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Abstract

For accurate catalyst comparisons and kinetic modeling, data free of mass and heat transfer effects must be acquired over a ranc
of temperature and reactant concentrations using well-characterized heterogeneous catalysts. For semibatch reactors operated at cons
pressure, selectivity vs conversion profiles at several temperatures, preferably obtained with catalysts reduced in situ, are required to allo
complicated reaction networks to be defined. Vapor-phase isopropyl alcohol (IPA) dehydrogenation over carbon-supported Cu catalysts in-
differential fixed-bed reactor was studied and compared to UHP Cu powder and a Cu chromite catalyst. Low dispersions of Cu (ca. 0.02-0.17
were obtained in all these catalysts. Cu dispersed on an activated carbon heat-treated at 1223 K had the highest turnover frequefcy (0.052 s
at 448 K) of all the CyC catalysts, more than double that on an industrial Cu chromite catalyst; thus the rate with this 30Q%a€lyst
(6.0 pmol s1g=1) was close to that of the chromite catalyst containing 41% Cu (10.6 pmogsl). The steady-state selectivity to
acetone was 100% for all catalysts except those containing the nitric-acid-treated carbon. In the absence of Cu, the nitric-acid-treated carbc
produced propylene under steady-state reaction conditions, and reduction at 573 K decreased activity compared to reduction at 423 K. Th
dehydration reaction is associated with the presence of oxygen-containing acidic groups on the C surface. The apparent activation energy fi
acetone formation was typically near 20 kcal mbfor all the CyC catalysts and the Cu powder, but it was near 12 kcatthédr the Cu
chromite catalyst. A DRIFT spectrum under reaction conditions indicated the presence of an isopropoxide species and molecularly adsorbe
IPA on the surface. A Langmuir—Hinshelwood mechanism, which assumed removal of the first hydrogen atom as the rate-determining stej
and incorporated adsorbed IPA, hydrogen, acetone, and a surface isopropoxide species into the site balance, fit the kinetic data well and ga
physically meaningful values for the enthalpies and entropies of adsorption.
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1. Introduction ficulties certainly were a prime factor in establishing this
format; regardless, little or no fundamental information was
Catalytic hydrogenation and dehydrogenation reactions acquired about reaction pathways or specific activities. Lack
are commonly used in the chemical industry, and such reac-of catalyst characterization to determine metal surface areas,
tions involving oxygenated compounds are particularly im- as well as the infrequent use of in situ catalyst pretreatments,
portant in the preparation of pharmaceuticals and fine chem-also contributed to the absence of information about specific
icals [1-4]. Many of these reactions are conducted in the activities, especially in obtaining a turnover frequency, i.e.,
liquid phase, with or without a solvent, typically under con- TOF= molecule’'s/Mes, where Mg is a surface metal atom.
stant b pressure, and such liquid-phase reactions involving These same limitations existed with vapor-phase studies of
oxygenates have recently been reviewed [3]. Older studieshydrogenation/dehydrogenation reactions of organics [4].
have historically reported results in the form of a product another limitation in many of these previous studies, par-
distribution (or selectivity) obtained after a given conversion ticularly those involving liquid-phase reactions, was the
(i.e., reaction time) in a batch or semibatch reactor at a given ngn-use of any criterion, such as the Weisz parameter [5], the
temperature with a certain weight of catalyst. Analytical dif- Thiele modulus [6], or the Madon—Boudart technique [7], to
verify the absence of mass (and heat) transfer limitations.
~* Corresponding author. Consequently, to acquire the information needed for ac-
E-mail addressmavche@engr.psu.edu (M.A. Vannice). curate catalyst comparisons and kinetic modeling of these
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reactions, modern studies must utilize well-characterized Cu/C systems, Cu chromite, and Cu powder. The kinetics of
catalysts whose metal crystallite sizes andsMencentra- isopropanol dehydrogenation were determined and a reac-
tions are known. Prereduced catalysts (preferably in situ) tion model was proposed which provides a rate expression
should be used, product selectivity as a function of conver- consistent with these results along with meaningful ther-
sion (and reaction time) in a semibatch reactor should be modynamic parameters. Characterization of these catalysts
established because this is now easily done with current an-by counting the concentration of surface Cu atoms allowed
alytical techniques, and this last procedure should be done atpecific activities in the form of turnover frequencies to be
different temperatures [3]. As a prelude to these kinetic stud- calculated.
ies, experiments must be conducted to verify the absence of
mass (and heat) transfer effects. With such data, individual
reactions can be modeled via a series of elementary step. Experimental
utilizing either the steady-state approximation, a Langmuir—
Hinshelwood model, or the microkinetic approach, and more 2.1. Carbon supports
complicated reaction networks can be described [3]. With
such results, TOFs can be calculated and compared and The as-received activated carbon (SX-1, Norit Corp.)
the significance of parameters such as crystallite size, mul-used in this study has a specific surface area of 80§ Th
timetallic composition, and metal-support interactions can and a pore volume of 0.5 chg—1, and this original sample is
be determined, although additional characterization may bedesignated AC-ASIS. A portion of this AC-ASIS carbon was
required at times. Although they have shown promise [3], soaked for 12 h in 12 N nitric acid (J.T. Baker) at 363 K to
these latter concepts have not yet been applied to most ofplace oxygen-containing groups on the surface. After 12 hiin
the important reactions representing the chemical industry; HNOgz, the carbon was filtered from the nitric acid, washed
hence future studies offer the possibility of improving rates with copious amounts of distilled, deionized (DD) water,
and selectivities via heterogeneous catalysts. dried overnight at 393 K, and stored in a desiccator until

Although studied and utilized to a much lesser extent than further use. This carbon is designated AC-HN® high-
hydrogenation reactions, dehydrogenation reactions involv- temperature-treated (HTT) carbon sample was produced by
ing organic compounds can also play an important role in the placing a portion of the AC-ASIS carbon in ceramic boats
production of fine chemicals. Dehydrogenation reactions areand heating to 1223 K in flowing &l holding at 1223 K
typically endothermic and conversions can be equilibrium- for 6 h, cooling to room temperature undeg,lnd exposing
controlled; in addition, low H pressures may enhance de- briefly to air. This sample, designated AC-HT;Hwas
activation due to coking, and a selectivity consideration of then stored in a desiccator. Graphite fibers, designated GF,
dehydrogenation versus dehydration as well as hydrogenoly-were Thornel P25 pitch-based commercial fibers (Amoco
sis can become important when oxygenates are the reactant®erformance Prod.) which were first cut and then ground
Earlier kinetic studies of such reactions are not numerouswith a mortar and pestle into a fine powder which had a BET
[4]; hence, thorough kinetic studies of such reactions are area of 6 Mg~ [10].
needed to compare new types of catalysts and to formulate
reaction models. Such an approach is reported here. 2.2. Catalyst preparation

