Irreversible Irreversible

0.5% Cu-1% Pt/AC-HTT-H2 (0.50% Cu-0.97% Pt)a

0c 8.6 2.5 23.3 16.5 0.0 0.34 0.0 0.0 17.2d (16.5)e

1 2.3 0.9 – – – – – – 4.6
2 – – 11.3 4.3 – – – – 4.3f

3g 5.4 3.3 – – – – – – 3.6
4h – – 36.8 29.9 – – 25.7i – –
TGA – – – – 12.9 – – 17.4i 0.0

4.2 (ave.)

1% Cu-1% Pt/AC-HTT-H2 (1.04% Cu-0.97% Pt)a

0c 8.6 2.5 23.3 16.5 0.0 0.34 0.0 0.0 17.2d (16.5)e

1 0.46 0.41 – – – – – – 0.92
2 – – 6.1 2.1 – – – – 2.1f

3g 0.88 0.69 – – – – – – 0.59
4h – – 25.3 20.0 – – 18.8i – –
TGA – – – – 11.4 – 20.4i 0.0

1.2 (ave.)

5% Cu-1% Pt/AC-HTT-H2 (4.96% Cu-0.97% Pt)a

0c 8.6 2.5 23.3 16.5 0.0 0.34 0.0 0.0 17.2d (16.5)e

1 0.27 0.27 – – – – – – 0.54
2 – – 5.7 1.3 – – – – 1.3f

3g 2.6 2.3 – – – – – – 1.7
4h – – 32.6 28.8 – – 27.6i – 0.0
TGA – – – – 15.6 – – 28.8i 0.0

1.2 (ave.)

a Actual analyzed metal loadings.
b Determined gravimetrically.
c For 1% Pt/AC-HTT-H2 reduced at 673 K for 1 h.
d Based on total H2 uptake.
e Based on irreversible CO uptake.
f Assuming no Cu+1.

g H2 titration after N2O decomposition.
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h CO titration after N2O decomposition.
i Corrected for Pts (ave.).

H2 uptake on the monometallic 1% Pt/AC-HTT-H2 catalyst
before Cu impregnation was 8.6 µmol g−1. The addition of
0.5% Cu (79 µmol Cu g−1) decreased the uptake to 2.3 µm
H2 g−1, and the addition of ten times more Cu reduced
total H2 uptake to 0.3 µmol H2 g−1, which indicates tha
Cu is covering the Pt surface and decreasing the numb
available surface Pt atoms, Pts. The values for total and ir
reversible CO uptakes behaved similarly with the addit
of increasing amounts of Cu, and the decrease in CO
take that occurred as the Cu content increased suggest
all surface copper atoms are Cu0, because irreversible CO
chemisorption does not occur on Cu+2 or Cu0; therefore, the
irreversible CO uptake is due entirely to adsorption on P

Uptakes for total H2 chemisorption, irreversible CO
chemisorption (assuming no Cu+1), and H2 titration of
chemisorbed O atoms from N2O decomposition should yiel

the same number of Pts atoms if adsorption stoichiometries
are HT/Pts = COirr/Pts = Oad/Pts = 1, no Cu+1

s species are
present, and no H spillover occurs from Pt. The agreement
f

t

is not exact, as can be seen inTable 3, but the numbers ar
consistent and similar in almost all cases; consequently
erage values for the amount of Pts in the bimetallic catalysts
were used. The 0.5% Cu-1% Pt/AC-HTT-H2 catalyst had
the highest Pts concentration (4.2 µmol Pts g−1), whereas
the other two bimetallic catalysts had∼ 1 µmol Pts g−1.
For the bimetallic catalysts there is rather good agreem
between the number of Cu0 surface atoms (Cu0s), as deter-
mined by dissociative N2O adsorption on a reduced surfac
such as that shown inFig. 1, and the number of Cu1+ sur-
face atoms (Cu1+

s ) titrated from an O-covered surface b
CO (from isotherms such as those inFig. 2), after correction
for the average number of Pts atoms determined from thre
different subsequent experiments, that is, H2 chemisorption,
CO chemisorption, and H2 titration of chemisorbed O atom
(Fig. 3). Table 4summarizes the overall metal dispersi

plus the estimated Cus and Pts surface concentrations in the
three bimetallic catalysts.
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A typical XRD scan is shown inFig. 4 for 1% Cu-1%
Pt/AC-HTT-H2. From spectrum C, which has been correc
for the contribution from the support, no Cu peak is o
served (2θ = 43.29◦), but a Pt(111) reflection at 2θ = 39.75◦
is identified. A Cu reflection was apparent in the XR
pattern for the 5% Cu-1% Pt samples[31]. The volume-

Fig. 1. N2O decomposition at 363 K on 1% Cu-1% Pt/AC-HTT-H2 reduced
at 573 K.
5% Cu-1% Pt/AC-HTT-H2 15/1 780 50 2

a No evidence for Cu+1 species was obtained for any catalyst.
f Catalysis 233 (2005) 147–165

averaged particle sizes calculated from the Scherrer equ
are shown inTable 5, as are the surface-averaged part
sizes determined from chemisorption measurements.

3.3. XPS, TEM, and TPR characterization of Cu–Pt
catalysts

Readily discernible peaks inFig. 5 for the 1% Cu-1%
Pt/AC-HTT-H2 catalyst are the C (1s), O (1s), oxygen, and
carbon Auger peaks at 285, 531, 745, and 984 eV, res
tively [38]. Expansion of the region below 75 eV revea
no detectable lines at 71 and 74 eV for the Pt 4p7/2 and
4f5/2 peaks, respectively. The inset ofFig. 5 concentrates
on the energy region between 925 and 970 eV, which c
tains the 2p1/2 and 2p3/2 photoelectron lines for Cu at 93
and 953 eV, respectively. The peaks for Cu0 and Cu+1 fall in
a narrow energy region of∼ 932–933 eV, but that for Cu2+
falls at a higher binding energy around 934 eV; thus it is
ident that no Cu2+ is present on the catalyst surface.

With TEM it was difficult to discriminate between Cu an
Pt crystallites, so the results shown are a result of co
Fig. 2. CO titration at 300 K after N2O decomposition on 1% Cu-1%
Pt/AC-HTT-H2 reduced at 573 K: total uptake ("), reversible uptake (!).

Fig. 3. H2 titration at 300 K after N2O decomposition on 1% Cu-1%
Pt/AC-HTT-H2 reduced at 573 K: total uptake ("), reversible uptake (!).