In addition, researchers are challenged today to develop
processes that have minimal detrimental effects on the en-  All activated carbon-supported Cu catalysts were pre-
vironment, and applications of “environmental catalysis” pared by a wet impregnation technique in which 0.5*cm
are increasing in such diverse areas as alternative fuels anaf an aqueous solution of @NOs)2 - xH2O (Aldrich,
global pollution clean-up and control [8,9]. Processes are 99.999%) in DD water was added per g carbon [11]. After
needed in which the production of extraneous waste or impregnation, these catalysts were dried overnight at 393 K
byproducts is minimized and spent catalysts can be regen-and stored in a desiccator. Cu was deposited on the GF
erated or utilized elsewhere after their lifetimes as catalysts support by an ion exchange technique [12-15] employing
have expired. The dehydrogenation of alcohols to aldehydesan aqueous solution of @NOs3), - xH2O and a concen-
or ketones is a well-known industrial process, and these reactrated NH,OH solution. The Cu(Ng)2 solution was added
tions are primarily carried out on copper catalysts because ofdropwise over a period of 30 min while a pH of 10 was main-
their high selectivity to the dehydrogenation product [2]. The tained for the duration of the stirring. Prior to any further
principal catalyst that has been used in these reactions is copeharacterization, catalyst samples were pretreated in situ at
per chromite; however, new EPA restrictions now prohibit 1 atmin 50 sccm He for 1 h at either 423, 473, or 573 K, fol-
the disposal of chromite in landfills. Thus, there is an incen- lowed by reduction in 50 sccm4hat the same temperature
tive to develop new replacement Cu catalysts which contain for 4 h. Actual Cu loadings were determined by inductively
no chromium. In this study copper was dispersed on an acti- coupled plasma emission-mass spectrometry at the Materi-
vated carbon which had been given different pretreatments,als Characterization Laboratory at Penn State University.
and the isopropanol dehydrogenation reaction was chosento A Cu chromite catalyst (Cul1800P, Engelhard Corp.) was
probe catalytic behavior and allow comparisons among theseused as received, and its specifications indicated 41 wt%
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Cu and a surface area of 28gr?! [16]. Ultrahigh-purity and after the reactor were held at 393 K to avoid any
(UHP) Cu powder (Alfa Aesar, 99.999%) was cleaned by condensation, and the effluent composition was analyzed
heating at 573 K for 15 min in a mixture of 10%@ He with a Hewlett—Packard 5890 gas chromatograph equipped
before the normal catalyst pretreatment procedure was usedwith a Porapak T column (Supelco) [11]. For a kinetic
study, 20-100 mg of catalyst was loaded into the reactor
2.3. Catalyst characterization and pretreated in situ for 4 h at either 473 or 573 K
under 50 sccm Bl At a selected set of conditions, the
These Cu catalysts were characterized by selective CO,reaction was run for 60 min before a data point was taken.
H2, and oxygen chemisorption (via2® decomposition),  Standard conditions for IPA dehydrogenation activity at
and by X-ray diffraction (XRD) using procedures described 1 atm were 14 Torr gH;OH, no H (balance He), and
elsewhere [17]. Briefly, land CO uptakes at 300 K were  Arrhenius plots were obtained by varying the temperature in
determined volumetrically in a stainless steel adsorption poth ascending and descending order to verify reproducible
system providing a vacuum below 19 Torr in the sample  activities. Partial pressure dependencies on IPA, ard
cell and employing a digital pressure gauge (Mensor, Model gcetone were obtained at four different temperatures—433,
2101). The dual isotherm method, with an interim 1-h 448, 458, and 473 K—for kinetic modeling purposes. During
evacuation, was used to measure total and reversible H an |PA partial pressure study, the IPA pressure was varied
and CO adsorption, and the irreversible CO adsorption wasfrom 7 to 50 Torr, while during a hydrogen study, the
used to count Ct" sites [18]. The i (MG Ind., 99.999%),  pressure of IPA was held at 14 Torr while the Hartial
CO (MG Ind., 99.99%), and D (MG Ind., 99.99%) were  pressure was varied from 5 to 170 Torr, and during the
flowed through separate molecular sieve traps (Supelco)acetone study, IPA andapartial pressures were held at 14
and Oxytraps (Alltech Asso.) before use. Dissociatis®©N  and 0 Torr, respectively, as the acetone pressure was varied
adsorption at 363 K was used to determine the metallic from 2 to 15 Torr. The uncertainties in the results were
surface copper (CY site concentration, and these amounts 15, for reaction orders angt3 kcal mol! for activation
were measured both volumetrically in the above system, energies, while the reproducibility of TOF values was
using a liquid I cold finger to freeze out residuab® [11], above 90%. Additional details are provided elsewhere [11].
and gravimetrically in a thermal gravimetric analysis (TGA) Rates for the C/C catalysts, reported in pmofgs, were
system (P-E TGS-2). CO uptakes at 300 K were also ¢orected for any contribution from the carbon support when
determined in the TGA system for comparison [11]. Ar BET necessary, then normalized per mole of surfacé plus

isotherms at 77 K were obtained in the volumetric system & +1 species(Cug + Cu;—l) to obtain a turnover frequency.
after heating the sample to 423 K under flowing He. i.e. TOF= molecule qus—l_

X-ray diffraction (XRD) spectra were obtained ex situ
using a Rigaku Geigerflex diffractometer equipped with : . .
a Cu-K, radiation source and a graphite monochromator. 5.5éctl?oRSI(I:OT;(d|ﬁuse reflectance infrared fourier transform
Each sample was given the desired pretreatment and then P P
passivated by exposure to a flowing mixture of 1% i@ _ _ o
He at 300 for 1 h prior to handling in air during XRD In order to enhance the low signal-to-noise ratio inher-
measurements. Cu crystallite sizes were calculated from theent with carbon samples, the (I catalysts were diluted

linewidth at half height of the primary Guand CyO peaks ~ With calcium fluoride to give a CaFCu/C ratio of 30:1, and
using the Scherrer equation with Warren's correction for these diluted samples were loaded into the DRIFTS (HVC-

instrumental line broadening. DPR, Harrick Sci. Corp.) cell and purged with He overnight.
Each sample was then given an in situ pretreatment and after
2 4. Kinetic studies cooling to the appropriate temperature the first interferogram

was recorded using a Sirius 100 FTIR system (Mattson Inst.