Table 4
Surface composition and total metal dispersion for bimetallic Cu–Pt/AC-HTT-H2 catalysts

Catalyst Bulk composition Surface compositiona (µmol g−1) Overall dispersion
( Cus+Pts

CuT+PtT

)
Cu/Pt (µmol g−1) Cu0 Pt0 Cu (%)

Cu Pt

0.5% Cu-1% Pt/AC-HTT-H2 1.5/1 79 50 17.4 4.2 81 0.17
1% Cu-1% Pt/AC-HTT-H2 3/1 164 50 20.4 1.2 94 0.10
8.8 1.2 96 0.36



R.M. Rioux, M.A. Vannice / Journal of Catalysis 233 (2005) 147–165 153

Table 5
Average Cu–Pt crystallite sizes (nm) from chemisorption, XRD and TEM techniques

Catalyst Particle size (nm)

XRD Chemisorption TEM

Cu0 a Ptb Cu0 a Ptb dnum dsurf dvol

0.5% Cu-1% Pt/AC-HTT-H2 NOPc 15 5.0 13.4 22 30 35
1% Cu-1% Pt/AC-HTT-H2 NOPc 9.5 8.8 46.8 34 41 53
5% Cu-1% Pt/AC-HTT-H2 9.2 14 29.8 46.8 41 58 68
a Based ondsurf = 1.1/(Cu0
s/CuT).

wo
eter-

%
-

n in
Pt
eak

,
ener
er is

e-
nt.
Cu
aus
b Based ondsurf = 1.13/(Pts/PtT).
c No observable peak.

Fig. 4. X-ray diffraction pattern for 1% Cu-1% Pt/AC-HTT-H2: (A) 1%
Cu-1% Pt/AC-HTT-H2 reduced at 573 K; (B) pure AC-HTT-H2 reduced at
573 K; (C) after subtraction of (B) from (A).

ing both Cu and Pt particles in the bimetallic samples. T
hundred particles were counted for each particle size d
mination. The number-averaged particle diameter,dnum =
�nidi/�ni , was 22, 34, and 41 nm for the 0.5, 1, and 5
Cu-1% Pt/AC-HTT-H2 catalysts, respectively; TEM micro
graphs are provided elsewhere[31].

Temperature-programmed reduction results are show
Fig. 6. Maximum reduction rates for monometallic Cu and
catalysts were around 560 and 440 K, respectively. The p
for H2 consumption with Cu/AC-HTT-H2 was very broad
suggesting that either Cu particles are supported on an
getically heterogeneous surface or the reduction of copp
occurring through a stepwise mechanism (Cu+2 → Cu+1 →
Cu0), as well as directly from CuO to Cu0. As Cu was added
to the 1% Pt/AC-HTT-H2 catalyst, the Pt reduction peak d
creased from∼ 440 to 430 K, regardless of the Cu amou
The TPR spectra for the bimetallic samples show that
began to reduce at lower temperatures, presumably bec

of H spillover, but over a very broad temperature range, and
only the 5% Cu-1% Pt/AC-HTT-H2 catalyst had a Cu reduc-
tion peak. These results are consistent with the Pt-catalyzed
-

e

Fig. 5. XPS survey scan of 1% Cu-1% Pt/AC-HTT-H2 reduced at 573 K.
Inset is Cu scan region.
Fig. 6. Temperature programmed reduction of: (A) 1% Cu/AC-HTT-H2,
(B) 1% Pt/AC-HTT-H2, (C) 0.5% Cu-1% Pt/AC-HTT-H2, (D) 1% Cu-1%
Pt/AC-HTT-H2 and (E) 5% Cu-1% Pt/AC-HTT-H2.
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Table 6
IPA dehydrogenation on Pt/C catalysts (reaction conditions:PIPA = 14 Torr,T = 448 K)

Catalyst TRED
(K)

Dispersion
(HT/PtT)

Activitya

(µmol g−1 s−1)
TOFb

(s−1)

Ea

(kcal mol−1)

Selectivity (%)

Acetone Propylene

1% Pt/AC-HNO3 473 0.119 1.0 0.17 5.0 90 10
573 0.197 1.5 0.16 9.4 100 0

1% Pt/AC-HTT-H2 473 0.177 1.1 0.13 7.3 100 0
573 0.294 1.6 0.11 6.8 100 0

UHP Pt powder 573 0.0012 0.066 (0.11)c 0.011 (0.018)c 9.1 (11.6)c 98 2d

a Disappearance of IPA measured at 14 Torr IPA and 448 K.

b Based on total H2 chemisorption.
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c Disappearance of IPA measured at 14 Torr IPA, 30 Torr H2 and 448 K.
d Based on retention time, product is most likely propane, not propyl

reduction of CuO[39]. These TPR results imply that Pt an
Cu are in intimate contact, and only after the addition of
Cu to the base Pt catalyst does a significant fraction of
Cu behave like Cu in the monometallic catalyst.

3.4. Kinetics of IPA dehydrogenation on monometallic Pt
catalysts

The dehydrogenation of IPA was studied over Pt d
persed on an activated carbon that had been prepared to
two different surfaces, that is, one with acidic O-contain
functional groups (AC-HNO3) and one that was hydropho
bic after a high-temperature treatment at 1223 K in H2 (AC-
HTT-H2). An ultra-high-purity Pt powder was also used f
kinetic studies. Pt was considerably more active than
for IPA dehydrogenation, on both a gram catalyst an
TOF basis[4,31]. Steady-state activities, TOFs (based
H2 chemisorption results), and apparent activation ener
for the Pt catalysts after different pretreatments are liste
Table 6. A Pt/AC-ASIS catalyst (activated carbon with n
treatment) was not prepared because a Cu/AC-ASIS cat
used in a previous study had a very low activity, compa
with either Cu/AC-HNO3 or Cu/AC-HTT-H2 [4,31]. This
was attributed to an impurity in the carbon that was eit
removed or altered by the HNO3 or the HTT-H2 treatment.
Unlike the activities of the Cu catalysts, the activities of
Pt/AC-HNO3 and Pt/AC-HTT-H2 catalysts were compara
ble, and the selectivity for propylene (from the dehydrat
reaction due to the acidic sites on the C surface) was lo
on Pt/AC-HNO3 compared with Cu/AC-HNO3. In fact, for a
sample of 1% Pt/AC-HNO3 reduced at 573 K, there was n
detectable production of propylene. The TOFs for the P
catalysts varied only from 0.11 to 0.17 s−1, and the Pt/AC-
HNO3 catalysts had a slightly higher value than the Pt/A
HTT-H2 catalysts, which is the opposite of the observat
for Cu catalysts. The carbon-supported catalysts were
tive and extremely stable with time on stream[31], whereas
the Pt powder deactivated significantly; consequently,
“steady-state” TOF for Pt powder with either 0 or 30 To