Vapor-phase isopropyl alcohol (IPA) dehydrogenation Inc.). This interferogram was used as the background refer-
was conducted in a differential microreactor to determine ence for the fast Fourier transform analysis of all subsequent
the kinetic behavior of this reaction MG Ind., 99.999%) interferograms for that particular catalyst. The IPA partial
and He (MG Ind., 99.999%) flowrates were regulated by pressure was obtained by flowing 20 sccm UHP He through
needle valves and monitored by Hasting—Raydist massan IPA saturator held at 279 K in a cyclohexane{9,
flowmeters. Isopropyl alcohol (Acros Org., Fisher Sci., A.C.S.reagent)/liquid Mslush bath [19], and spectra were
99+%) was degassed either by three freeze/thaw cyclesrecorded for each catalyst under the appropriate reaction
with liquid N2 or by bubbling N through it for 1 h. The conditions. The spectrum of vapor—phase IPA, which was
IPA was pumped by a Sage Instruments syringe pump used to subtract the vapor-phase contribution from the in situ
(Model 341A) into a heated stainless steel line where it reaction spectrum, was obtained by passing 14 Torr IPA in
was vaporized. During experiments to examine the effect He over an Al mirror placed in the DRIFTS reactor cell. De-
of acetone (Aldrich Chem., 9942%) on reaction kinetics, a  tails of the DRIFTS system and its modifications have been
second syringe pump (KD Sci.) was used. All lines before presented previously [20,21].
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Table 1
Impurities in Norit SX—1 carbon (AC-ASIS)
Element Amount 2500

(Wt%)
Al 0.07
Ba <0.02
Ca Q05 2000
Co <0.02 = (A)
Cr <0.02 8
Cu <0.02 2 1500
Fe Q04 [
K <0.02 2
Mg 0.06 -
Mn <0.02 1000 B)
Na 012
Ni <0.02
P <002 500 ©)
S 013
Si 17
Ti <0.02
\ <0.02 o4 .
W < 002 10 20 30 40 50 60 70 80
Zn <0.02 26
Zr <0.02

@ By inductively coupled plasma analysis.

3. Results

3.1. Carbon supports

Fig. 1. X-ray diffraction patterns: (A) 5.01% GCAC-HTT-H, reduced
at 573K; (B) AC-HTT-H, reduced at 573K; (C) after subtraction of (B)
from (A).

groups. Additional characterization information has been
provided previously [10].
Peaks observed in the XRD pattern ét\alues of 24.1

The three different Norit carbon samples were character-and 25.2 for AC-ASIS and GF, respectively, are due to

ized by Ar BET and XRD, and their activity for vapor-phase the (002) graphitic basal plane reflection, which reflects a
isopropyl alcohol decomposition was studied to determine if decrease in the crystallinity that broadens the XRD peaks
the pure carbons had any intrinsic activity for either dehy- and shifts the (002) reflection towards lower angles [10].
drogenation or dehydration. A spectrochemical analysis of A high degree of randomness in AC-ASIS and GF is further
this Norit carbon provided the results in Table 1. Significant confirmed by a weaker, broad peak around,4Bdicative
amounts of Si, Na, and S were present, and this level of sul-Of the merging of the (100) and (101) plane into a single
fur, which can poison metal catalysts, is the reason to use the(10) plane. An example of this XRD pattern is given in
HTT, which removes sulfur from the carbon surface [22].  Fig. 1 (Spectrum B), and it did not change significantly
The total surface area (TSA) of each carbon after a after pretreatment or reduction. Fig. 1 also provides a typical
given pretreatment, determined by Ar BET measurementsSPectrum for a CLC catalyst showing the principal €u
at 77 K, is listed in Table 2. The surface area of AC-ASIS Peaks at43.2950.34, and 74.13. The first peak was used
increased by 300 fg~! after high-temperature treatment 0 calculate crystallite size. In some samples, peaks were
(HTT), while it decreased by about 20 after a nitric observed at 35.54 38.94, and 36.42which were due to
acid treatment (HN@), which is attributed to the blockage CUO and CuO, respectively.

of pores due to the creation of oxygen—containing functional

Table 2

BET surface areas of pure carbons after reduction

Chemisorption on the pure carbons was measured using
both volumetric and gravimetric techniques [11]. For all
carbons, the irreversible CO uptake was close to zero. The
amount of NO decomposed at 363 K on AC-ASIS to
give surface oxygen was 4.9 umol O'g whereas it varied

Carbon T(%D S(“r:;f‘;‘if)rea from 2.3 to 13.1 pmol Og! for AC-HTT-H,, depending on
ACASIS A v— 506 the pretreatment. No “O” adsorption on GF was measured
" T 614 at 363 K, and hydrogen adsorption was nil on all carbon
473 788 samples. The results are summarized in Table 3.
573 769
AC-HNO3 As prepared 616 3.2. Cu catalysts
AC-HTT-H» As prepared 1137
g;g Ef_’g The Cu catalysts and their Cu loadings are listed in

Table 4. A representative pair of isotherms for CO uptakes
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Table 3
H», CO, and oxygen adsorption on pure carbons 200 e
Catalyst TRep Ho uptaké CO uptak® “O” uptake® - .
K)  (molgh  (molgl  (umolg? | e
Total Irreversible 160 4
AC-HNO3 473 0.0 46 0.5 Qo .
573 0.0 118 0.5 Qo o 40 hd ©
AC-ASIS 423 - 4% 0.2 Qo0 € 120 o
473 - 526 0.6 49 2 Lo
=
573 - 491 00 49 S 1004 °
AC-HTT-H, 423 - 471 0.0 131 . o
473 0.0 554 0.0 23 ©
573 0.0 514 0.0 74 60 |
GE-IE¢ 473 - 20 0.0 Qo0
573 - 20 0.0 Qo0 40 A
@ Values extrapolated to zero pressure. 21
b Uptake at RT and 75 Torr CO.
C Irreversible “O” uptake via MO decomposition at 363 K and 75 Torr. 0

d From Ref. [4]. 0 40 80 120 160 200

pressure (torr)

on 4.96% Cu/AC-HN@ reduced at 423 K is shown in Fig. 2. CO chemi§orption on 4.96% CAC-HNO3 reduced at 423K: total