−1
H2 in the feed was only 0.011 or 0.018 s, respectively.
This deactivation was caused by the formation of a carbona-
ceous species on the Pt surface, and the powder could b
e

t
Fig. 7. Arrhenius plots for Pt catalysts reduced at 573 K; reaction condi
were 14 Torr isopropanol and 423–473 K.

regenerated by heating in H2 at 473 or 573 K[31]. These
catalysts were 100% selective for acetone, except for
Pt/AC-HNO3 reduced at 473 K, which gave 10% prop
lene, and the Pt powder, which gave what appeared to b
propane[31]. Addition of hydrogen to the feed had no effe
on selectivity for this latter, unidentified product. Appare
activation energies for IPA dehydrogenation over the vari
Pt catalysts obtained from the Arrhenius plots are show
Fig. 7.

The Weisz–Prater (W-P) criterion[40] was used to chec
for the absence of any significant transport limitations
each of the catalysts, and the necessary physical param
of the carbon were obtained from a study by Ma[41]. For
all catalysts, the values of the dimensionless W-P param
e

were orders of magnitude below 0.3, thus verifying that the
kinetic data obtained in this study were free of mass trans-
port effects.
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Table 7
Reaction orders for IPA dehydrogenation on Pt/C catalysts

Catalyst TRXN Reaction order

Isopropanol H2 Acetone

1% Pt/AC-HTT-H2 433 0.34 −0.06 −0.05
448 0.37 −0.04 −0.04
458 0.45 −0.03 −0.01
473 0.53 −0.03 0

Fig. 8. Isopropanol partial pressure data for 1% Pt/AC-HTT-H2 reduced at
573 K; symbols, experimental data; lines, predicted rates.

Partial pressure dependencies on IPA and the two r
tion products, H2 and acetone, at four different temperatu
are compiled inTable 7and shown inFigs. 8–10. Similar
to the Cu catalysts[4], the dependence on IPA approach
unity with increasing temperature, whereas H2 and acetone
yielded slightly negative to zero-order dependencies.

3.5. Kinetics of IPA dehydrogenation on bimetallic Cu–Pt
catalysts

Like their monometallic Pt or Cu[4] counterparts, al
bimetallic catalysts with the AC-HTT-H2 support were
100% selective for acetone, the dehydrogenation prod
After reduction at 573 K, the pure AC-HTT-H2 support had
no detectable activity[4,31]. Whereas selectivity was no
affected by the bimetallic composition, there was sign
cant variability in the reaction rate among the monometa
and bimetallic catalysts, expressed either as activity o
a TOF. Activity maintenance profiles for the three bimet
lic catalysts are shown inFig. 11. The TOF at 448 K on

the monometallic Cu or the Pt/AC-HTT-H2 catalyst was
2× 10−2 s−1 or 11× 10−2 s−1, respectively, whereas TOFs
measured for the three bimetallic catalysts were similar to
f Catalysis 233 (2005) 147–165 155

Fig. 9. H2 partial pressure data for 1% Pt/AC-HTT-H2 reduced at 573 K;
symbols, experimental data; lines, predicted rates.

Fig. 10. Acetone partial pressure data for 1% Pt/AC-HTT-H2 reduced at
573 K; symbols, experimental data; lines, predicted rates.

or noticeably lower than that for the Cu/C catalyst, as t
ranged from 0.6× 10−2 to 4× 10−2 s−1. Steady-state activ
ities behaved in a similar fashion and are listed inTable 8.

Activation energies for the bimetallic catalysts were m
sured over a wider temperature range than the monome
catalysts. The apparent activation energy for the two c
lysts with the lowest Cu loading changed at higher temp
atures, and for 0.5% Cu-1% Pt/AC-HTT-H2 the activation
energy decreased from 7.2 to 4.4 kcal mol−1 as the temper

ature increased, whereas with 1% Cu-1% Pt/AC-HTT-H2,
it decreased from 9.2 to 2.4 kcal mol−1 as the temperature
increased. The Arrhenius plots for either catalyst exhibited



156 R.M. Rioux, M.A. Vannice / Journal of Catalysis 233 (2005) 147–165

Table 8
IPA dehydrogenation on Cu, Pt and Cu–Pt/C catalysts (reaction conditions:PIPA = 14 Torr,T = 448 K)

Catalyst Surface composition (µmol g−1) Cus/(Cus + Pts) Ea

(kcal mol−1)
Activitya,b

(µmol g−1 s−1)

TOFa,c

(s−1)Cus Pts

1% Pt/AC-HTT-H2 0 14.6 0 6.8 1.60 0.11
0.5% Cu-1% Pt/AC-HTT-H2 17.4 4.2 0.81 7.2/4.4d 0.92 0.043
1% Cu-1% Pt/AC-HTT-H2 20.4 1.2 0.94 9.2/2.4d 0.23 0.011
5% Cu-1% Pt/AC-HTT-H2 28.8 1.2 0.96 9.0 0.18 0.006
1% Cu/AC-HTT-H2

e 17.8 0 1 20.5 0.38 0.021
5% Cu/AC-HTT-H2

e 135 0 1 21.4 2.70 0.020

a Reaction conditions were 14 Torr IPA and 448 K.
b Average of five runs with five different samples.

c Based on total number of metal (Cu and Pt) surface atoms.
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d Low-T region/high-T region. See text for details.
e Taken from Ref.[4].

Fig. 11. Activity maintenance of Cu–Pt/HTT-H2 catalysts after reduction a
573 K: reaction conditions were 14 Torr isopropanol and 448 K, and act
is normalized to total surface Cu plus Pt atoms.

bend-over behavior around 443 K. The least active 5%
1% Pt/AC-HTT-H2 catalyst had an apparent activation e
ergy of 9.0 kcal mol−1 between 413 and 523 K, compar
with 20.5 kcal mol−1 with the 5% Cu/AC-HTT-H2 catalyst.
Arrhenius plots for the three bimetallic catalysts are sho
in Fig. 12.

The activation energy of around 7–9 kcal mol−1 for the
bimetallic catalysts in the low-temperature (403–443 K)
gion was similar to that for Pt. As the temperature increa
above 448 K, the influence of copper was apparent, bu
consistent with monometallic Cu behavior, because at hi
temperatures the higherEappvalue for Cu/C should enhanc
the activity and allow it to surpass that of the Pt com

nent. In contrast, in the high-temperature regime between
448 and 523 K, no increase in the apparent activation energy
occurred, and, in fact,Eappdecreased to only 2–4 kcal mol−1
Fig. 12. Arrhenius plots for Cu–Pt catalysts reduced at 573 K: reaction
ditions were 14 Torr isopropanol and 413–523 K.

for the two Cu–Pt catalysts with the lowest Cu content. S
a trend in apparent activation energy can suggest pore d
sion control, so the Weisz–Prater (W-P) criterion was use
determine whether these kinetic data were affected by m
transfer limitations. The calculated dimensionless W-P p
meters were orders of magnitude lower than 0.3, indica
that no significant pore diffusional effects existed[31]. Heat
transfer limitations were considered to be unimportant
cause of the mild endothermicity of the reaction and diff
ential reactor operation. Therefore, the decrease in activa
energy is not attributed to mass transfer limitations, bu
some factor in the kinetics of the reaction, such as a shi
the RDS or a large change in the surface coverage of on

the components in the system, as discussed later.

To facilitate kinetic modeling, partial pressure dependen-
cies were determined over a temperature range of 70 K for



nal o

-H

,
own
-

llic

ob-

had
de

cata-

ad-
that

on
R.M. Rioux, M.A. Vannice / Jour

Fig. 13. Isopropanol partial pressure data for 1% Cu-1% Pt/AC-HTT2
reduced at 573 K; symbols, experimental data; lines, predicted rates.

Fig. 14. H2 partial pressure data for 1% Cu-1% Pt-AC-HTT-H2 reduced at
573 K; symbols, experimental data; lines, predicted rates.

all three bimetallic catalysts with AC-HTT-H2 as a support
and the activity dependencies on partial pressure are sh
in Figs. 13–15for 1% Cu-1% Pt as a typical example. Com
parable results were obtained for the other two bimeta
catalysts, and they are shown elsewhere[31]. The power-
rate law reaction orders for IPA, hydrogen, and acetone
tained from these figures are compiled inTable 9. Similar
to the monometallic Pt catalyst, hydrogen and acetone
small negative dependencies, and the magnitude of this

pendency was independent of bimetallic composition. The
partial-pressure dependency on IPA for the three bimetal-
lic catalysts was influenced by the amount of surface copper
f Catalysis 233 (2005) 147–165 157

-

Fig. 15. H2 partial pressure data for 1% Cu-1% Pt/AC-HTT-H2 reduced at
573 K; symbols, experimental data; lines, predicted rates.

Table 9
Reaction orders for IPA dehydrogenation on carbon-supported Cu–Pt
lysts

Catalyst TRXN Reaction order

Isopropanol H2 Acetone

0.5% Cu-1% Pt/AC-HT-H2 413 0.15 −0.17 −0.13
423 0.18 −0.15 −0.10
433 0.22 −0.13 −0.07
448 0.34 −0.07 −0.04
458 0.37 −0.03 −0.03
473 0.48 −0.02 −0.02
493 0.54 0.01 0

1% Cu-1% Pt/AC-HTT-H2 413 0.27 −0.13 −0.14
423 0.28 −0.10 −0.13
433 0.30 −0.07 −0.11
448 0.37 −0.05 −0.08
458 0.58 −0.03 −0.03
473 0.61 −0.02 −0.01
493 0.64 0.03 0

5% Cu-1% Pt/AC-HTT-H2 433 0.03 −0.17 −0.12
448 0.07 −0.13 −0.09
458 0.12 −0.04 −0.07
473 0.32 −0.03 −0.02

present. For the bimetallic catalyst with the highest Cu lo
ing, the dependence on the IPA pressure was similar to
for the monometallic Cu catalyst[4], but for the two bimetal-
lic samples with lower Cu loadings, the reaction order
IPA was similar to that for Pt (seeTable 7).
A DRIFT spectrum of 0.5% Cu-1% Pt/AC-HTT-H2 under
reaction conditions (14 Torr IPA and 448 K) after reduction
at 573 K is shown inFig. 16, in which the vapor-phase spec-
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Fig. 16. DRIFT spectrum of 0.5% Cu-1% Pt/AC-HTT-H2 reduced at 573 K
under reaction conditions (14 Torr isopropanol and 448 K). Gas-phase
propanol and acetone have been subtracted.

tra for IPA and acetone have been subtracted. Compa
spectra with the pure AC-HTT-H2 carbon showed indistinc
bands barely above the noise level at 400 K, and no b
were visible at 460 K. The spectrum for the monome
lic Pt catalyst, shown elsewhere[31], is similar to that in
Fig. 16, and both differ from the spectrum obtained w
the 1% Cu/AC-HTT-H2 catalyst[4]. In Fig. 16, the most
prominent band near 1740 cm−1, which was absent from
the monometallic copper spectrum, is evidence for adso
acetone, assigned to the carbonyl stretching mode in
tone. The bands at 1367, 1216, and 1116 cm−1 can also be
attributed to acetone, as they are in good agreement wit
sults from Cu/carbon films[16]. These bands are associat
with CH3 symmetric deformation (1364 cm−1), a CC stretch
(1216 cm−1), and a CH3 rocking mode (1090 cm−1); the
wavenumbers in parentheses are vapor-phase values[42]. It
should be noted that it can be difficult to discern betw
surface isopropoxide species and molecularly adsorbed
propanol without the aid of additional characterization te
niques[10]. Previous results for a 1% Cu/AC-HTT-H2 cat-
alyst strongly suggested the presence of an adsorbed
propoxide species, but adsorbed molecular IPA could
be excluded, and therefore both were included in a site
ance[4]. Vibrational spectra provided evidence for adsorb
molecular IPA on the surface of both monometallic Pt a
bimetallic Cu–Pt catalysts. For both catalysts, bands
1285, 2930, 2976, and 3545 cm−1 are characteristic vibra
tions of molecular IPA. The presence of an isopropox

species on the catalyst surface cannot be completely ruled
out, but there is no direct evidence for its existence from
these infrared spectra.
f Catalysis 233 (2005) 147–165
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4. Discussion