. . . . uptake @), reversible uptake®).
Fig. 2, while other isotherms are provided elsewhere [11],
and uptakes obtained from these isotherms are listed in
Table 4. Irreversible CO uptakes on Cu catalysts are typically prescribed pretreatment according to the following surface
associated only with cuprous oxide, i.e. Cusites, whereas stoichiometry [18]:
the total CO uptake minus that adsorbed on the support can
provide an approxi.mate measure of the t.otallconcentration OfZCus + NO(g) — Cus—O—Cus + N2(g). (1)
surface Cu atoms independent of the oxidation state [17,18].
Consequently, a dispersio® (= Cus/Cur, where Cy and Fig. 3 represents a typical TGA experiment, and the ad-
Cur represent surface and total Cu atoms, respectively) cansorption of O atoms based on the final weight changes
be estimated from the G@Cur ratio. obtained in the TGA apparatus are also listed in Table 4.

The amount of metallic surface copper atoms can be Based on these measurements, the “O” uptake on eat@ Cu

measured by the dissociative chemisorption gONafter a catalyst tended to increase as the reduction temperature in-

Table 4

CO and oxygen chemisorption on Cu catalysts

Catalyst TRED CO uptak@ (umolg1) COr/Cur COGjr/Cur “O” uptake® cP dc
(K) Total Irreversible (umolgh) Disp. (nm)

4.96% CyAC-HNO3 423 170.0 62.0 0.216218 0.078079 121 0.0.031032 35
473 35.4 6.1 0.045 0.0078 18.3 0.0460.048 2423
573 19.6 0.0 0.025 0.0 16.5 0.0420.043 26

4.89% CYAC-ASIS 423 54.0 0.0 0.068070 0.0 0.0 - -
473 54.6 0.0 0.069071 0.0 8.8 0.0220.023 5048
573 51.6 0.0 0.066067 0.0 16.6 0.0420.044 2625

5.01% CYAC-HTT-H» 423 79.4 5.7 0.101 0.0072 54.0 0.14 8.07.9
473 83.5 5.6 0.106 0.0071 58.9 0.15 7.37.2
573 59.1 0.0 0.075 0.0 67.3 0.17 6.46.3

0.98% CYAC-HTT-H» 473 52.5 11 0.333340 0.007 111 0.1415 7.87.5
573 53.2 0.0 0.0338345 0.0 8.9 0.1112 9.89.3

0.63% CyYGF-IE 573 0.0 0.00 0.0 0.0 dlo 0.019 58

Cu powder 573 - - - - 1% 0.00023 4800

Cu chromite 573 55.0 18.3 0.0085 0.0028 181.5 0.056057 20

@ Volumetric uptakes at 75 Torr corrected for irreversible uptake on support.
b Uptakes at 363 K and 75 TorrJ® determined gravimetrically.

C Cu crystallite size based eh= 1.1/(2 Oaq/Cur).

d Determined volumetrically.
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treatment is to add the number of@:aloms, represented by
/ twice the O uptake, and the number ofClatoms, as mea-
°

sured by the irreversible CO uptake at 300 K. These values
. are also given in Table 5, along with the average crystallite
sizes based on either XRD or chemisorption results using
the relationd (nm) = 1.15/[(C 4+ Cuft)/Cur], which rep-
resents an average of the crystallite sizes fdt &ad CyO,

to estimate crystallite size in the latter case [17,18]. The pure
carbon support XRD pattern was subtracted from that for the
Cu/C catalyst before line widths and crystallite sizes were
determined.

25

N
(=]

weight gain (.g)
>
o

—y
o
L]

3.3. Kinetics of IPA decomposition

The decomposition of IPA, including both dehydration
and dehydrogenation, was studied over these activated car-
bon samples. The relative initial activity for dehydration
: , : , : was AC-HNGQ >»> AC-ASIS > AC-HTT-H>, but only AC-

2000 4000 6000 8000 10000 12000 HNOs retained any steady-state activity. Both AC-ASIS and
time () AC-HTT-H, produced propylene initially, but this activity
Fig. 3. Oxygen adsorption via 0 decomposition at 363 K and 75 Torr ~ d€creased to zero after 1 and 6 h on stream, respectively. All
N2O on 5.01% CWAC-HTT-H, after reduction at 573 K. catalysts also had an initial activity (aftérh on stream) for
dehydrogenation, but this was rapidly lost. A significant de-
crease in the dehydration activity of AC-HN@esulted by
creased. Metallic copper dispersions calculated from the Oincreasing the pretreatment temperature from 423 to 573 K,
uptakes and the corresponding®arystallite sizes, based  and these decreases in activity were attributed to the loss of
on the relationi(nm)=1.1/D = 1.1/(2 Oa4/Cur), are also acid sites. The results for the carbon samples are given in
reported in Table 4. High dispersions were not achieved with Table 6.
any catalyst, and the variation in dispersion obtained withthe  Steady-state activities and turnover frequencies for IPA
activated carbon catalysts is attributed to the different treat- dehydrogenation were measured over a temperature range
ments given the carbon prior to impregnation. An alternate of 423-473 K for a series of Cu catalysts after various
way to estimate the overall Cu dispersion after a given pre- pretreatments, and these values at 448 K are listed in

o

o

[THL

Table 5

Average Cu crystallite size (nm) from chemisorption and XRD techniques

Catalyst TRED Based on XRD Based on adsorption Dispergion
(K) CuQ? Cu0P° Clf cw/Cur (cult + cdy/cur

4.96% CyAC-HNO3 423 - - - 35 9.8 0.1103
473 - 3.3 - 24 20 0.056
573 - - 10.2 26 25 0.043

4.89% CyAC-ASIS 423 - - 10.7 - 0.0 -
473 - 7.9 8.5 50 70 0.023
573 - - 8.5 26 25 0.044

5.01% CYAC-HTT-H» 423 8.3 - 10.6 8.0 7.5 0.147
473 - - 14.9 7.3 6.9 0.160
573 - - 13.7 6.4 6.3 0.175

0.98% CYAC-HTT-H» 473 - - 13.9 7.8 7.1 0.14854
573 - - 11.3 9.8 9.3 0.118

0.63% CyGF-IE 423 - - 10.3 - - -
573 - - 155 58 58 0.019

Cu chromite 573 - - 17.0 20 18.2 0.060

Cu powder 573 4800 ND -

@ Calculated from reflection a2= 38.94°.
b Calculated from reflection at2= 36.42°.
€ Calculated from reflection ap2= 43.29°.
d Based onCw? + Cult)/Cur).