4.1. Characterization

A thorough characterization of carbon supports simila
those used in this study, by TPD, XRD, and DRIFTS,
been published[30]. The dispersion of metal crystallites o
carbon is of interest because of the widespread use of
systems in heterogeneous catalysis, and it is known tha
allotropic form of carbon can influence the dispersion o
metal species[43,44]. The surface chemistry of these ca
bons can be modified by various pretreatments[30], such as
a high-temperature heat treatment (HTT) or washing w
acidic or basic solutions, which can have a significant ef
on metal dispersion. The influence of carbon surface ch
istry on the dispersion of Cu[45] and Pt[46–59] has been
investigated. In the present study, the type of pretreatm
of this activated carbon had a smaller effect on Pt disper
than that recently reported for Cu[43]; however, after a par
ticular reduction temperature Pt had a consistently highe
parent dispersion on the AC-HTT-H2 carbon. One problem
associated with the use of carbon as a support is the freq
inability to achieve satisfactory batch-to-batch reproduci
ity [60], which may be due to the significant amount a
variety of impurities present. A significant amount of N
(1200 ppm) was detected in this carbon, and alkali m
als such as Na and K can cover a fraction of the Pt
face and decrease H2 adsorption capability[61,62]. If one
pretreatment technique was more efficient at removing
deactivating this Na, a higher apparent Pt dispersion c
result. It is also possible that the increase in available sur
area may have enhanced the Pt dispersion because the
step increased the apparent surface area to 1137 m2 g−1,
whereas the HNO3 step added surface functional groups a
decreased the surface area to 616 m2 g−1. The more hy-
drophilic nature of the HNO3-treated carbon did not resu
in a higher Pt dispersion, in contrast to other systems u
aqueous impregnation[49,63].

A combination of selective chemisorption plus titrati
methods after dissociative N2O adsorption at 363 K pro
vided characterization of the surface of these bimetallic C
Pt crystallites[31,34]. These methods were initially applie
to silica-supported Cu and Pt catalysts, and they have
extended here to the carbon-supported metals. Base
these studies and those on supported Cu systems[45,64]and
Pt catalysts[61,65], the following surface processes are a
plicable to defining the bimetallic surfaces:

2Cus + N2O(g)
363 K−→ O

Cus Cus
+ N2(g), (1)

O
Cus Cus

+ 2CO(g)
300 K−→ OC O CO

Cus Cus
, (2)

300 K

2Pts + H2−→ 2Pts–H, (3)

Pts + CO
300 K−→ Pts–CO, (4)
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Pts + N2O
363 K−→ Pts–O+ N2(g), (5)

Pts–O+ 2CO(g)
300 K−→ Pts–CO+ CO2(g), and (6)

Pts–O+ 3
2H2(g)

300 K−→ Pts–H + H2O(ad). (7)

No equation is written for H2 chemisorption on Cu becaus
near 300 K the coverage of both reversibly and irrevers
adsorbed H atoms is far below monolayer coverage, an
precise adsorption stoichiometry exists[66].

It has been shown previously that a reduction temp
ture of 573 K is sufficient for the total reduction of CuO
Cu0 on a HTT-H2 carbon and that no irreversible CO adso
tion occurs on Cu0 or Cu+2 sites[4,45,64]. Consequently
Eqs.(1)–(7) can be used to estimate the total metal disp
sion and the individual amounts of Cu0 and Pt on the surfac
of these metal particles if it is assumed that (1) no Cu1+
species are present after reduction, (2) the H2 titration reac-
tion at 300 K involves only Pts–O sites, and (3) irreversibl
CO adsorption occurs only on Pts sites in a reduced catalys
If it is further assumed that H adsorption on the Cu ato
is negligible or low near 300 K, as indicated by a previo
study[66], then the total H2 adsorption provides another in
dependent estimate for Pts. If all of these assumptions ar
valid and Eqs.(1)–(7)represent reasonably accurate adso
tion stoichiometries, then the Pts values based on Had, COad,
and H2-N2O titration should be approximately the same a
the Cu0 and Cu1+ values should be equal, provided no s
tering occurs. These conditions are reasonably well satis
as indicated inTable 3; the greatest discrepancy is the Cs
concentration in the 0.5% Cu-1% Pt catalyst. Based on
erage values of these results, overall metal dispersions
surface compositions were estimated; these are listed inTa-
ble 4. A distinct interaction occurs between the Cu and
atoms, as expected from previous studies[67–71], and most
of the Pt surface is covered by Cu atoms.

Copper can exist in a cupric (Cu2+), a cuprous (Cu1+), or
a metallic (Cu0) state, and the distribution of these oxidati
states can depend upon both reduction temperature an
support pretreatment used[45]. This previous study also in
dicated that Cu reducibility is dependent on crystallite s
because 6–8-nm Cu crystallites on AC-HTT-H2 were much
more easily reduced than 25–35-nm Cu crystallites on
HNO3 [4]. Robertson et al. have found that Cu dispersed
SiO2 is easier to reduce than unsupported CuO, which m
also be attributable to a particle size effect[72]. Baker and
co-workers have shown that reduction to Cu0 is dependen
upon the Cu precursor and the weight loading of Cu,
two reduction peaks at about 503 and 613 K are attri
able to the stepwise reduction of Cu2+, first to Cu1+, then to
Cu0 [43,44]. The H2 consumption peak maximum at 570
obtained with the monometallic 1% Cu/AC-HTT-H2 cata-
lyst (Fig. 6A) is consistent with the 613 K peak reported

Baker and co-workers.

The TPR profiles of a number of Pt precursor salts
demonstrate that the temperature of maximum hydrogen
f Catalysis 233 (2005) 147–165 159

,

e

consumption is dependent upon the Pt salt[39], and reduc-
tion of pure chloroplatinic acid (H2PtCl6), which was used
in the present study, had a maximum H2 consumption peak
near 400 K. This is consistent with the maximum obser
in Fig. 6 for the Pt-containing catalysts. The presence of
Pt clearly facilitates the reduction of the Cu salt, undou
edly because of H spillover[39,73,74], and no evidence wa
obtained by any technique—chemisorption, XRD, or XPS
indicating the presence of any Cu oxidation state other
Cu0.