€ Not determined.
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Table 6
Isopropyl alcohol decomposition on pure activated carbons
Activity @ Areal raté Ea° Initial selectivity (%)
Carbon Red. temp (umol IPAg s (umolm2s~1 x 10%) (kcal mot—1) Propylene Acetone
(K) Initial Steady state Initial Steady state
AC-HNO3 423 0.52 0.09 8.4 1.4 20 0.9 0.1
573 0.07 0.06 11 0.95 25 1.0 0.0
AC-ASIS 423 0.13 0.0 1.6 0.0 - 0.66 0.34
573 0.02 0.0 0.0 0.0 - 1.0 0.0
AC-HTT-H» 423 0.05 0.0 0.44 0.0 — 0.57 0.43
573 0.0 0.0 0.0 0.0 - - -

2 |nitial rates measured at 423 K aﬂérh on streampPypa = 14 Torr.
b Activation energy for IPA dehydration.

Table 7. The TOFs were calculated based on the totalis excluded because of possible contamination due to sulfur
number of Cu surface atom@ug + Cu;fl) reported in poisoning, the data in Table 7 show less than an order of
Table 5. No activity was obtained with the @yraphitized magnitude variation in TOF over a relatively small variation
fiber catalyst, and a wide range of activity existed among in crystallite size (9—17 nm), and TOF values are quite
the other catalysts; for example, after reduction at 573 K, similar for the Cu powder, the Cu chromite, and the two
activity varied over 1000-fold and a similar, but smaller, Cu/Ac-HTT-H; samples that have been cleaned of sulfur.
variation existed in TOF values. Djéga-Mariadassou et al.  The selectivity to acetone is defined as (mol acetpne)
have shown that IPA dehydrogenation over different crystal (mol acetonet mol propylene), and the only catalyst that
faces of ZnO is a structure-insensitive reaction [23], while produced any propylene was the nitric-acid-treated carbon
Sinfelt et al. have found cyclohexane dehydrogenation to be catalyst, regardless of reduction temperature. Dehydration
structure-insensitive over Cu—Ni bimetallic catalysts [24]. to propylene is attributed to a reaction on the carbon
Echevin and Teichner have shown convincingly that the surface catalyzed by acidic surface groups (carboxylic acids,
dehydrogenation of butan-2-ol is structure-insensitive on lactones, quinones, etc.). The steady-state selectivity to
Cu/Al,O3 catalysts; i.e., for 18 catalysts with a 10-fold propylene at 448 K over the acid-treated carbon decreased
variation in dispersion, a turnover frequency near 0.0037s  from 35 to 15% as the reduction temperature was increased
was measured at 451 K [25]. If the CAC-ASIS catalyst from 423 to 573 K, and this decrease in selectivity is directly

Table 7
Isopropyl alcohol dehydrogenation over Cu catalysts (reaction conditiygg= 14 Torr, T = 448 K)
Catalyst TrRep  Cu specied DispersioR? Activity TOF Eg® Selectivity (%)
(K) initially c/cun  ©cuwl/cur)  (molglsl) (s1x100) (kcalmorl) Acetone Propylene
4.96% CYAC-HNO3 423 cul, clP 0.031 0.078 0.57 0.53 19.4 (20.2) 65 35
473 c? 0.046 0.0078 0.13 0.36 19.2 (21.6) 56 44
573 c? 0.042 0.0 0.25 0.69 15.9 (17.1) 85 15
4.89% CYAC-ASIS 473 cul 0.022 0.0 0.08 0.035 28.4 100 0
573 c? 0.042 0.0 0.003 0.008% 25.7 100 0
5.01% CYAC-HTT-H, 473 cutl 0.0 0.093 2.2 4.3 21.3 100 o
473 culcl 0.149 0.0 6.0 5.2 225 100 0
573 c? 0.171 0.0 2.7 2.0 21.4 100 0
0.98% CyAC-HTT-Hy 473 c? 0.141 0.0 0.77 3.5 20.1 100 0
573 c? 0.112 0.0 0.38 2.2 20.5 100 0
0.63% CyGF-IE 573 - 0.0 0.019 nil - - - -
Cu powder 573 (o] 0.00023 0.0 0.2 6.2 20.6 100 0
Cu chromite 573 cd 0.056 0.0028 10.6 2.8 11.7 100

@ Predominant Cu surface species determined by CO chemisorption at 300 K@ndieldomposition at 363 K.
Dispersion based on 2¢g) for CW0 and irreversible CO chemisorption for Clsites.

Steady-state disappearance of IPA at 448 K and 14 Tgif7OH.

Based or(CUg + cm;rl) surface sites.

For acetone formation (values in parentheses for propylene formation).

Values measured at 448 K after 24 h on stream.

Extrapolated values. Reaction temperature was 493 K.

Pretreated in He only.

o

oOQ - 0 Q o
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Fig. 4. (A) Isopropyl alcohol dehydrogenation activity profile for 0.98% and 5.01%ACeHTT-H, after reduction at 573 K. Reaction conditions: 25 ml

min—1 total flow, 14 Torr IPA and 448 K. (B) Isopropy! alcohol dehydrogenation activity profile for 5.019ACtHTT-H, subjected to different pretreatment
conditions. Reaction conditions: 25 ml mif total flow, 14 Torr IPA, and 448 K.

related to the concentration of acidic sites on the carbon conversion never exceeded 15%, and the results are in Fig. 6.
surface remaining after pretreatment. Apparent activation energies for dehydrogenation to acetone
Activity maintenance profiles for the 0.98% and 5.01% are listed in Table 7 and range from 11 to 28 kcal ™ol
Cu/AC-HTT-H catalysts are provided in Fig. 4A, and hile the activation energy for propylene production was
Fig. 4B shows the effect of pretreatment on 5.01%&0-  apoyt 20 keal mott, which was quite similar to that with
HTT-Ho. After ~ 7 hours on stream, the steady-state activity the carbon-only sample. The higher dehydrogenation ac-