4.2. Kinetic behavior

Carbon-supported Pt catalysts are much more active
IPA dehydrogenation than their Cu counterparts, and o
TOF basis, Pt is 5 times more active than Cu. Pt is know
be more active for hydrogenation/dehydrogenation react
than Cu[75], although Cu has better selectivity in dehyd
genation reactions[76,77]. The dehydrogenation of IPA o
a Pt/Al2O3 catalyst is structure-insensitive[6], and Echevin
and Teichner have convincingly shown that the dehyd
genation of butan-2-ol is also a structure-insensitive reac
on Cu/Al2O3, because 18 Cu catalysts with dispersions ra
ing from 0.07 to 0.7 gave the same TOF of 2.7×10−3 s−1 at
451 K [78]. Djéga-Mariadassou et al. measured the TOF
IPA dehydrogenation on various crystal planes of zinc
ide and determined that the reaction is structure-insens
with TOFs similar to those reported by Echevin and Tei
ner [79]. Definitive conclusions about structure sensitiv
could not be reached in our earlier study of Cu becaus
the narrow range of metal dispersion. The TOF on the
powder (particle size= 965 nm) was an order of magnitud
lower than that on the 1% Pt/AC-HTT-H2 catalyst reduced a
573 K (Pt particle size= 3.8 nm). However, the Pt powde
exhibited significant deactivation with time on stream, th
complicating a good comparison.

The power rate laws differed among the catalysts,
the pressure dependence on IPA was greater for Pt tha
Cu. The products had slightly less influence during the
catalyzed dehydrogenation reaction, which was reflecte
the tendency for reaction orders on products to be cl
to zero with Pt compared with Cu. This is interesting b
cause DRIFT spectra of 1% Pt/AC-HTT-H2 [31] indicated
the presence of adsorbed acetone under reaction condi
whereas there was no indication of adsorbed acetone
DRIFT spectrum of Cu/AC-HTT-H2 [4]. This may be re-
lated to the relatively low conversion (∼ 1%) in the DRIFTS
cell with the monometallic copper sample[31]. With the
monometallic Pt catalyst, the conversion in the DRIFTS
was∼ 3%, thus providing a higher concentration of aceto
in the diluted catalyst bed. Subsequently the kinetic d
for 1% Pt/AC-HTT-H2 can be fit by the same Langmui
Hinshelwood model previously proposed for a 1% Cu/A

HTT-H2 catalyst[4].

The addition of Cu to the 1% Pt/AC-HTT-H2 catalyst had
a significant effect not only on activity, but also on kinetic
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parameters such as the apparent activation energy, w
changed with temperature. As discussed earlier, chemis
tion results showed that the addition of Cu to the base
catalyst reduced the H2 chemisorption capacity of the orig
inal monometallic Pt catalyst, suggesting that Cu was c
ering the Pt. A bimetallic Cu–Pt catalyst might be expec
to behave more like Pt at low Cu loadings and more
Cu at higher Cu loadings if the metals behave independe
of each other. The addition of only 0.5% Cu to 1% Pt/A
HTT-H2 decreased the TOF by a factor of about 2.5,
a comparison of the TOFs inTable 8indicates that the ad
dition of more Cu (up to 5 wt%) decreased the TOF b
factor of up to 18, and it surprisingly became less than
for Cu alone. The higher TOF with the monometallic Cu c
alyst may be related to a higher coverage of IPA. A study
Sinfelt and co-workers of a Cu–Ni catalyst for the dehyd
genation of cyclohexane showed that the specific activit
nickel for this reaction changed little over a wide range
Cu–Ni compositions and actually increased somewhat u
the addition of the first increments of copper[80,81]. Only
when the catalyst composition approached pure copper
a marked decline in catalytic activity observed, and it w
postulated that the RDS changes as the catalyst con
from a Ni-rich to a Cu-rich composition.

Very few studies have examined the behavior of bime
lic catalysts for IPA dehydrogenation. It has been repo
that the rate of IPA dehydrogenation in the vapor ph
at 363 K was higher on a Ru–Pd/C catalyst than on a
catalyst[82,83], but neither paper reported TOFs, so a
rect comparison between the two catalysts cannot be m
In a more thorough investigation, Ando et al. found t
the rate of IPA dehydrogenation was enhanced on car
supported Ru–Rh and Ru–Pt catalysts when compared
the three monometallic catalysts, and kinetic isotope stu
indicated that dissociation of theα-H bond was the RDS o
monometallic Pt/C and Rh/C catalysts, whereas H2 desorp-
tion appeared to be the slow step on the Ru/C catalyst[84]. It
was anticipated that Pt and Rh would act as a hydrogen
and the surface Ru atoms would break theα-H bond, which
was the RDS on both Rh and Pt. Initial rates on the bime
lic catalysts increased by as much as 64% on a gram cat
basis, but unfortunately no data were provided for the
culation of TOFs. Based on these rates, the activity of th
catalysts increased as follows: Ru–Rh> Ru–Pt> Ru > Rh
� Pt [84]. The higher activity of the Ru–Rh and Ru–Pt c
alysts was attributed to a synergistic effect between the
metals, leading to an enhanced H removal pathway from
to Pt or Rh atoms via a spillover mechanism to increase
rate of H atom removal from the Ru surface atoms. In a s
tematic study of the effect of Ru/Pt atomic ratios between
and 4, Ito et al. found that the rate of IPA dehydrogena
at 363 K in the liquid phase was highest on a Ru–Pt/C
alyst with a Ru/Pt ratio of 1[85]. Rates (per gram) versu

composition gave a volcano plot as monometallic Ru/C and
Pt/C had comparable activities, and physically mixed sys-
tems gave no rate enhancement. Ito et al. also found that the
f Catalysis 233 (2005) 147–165
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value of the acetone equilibrium adsorption constant in
rate expression decreased as the Pt content increased[85].
The activity and TOF of the Cu–Pt catalysts examined
this study were not enhanced compared with those of
monometallic catalysts, unlike in earlier studies, which m
be due in part to both Cu and Pt having the same RDS. H
ever, the binding energy of H atoms on Pt or Cu is lower t
that on Ru[86], and because H2 desorption does not appe
to be the RDS, the synergistic effect observed with Ru m
not be anticipated. It has been proposed that an elect
effect could occur in a bimetallic system such as a Cu
catalyst to decrease the activity in a reaction like IPA de
drogenation[1,2]. This may explain the observed behavio