- 0 - - -
of the He-treated 5.01% GAC-HTT-H; sample was com tivation energy with 4.89% CGIAC-ASIS is attributed to

parable to that of the sample reduced at 573 K jn Fhe impurities which most likely were removed during the nitric
effect of the reduction temperature on the activity and selec- P y 9

tivity of the 4.96% CyYAC-HNO;3 catalyst is shown in Fig. 5. acid treatmer.lt (HNQ or .the high-temperatur_e treatment
The absence of mass transfer effects was verified, as thdHTT-Hz2). This reaction is mildly endothermicA(Hr =
Weisz criterion [5] routinely gave values far below 0.01 [11]. +133 kcalmol* at 298 K), and thermodynamic calcu-
The Arrhenius behavior of each Cu catalyst was mea- lations showed that, under our typical reaction conditions,
sured over an appropriate temperature range within which equilibrium conversions ranged from 34% at 423 K to 83%
differential reaction conditions could be maintained, i.e.; the at 520 K [11]. In all cases, the activation energy for a given
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0 ; ‘ . ; Fig. 7. Dependency of activity on IPA partial pressure for 0.98% Cu
0 20 40 60 80 100 AC-HTT-H», reduced at 573 K; symbols: experimental data, lines: rates
time (h) predicted by Eq. (17) and Table 9.
Fig. 5. Isopropyl alcohol activity profile for 4.96% ZAC-HNO3 reduced L .
at 423 K (o) or 573 K (#). Reaction conditions: 25 ml mirt total flow, in Figs. 7-9. Reaction orders for IPA, hydrogen, and acetone
14 Torr isopropanol, and 448 K. Acetone: solid symbols; propylene: open obtained from a power rate law using these data points are
symbols. listed in Table 8 from graphs shown elsewhere [11]. The data

indicate a dependence on IPA between zero and one-half
catalyst did not vary significantly with pretreatment temper- While those on Hand acetone are zero or slightly negative.
ature. A DRIFT spectrum with the 0.98% QW&C-HTT-H; cat-
For kinetic modeling purposes, partial pressure depen- alyst ur_lder reaction conditions of 14 Torr IPA at 448 K is
dencies during IPA dehydrogenation were determined atShownin Fig. 10. The vapor-phase spectrum of IPA has been
433, 448, 458, and 473 K with the 0.98% @AC-HTT-Ha subtracted; thus signature absorption bands from vapor-

catalyst after reduction at 573 K, and these results are shownPhase isopropyl alcohol are absent. A spectrum taken under
identical conditions using only CaRwas completely fea-

1.4
Cu chromite
' L
5% CulAC-HTT-H, ™. _ em 1.2 1 - "
e. Tem ‘l\l__l_ﬁ 473K
L e 1
= 1% Cu/AC-HTT-H, “a.. A
o X, -
o o “Se. '©0.8
g Cu powder X ‘® g
3 S !
£ ] U Y4 £06 - . P
. 5%CuACHNO; “h.g - z —— — —® 458K
o - R o
S, A x.. ©
£ 01:‘:.__ 04
-2 Ny A . A ” a A
Ea i dr —— 4 448K
.. 02 4
3] * * @ - > - —e 433K
0 , . ‘
4 . . . . . . 0 50 100 150 200
2,05 2.1 2.15 22 225 23 2.35 24 Py, (torr)
1000/T (K™)

Fig. 8. Dependency of activity on Hpartial pressure for 0.98% Gu
Fig. 6. Arrhenius plots for Cu catalysts reduced at 573 K. Reaction AC-HTT-Hp reduced at 573 K; symbols: experimental data, lines: rates
conditions: 14 Torr IPA and 448 K. predicted by Eq. (17) and Table 9.
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=
predicted by Eqg. (17) and Table 9. wavenumbers (cm)

Fig. 10. DRIFT spectrum for 0.98% @AC-HTT-H, reduced at 573 K

tureless after the vapor-phase IPA spectrum was subtractedt.‘”der reaction conditions (14 Torr IPA, 448 K). Vapor-phase IPA has been
As a result of IPA adsorbed onto Cu, bands are present atSUbtraCted from the spectrum.
2976 and 2901 cm' which are assigned to(CHz) (C—H
stretching vibrations), along with bands of varying inten-
sity at 956, 1135, 1272, and 1382 cth After subtraction

of vapor-phase IPA, the(OH) mode (O-H stretching vi-
bration) at 3663 cm! cannot be detected, which indicates
a very weak interaction between adsorbed IPA and the cat-
alyst which results in little or no shift in the IR bands. The Rl_CHOH-R — R-CO-R + Hy, 2)
peak at 1272 can be assigned t6(&H) bending mode in

molecularly adsorbed IPA based on the work of Zawadski i
et. al. [26]. The absence of a 3663 thband and the pres- group for secondary alcohols. Tertiary alcohols cannot .be
ence of a strong band at 2976 chalong with the bands dehydrogenated without rearrangement, and under typical

956. 1135. 1382. and 2901 cthindicate an adsorbed iso- conditions for dehydrogenation they usually dehydrate to

propoxide species on the surface [26—28]. Prominent bands" alkene and water [2]. This side reaction with primary

at 1710, 1369, 1220, and 1101 cihave been reported and secondary alcohols that can even predominate in some
foraceténe ads’,orbed,on arbon films [26]; consequently, cases if acidic sites are present. Methanol dehydrogenation
this spectrum provides no evidence for acetone adsorbed o
the surface, which is most likely related to the low conver-
sions of IPA in the DRIFTS cell because no vapor phase

4. Discussion

The dehydrogenation of alcohols to the corresponding
aldehyde or ketone is well established in industrial practice,
and the reaction can generally be described by the equation

where R = H for primary alcohols or an alkyl or aryl

nl'able 9

Optimized rate parameters in Eg. (17) for 0.98%/8Q-HTT-H»

acetone was detected by IR. However, a low heat of adsorp-Temperature li . K| b2, K’ x 10712 KH21 KAcel
tion, as indicated in Table 9, would also contribute to low ) (pmols™"gcar") (atm ) (atm™) (atmr ")
coverage. 433 0.73 41.2 6.27 0.103 H
448 1.63 37.4 3.41 0.062 18
458 2.92 30.5 2.12 0.047 2
Table 8 473 6.89 21.0 0.86 0.027 %
Reaction orders for isopropyl alcohol dehydrogenation over 0.98%ACu o ) )
HTT-H,2 Kinetic and thermodynamic parameters for IPA dehydrogenation
0 0 0
TrRxN Reaction order Erds AHgq ASZy s3
Isopropanol H Acotone (kcal (kcal mot1) (calmortk—1) (calmorrlk—1)
133 0 o011 o1l mol—1) Ipa H Ace Ipa H Ace Ipa H Ace
448 0.04 —0.07 —-0.10 22.9 -68 -134 -133 -8 -35 -24 6& 36 71I°
458 0.14 —0.05 —0.05 @ Taken from Ref. [78].
473 0.34 —0.04 0 b Taken from Ref. [84].