A Langmuir–Hinshelwood model was proposed for I
dehydrogenation on carbon-supported copper catal
which not only fit the experimental data well, but al
yielded thermodynamic parameters that were physic
meaningful[4]. The same reaction model was applied
the Pt/C and Cu–Pt/C catalysts studied here; that is, rup
of the O–H bond in an adsorbed IPA molecule to form
surface isopropoxide species was chosen as the RDS. Q
equilibrium was proposed to exist between gas-phase
acetone, and H2 and their adsorbed counterparts (assum
H atoms). The formation of a hydrogen molecule from I
was assumed to occur via the removal of a H atom in
sequential elementary steps on the catalyst surface; co
quently, two Langmuir–Hinshelwood rate expressions w
derived and examined—one based on removal of the
H atom as the RDS and the other based on removal o
second H atom as the RDS[31]. In either case, the first hy
drogen atom removed is most likely the hydroxyl hydrog
even though the O–H bond is somewhat stronger than th
H bonds[87,88], and the adsorbed intermediate formed is
isopropoxide species. As with the Cu/C catalysts, the for
model was better; hence, the series of elementary step
the overall dehydrogenation reaction are

(CH3)2CHOH+ ∗ KIPA
(CH3)2CHOH∗, (8)

(CH3)2CHOH∗ + ∗ k1→ (CH3)2CHO∗ + H∗, (9)

(CH3)2CHO∗ + ∗ K1
(CH3)2CO∗ + H∗, (10)

(CH3)2CO∗ 1/KAce
(CH3)2CO+ ∗, (11)

2H∗
1/KH2

H2 + 2∗, (12)

where∗ is an active site andKi represents an adsorptio
equilibrium constant. If removal of the first hydrogen ato
(hydroxyl hydrogen) is assumed to be an irreversible R
the rate of formation of acetone (Ace),rAce, is

(13)rAce = Lk1θIPAθv,
whereL is the total number of active sites,k1 is the for-
ward rate constant of step 9,θIPA is the fractional cover-
age of isopropanol, andθv is the fraction of vacant sites.
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The respective expressions for the quasi-equilibrated ads
tion/desorption of IPA, hydrogen and acetone give

(14)KIPA = θIPA

PIPAθv
,

(15)KH2 = θ2
H

PH2θ
2
v
,

(16)KAce = θAce

PAceθv
.

Study of the reaction orders showed that H2 and acetone
have a small inhibitory effect when added to the feed stre
and this leads to the inclusion of both hydrogen and ace
species in the site balance, along with molecularly adso
IPA. The presence of adsorbed IPA in the site balance
indicated by the in situ DRIFT spectrum obtained during I
dehydrogenation. No isopropoxide species on the metal
face was included in the site balance because the IR sp
provided no evidence for its existence. Therefore, the
balance is

(17)1= θIPA + θH + θAce + θv;
and utilization of Eqs.(14)–(17)gives

(18)1= KIPAPIPAθv + K
1/2
H2

P
1/2
H2

θv + KAcePAceθv + θv,

which yields

(19)θv = 1

(1+ KIPAPIPA + K
1/2
H2

P
1/2
H2

+ KAcePAce)
.

Substitution of Eq.(19)andθIPA from Eq.(14) into Eq.(13)
yields

(20)rAce = kKIPAPIPA

(1+ KIPAPIPA + K
1/2
H2

P
1/2
H2

+ KAcePAce)2
,

wherek = Lk1.
Eq.(20)was fitted to the experimental results with the u

of Scientist, a commercially available data-fitting progra
and to ensure that a global minimum had been obtained
iterative process was initiated that used a number of di
ent initial guesses for each value[31]. The optimized values
for the four constants (k,KIPA,KH2,KAce) at four tempera-
tures are listed inTable 10for the monometallic Pt and th
bimetallic Cu–Pt catalysts, and typical fits to experimen
data are shown inFigs. 8–10 and 13–15. Similar fits were
obtained with the other two catalysts[31]. Values for the
rate constantk in Table 5 always increase with temper
ture, and equilibrium adsorption constants (Ki ) always de-
crease, which is consistent with kinetic and thermodyna
expectations. Plots of lnKi for speciesi versus 1/T , shown
in Figs. 17 and 18, yield values for�S0

ad,i , the standard

entropy of adsorption, and�H 0
ad,i , the standard enthalp

of adsorption, which are listed inTable 11. These values

are physically meaningful because enthalpies are negative
(exothermic adsorption), whereas entropies are also negative
and less than the absolute entropy for each compound. The
f Catalysis 233 (2005) 147–165 161
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Fig. 17. Dependence of fitted parameters on temperature for
Pt/AC-HTT-H2 reduced at 573 K.

Fig. 18. Dependence of fitted parameters on temperature for 1% C
Pt/AC-HTT-H2 reduced at 573 K.

latter values satisfy all rules and guidelines provided to e

uate them[89,90]. This compliance does not guarantee that
the proposed mechanism is correct, but it shows that it is
thermodynamically consistent.
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Table 10
Kinetic parameters for IPA dehydrogenation on HTT-H2 carbon-supported Pt and Cu–Pt catalysts after reduction at 573 K

Catalyst TRXN
(K)

ka

(µmol s−1 g−1)
KIPA
(atm−1)

KH2

(atm−1)

KAce
(atm−1)

1% Pt/AC-HTT-H2 433 6.8 16.8 0.083 3.1
448 9.5 16.0 0.046 2.5
458 12.5 13.3 0.029 2.0
473 19.2 9.6 0.021 1.7

0.5% Cu-1% Pt/AC-HTT-H2 413 2.58 29.7 1.66 15.8
423 3.35 24.7 0.94 13.8
433 4.42 23.1 0.75 13.0
448 6.57 16.0 0.60 10.5
458 6.85 16.5 0.23 6.69
473 8.68 13.2 0.14 2.94
493 12.1 11.0 0.090 2.24

1% Cu-1% Pt/AC-HTT-H2 413 0.49 23.5 0.88 23.0
423 0.66 19.1 0.54 16.2
433 0.85 16.8 0.38 12.5
448 1.22 16.1 0.33 8.17
458 2.09 12.3 0.16 6.39
473 2.39 8.86 0.10 4.54
493 2.92 6.92 0.07 2.96

5% Cu-1% Pt/AC-HTT-H2 433 0.57 37.6 0.97 17.4
448 0.85 34.1 0.70 16.0
458 1.07 29.6 0.38 10.6
473 1.80 17.2 0.25 6.5

a k = Lk1.