@ Reduced at 573 K. ¢ Taken from Ref. [74].
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to formaldehyde or methyl formate has been studied in somelow (0.02-0.17) and provided estimated average crystallite
detail [29-34], and Cu, Ag, Zn, In, and Fe, as well as var- sizes between 6 and 60 nm, as shown in Table 5. Crystallite
ious bimetallic systems, are active catalysts. The catalytic sizes from XRD line broadening fell between 8 and 16 nm.
dehydrogenation of ethanol to acetaldehyde represents an alWith the exception of the 5.01% CAC-HTT-H; sample
ternative to Wacker chemistry [35,36], but selectivity issues pretreated only in He and the 4.96% @&LC-HNO3 sample

are critical because of competing dehydrogenation and de-reduced at 423 K, metallic copper surface atom%,@um-
composition reaction pathways, and ethanol decarbonylationinated. It is possible that additional reduction toJGould

is favored over dehydrogenation on some supported catalystoccur under reaction conditions as Mas generated, and

systems [37-39]. this might account for the initial time-dependent activity in-
Isopropyl alcohol (IPA) dehydrogenation to acetone in- creases shown in Fig. 4.
volves a secondary alcohol, whereas bothaRd R are All carbon samples possessed some initial decomposition

methyl groups in Eq. (1). The competing dehydration re- activity that deteriorated with time on stream to zero after
action produces propylene and water, and this reaction hasl—6 h on stream, except for AC-HNQOwhich maintained
been studied over various metal oxides and zeolites [40-51].dehydration activity for over 20 h at which time it apparently
Dehydration reactions are acid-catalyzed; thus Gervasini andreached a steady-state value. The dehydration of alcohols
Auroux were able to correlate the strength of acid sites of a is known to occur through an E1 mechanism (elimination
metal oxide determined microcalometrically with the rate of via a carbocation intermediate) which is catalyzed by acidic
dehydration [42]. IPA dehydrogenation proceeds on metals, sites [62]. This carbon initially had a low dehydrogenation
and both Cu chromite and ZdnO/Al>03 are well-known activity which disappeared after 3 h on stream.
active catalysts [52-54], while Pt, Ni, and Ru have also  TPD spectra with AC-HN@carbon samples have shown
shown high activity for alcohol dehydrogenation [55-58]. that as the temperature increases, there is an increase in the
Copper is of particular interest because it possesses high seamounts of C@ and CO desorbed, with GQlesorption cor-
lectivity for the alcohol dehydrogenation reaction; however, responding to the loss of surface acidic groups [10]. Higher
catalysts with high copper content are typically required and pretreatment temperatures result in greater acidic site loss
the predominant copper catalyst for these reactions is Cuand, as shown in Table 6, an AC-HN®ample pretreated at
chromite [2], which can contain 30 to 50 wt% copper [16]. 573 K has a lower dehydration rate than a sample reduced at
Such catalysts possess high selectivity and satisfactory activ423 K. Moreno-Castilla et al. studied methanol dehydration
ity but, unfortunately, their industrial use has been curtailed to dimethyl ether over oxidized activated carbon with vary-
by recent regulations that prevent their disposal in landfills ing surface acidic character and found that carbons treated
due to fears of hexavalent Cr. Carbon-supported Cu catalystswith (NH4)2S,0s had the strongest acid groups and were
represent a potential replacement because the physical anthe most active for dehydration [63]. The work of SzyTaki
chemical properties of carbon enable it to withstand the tem- and Rychlicki also demonstrated that carboxyl groups were
peratures required for dehydrogenation reactions and makethe carbon surface functionalities responsible for the dehy-
it impervious to strong basic or acidic reaction media. In dration ofn-butanol tocis- andtrans-butene [64]. Similar
addition, the surface properties of a carbon support can besites are associated with the dehydration activity of AC-
tailored to alter the selectivity and activity of the catalyst, as HNOjs in this study.
demonstrated recently for one hydrogenation reaction [59]. The dehydrogenation activity of these licatalysts, as
The mechanism of IPA dehydrogenation on metal sur- well as the initial distribution of Cu oxidation states, was de-
faces has not been the subject of many investigationspendent upon both the catalyst pretreatment and the initial
[60,61], although Kraus and co-workers have studied the chemical state of the carbon surface, as indicated by Table 7.
mechanistic aspects of IPA dehydrogenation and have spec¥ig. 4 demonstrates that a catalyst pretreated in He for 1 h
ulated on the identification of active centers on chromia[60]. at 473 K had low initial dehydrogenation activity followed
No study of this reaction over @€ catalysts was found in by an induction period in which the generation of Ma
the literature. Consequently, this work was conducted to es-IPA dehydrogenation must reduce the precursor Cu oxides to
tablish the catalytic behavior of IPA dehydrogenation over Cu’. Cunningham et al. have shown, using high purity Cu
a family of Cu catalysts that had been thoroughly char- CuO, and CpO powders, that the activity for IPA dehydro-
acterized, and the kinetics of IPA dehydrogenation were genation is dependentupon the Cu oxidation state, an@®Cu
determined to allow the proposal of a reaction mechanism. and CuO display dehydrogenation activity only after a sig-
The characterization of a Norit carbon similar to that used nificant induction period which is dependent on the extent of
in this study by TPD, XRD, and DRIFTS has been previ- prior reduction [65]. The initial rate of dehydrogenation (af-
ously reported [10]. The modification of carbon materials ter 30 min on stream) over 5.01% CAC-HTT-H> treated
either by heat treatment or by the addition of acidic or basic in He at 473 K was 0.9 umold s~1, while the initial ac-
groups to the surface can have a significant impact on theirtivities of the samples reduced at 473 and 573 K were 3
surface properties and on the dispersion of a metal such asand 1.8 pmolg' s, respectively. CH' sites initially pre-
Cu [17]. However, in the CLC catalysts studied here, Cu dominated in the He-treated sample, whereas the sample
dispersions based on chemisorption methods were routinelyreduced at 473 K contained both cuprous and metallic Cu