Table 11
Thermodynamic parameters for IPA dehydrogenation on monometallic Pt and bimetallic Cu–Pt catalysts

Catalyst ERDS

(kcal mol−1)

�Hads(kcal mol−1) �Sads(cal mol−1 K−1)

IPA H2 Ace IPA H2 Ace

1% Pt/AC-HTT-H2 10.5 −5.8 −14.5 −6.4 −8 −34 −12
0.5% Cu-1% Pt/AC-HTT-H2 7.7 −5.1 −15.1 −10.7 −6 −36 −20
1% Cu-1% Pt/AC-HTT-H2 9.6 −6.1 −13.1 −10.1 −8 −32 −19
5% Cu-1% Pt/AC-HTT-H 11.5 −7.8 −14.6 −10.4 −10 −34 −18
2
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1% Cu/AC-HTT-H2
a 22.9 −6.8

a Taken from Ref.[4].

The heats of adsorption inTable 11for Pt are in excel-
lent agreement with integral heats of adsorption repo
for Pt/SiO2 catalysts[91] and with extrapolated integra
heats of adsorption determined on various Pt single c
tals [92–97]. The heat of adsorption for H2 on Cu in Ta-
ble 11(13 kcal mol−1) is somewhat lower than that for P
and the two catalysts with the most Cu have similar val
of 13–14 kcal mol−1. With two exceptions[98,99], 14 re-
ported values for the heat of adsorption of H2 on Cu surfaces
have varied from 4 to 14 kcal mol[86,98–107], and thus the
�Had values inTable 11for H2 on the Cu-containing cat
alysts are consistent with previous results. However, th
values are more representative of low monolayer cover
of hydrogen, and H2 adsorption on Cu is activated, in co
trast to Pt. The heat of adsorption for IPA on the entire se

of monometallic and bimetallic catalysts is low and ranges
between 5 and 8 kcal mol−1. Rendulic and Sexton mea-
sured a heat of adsorption of 12.6 kcal mol−1 for isopropanol
−13.4 −14.4 −8 −35 −24

on Pt(111)[108], and Vannice et al. reported a value
12.1 kcal mol−1, both in the low-coverage regime[11]. The
heat of adsorption for acetone is lowest on Pt and hig
on Cu, with the values for the bimetallic catalysts falli
between the two respective values of 6 and 14 kcal mo−1.
These values are very reasonable compared with those
sured for Cu and Pt single crystals; for example, Sexton
Hughes reported values of 10.1 and 11 kcal mol−1 for ace-
tone on a Cu(110) and a Pt(111) surface, respectively[109],
and Vannice et al. measured heats of adsorption of 11.5
12.6 kcal mol−1 for η1 and η2 bound acetone species, r
spectively[110]. Tripol’skii et al. have reported heats of a
sorption of 19 and 9.2 kcal mol−1 for acetone on Cu/Cr2O3

and Cu/Al2O3, respectively[111]. The greater variation in
the heat of adsorption for acetone could be due, at least

tially, to the type of adsorbed species present. Even though
the heat of adsorption is somewhat higher for acetone com-
pared with IPA, the inhibitive effect of acetone is low be-
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Fig. 19. Fit of Eq.(20) to activity data vs. 1/T for Cu–Pt/AC-HTT-H2 cat-
alysts.

cause of the high partial pressures of IPA in the feed and
low conversions, so that acetone partial pressures are
DRIFT spectra for 1% Pt/AC-HTT-H2 [31] and 0.5% Cu-
1% Pt/AC-HTT-H2 under reaction conditions suggest th
IPA and acetone are adsorbed to the surface, and the
in the absorption bands with respect to the vapor-phase
ues is very small, which is consistent with the evidence
IPA and acetone are weakly adsorbed. Similar fits to the
netic data are obtained if the surface isopropoxide speci
included in the site balance given by Eq.(17), and the only
significant effect on the thermodynamic parameters is a
crease in the�Had and�Sad values for acetone such th
they become similar to those for IPA[31].

One difference in behavior provided by two of t
bimetallic catalysts was a change in the apparent activa
energy as the temperature increased. The bend-over i
Arrhenius plots for the 0.5% Cu-1% Pt/AC-HTT-H2 and 1%
Cu-1% Pt/AC-HTT-H2 catalysts is not due to pore diffusio
and suggests that either a change in the reaction mecha
occurred or a marked decrease in surface coverage of
propanol took place as the temperature increased. The
explanation appears to be the most appropriate, becaus
rate expression given by Eq.(20)actually provides the bend
over behavior observed, as shown inFig. 19. Utilization of
theKi values inTable 10allows one to calculateθIPA values,
which decreased from 0.3 at 413 K to 0.1 at 493 K for
1% Cu-1% Pt/AC-HTT-H2 and compensated for the increa
in the rate constant. Similar behavior has been observe
benzene hydrogenation over various metals[112–114], and

in some cases the decreases in reactant surface coverag
were so pronounced that apparent activation energies be
came negative.
f Catalysis 233 (2005) 147–165 163

.

t

e

-
r
e

5. Summary

Dehydrogenation of IPA over a family of carbon-supp
ted Pt, Cu, and bimetallic Cu–Pt catalysts revealed tha
was more active than copper and that all catalysts were 1
selective to acetone when supported on a high-tempera
treated carbon possessing no acidic surface groups. In
trast, a carbon support with a surface rich in acidic, oxyg
containing functional groups allowed a dehydration pathw
to form propylene. Bimetallic Cu–Pt catalysts were less
tive than their monometallic counterparts on either a T
or a weight basis, but they exhibited kinetic behavior si
lar to that of the monometallic catalysts. Bimetallic cataly
with Cu loadings of 1% or less displayed a change in ap
ent activation energy with temperature, andEapp decreased
from 8.2 ± 1.0 to 3.4 ± 1.0 kcalmol−1 above 443 K. This
decrease was not due to pore diffusional limitations,
was rather a kinetic effect due to the form of the rate
pression. A Langmuir–Hinshelwood mechanism assum
that removal of the first hydrogen atom from the hydro
group was rate-determining fit the data well, provided ph
ically and thermodynamically meaningful rate paramet
and explained the decrease inEapp at higher temperatures
In addition to hydrogen and acetone, which produced sm
rate inhibitions, inclusion of IPA in the site balance was s
ported by in situ diffuse-reflectance infrared spectra. T
heats of adsorption for IPA, H2, and acetone obtained fro
the adsorption equilibrium constants in the rate expres
were consistent with values reported by surface science
adsorption studies.
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