R.M. Rioux, M.A. Vannice / Journal of Catalysis 216 (2003) 362—-376 373

sites and that reduced at 573 K had almost ag.(lllis possi- IPA increases with increasing temperature, which is consis-
ble that a synergism between€and Cd™* oxidation states  tent with a lower fractional surface coverage of I*Apa,
may exist during IPA dehydrogenation, which is consistent with increasing temperature, as expected from a Langmuir
with behavior reported for IPA dehydrogenation on Cu pow- isotherm. At all temperatures the reaction order jnistzero
ders [65] and also for crotonaldehyde hydrogenation on Cu or slightly negative, suggesting that competitive adsorption
[59]. Dandekar et al. have shown that the turnover frequency between IPA and blis occurring, and the Hreaction or-
(TOF) in the latter reaction, based on surface Cu atoms, isder tends toward zero with increasing temperature, which
dependent upon the ratio of Q;UCL%JF surface sites, with a indicates that Kl adsorption also decreases with increasing
value near unity found to be optimal [59]. However, if the temperature. The effect of acetone partial pressure on kinetic
above initial rate data are normalized to TOFs by the appro- behavior also indicates product inhibition via competitive
priate C§ and/or C¢* concentrations, the relative order is  adsorption which decreases with increasing temperature.
Cut +Cl 26x102s ) >Cult (1.7x102s71) > Heat of adsorption values for IPA and acetone on a clean
CW (1.4 x 1072s71); thus only a small synergistic effect, if ~ Pt(111) are relatively low (ca. 10 kcal mdi) and indicate
any, exists, and Clis presumed to constitute the principal that an alcohol and its corresponding ketone have approx-
catalytic site. The steady-state TOF values listed in Table 7 imately equal affinities for adsorption on a Pt surface [72,
for 5.01% CyAC-HTT-H; after these three pretreatments 73]. Similar low values might be expected for copper.
assume no change in dispersion, and the relative values re- Based on these observations and the application of sur-
main consistent. Fridman and Davydov have reported thatface science studies to C-supported Cu catalysts, a number
the oxidation state of Cu can affect not only the dehydro- of reaction mechanisms assuming Langmuir-Hinshelwood
genation activity but also the selectivity, and in their study of kinetics were proposed and examined [11]. IPA adsorption
cyclohexanol dehydrogenation over Cu-Mg and Cu-Zn-Al was considered to occur molecularly, and quasi-equilibrium
catalysts, they found that &t was significantly more ac-  between vapor-phase and adsorbed IPA was assumed. The
tive than CQ for cyclohexanone formation, while €was  formation of a hydrogen molecule from IPA was assumed to
active for the aromatization reaction of cyclohexanol to phe- occur in two sequential elementary steps on the catalyst sur-
nol [66]. Chong et al. have demonstrated that the oxidation face, two mechanisms were considered based on a typical
state of a UQ(111) single crystal is critical in determining  Langmuir—Hinshelwood approach, and the rate expression
the selectivity of ethanol dehydrogenation to acetaldehyde derived from each model was tested. In one case, removal of
because U suboxide sites were twice as active for ethanolthe first hydrogen is assumed to be the rate-determining step
dehydration as for dehydrogenation [67]. (rds) and the abstraction of the second hydrogen is quasi-
There is significant evidence in the surface science litera- equilibrated, whereas in the other model, the removal of the
ture that an alkoxide species is formed during the decompo-first hydrogen is quasi-equilibrated and abstraction of the
sition of various alcohols on single crystals [23,68-71] and, second hydrogen is the rds. In either case, the first hydrogen
in fact, Xu and Friend have shown that this alkoxide (iS0- atom removed is most likely the hydroxyl hydrogen because
propoxide, in this case) is a very stable intermediate and doesof the previous observations of surface isopropoxide species
not dehydrogenate further to acetone untie70 K [71]. [23,68-71]. Even though the O—H bond is probably several
Behavior on single crystals suggests that the removal of kcglmol-2 stronger than the C—H bonds in IPA [62,74], its
the a-hydrogen from a surface isopropoxide species is the cleavage prior to the C—H bond is probably due to its ori-
rate-determining step at low temperatures; unfortunately, no entation on the surface. The second hydrogen atom refers
thorough kinetic studies of alcohol dehydrogenation have o o-hydrogen, i.e., the H atom attached to the hydroxyl
been conducted on supported metal catalysts. carbon. Although this C—H bond appears to be somewhat
Dehydrogenation activity is defined by the rate of forma- \yeaker in isopropanol than the hydroxyl bond, the catalytic
tion of acetone, which is the only product observed over pathway apparently favors the rupture of the stronger band
0.98% CYAC-HTT-Hp; therefore, the overall rate of iso-  first in a rate-determining step to give a relatively stable iso-
propanol disappearancesa, is equal to the rate of acetone  propoxide intermediate [69]. Recombinative desorption of
formation, race. Blank runs with pure AC-HTT-H have H atoms and acetone desorption are assumed to be quasi-
shown that it is inert for both dehydrogenation and dehy- equilibrated.
dration; thus a two-site model in which acetone is formed  The reaction sequence for the former model is depicted in

on copper and IPA dehydrates to propylene on acidic siteSyne following equations, which represent elementary steps in
located on the carbon surface is not required. Modeling ef- \\hich « is an active site:

forts with the 4.96% CpPAC-HNO;3; catalyst would require

the use of a two-site model where dehydrogenation and de- Kipa

hydration occur on separate and distinct surface sites. (CHs3)2CHOH + * ;93 (CHs)2CHOH*, 3)
From the partial pressure dependencies on IPA,dthd ..

acetone, based on the results in Figs. 7-9, some observa(CH3)2CHOH" +

tions pertinent to the derivation of a mechanism should be K2

noted. For 0.98% CLAC-HTT-Hy, the reaction order in  (CHg3)2CHO" + *;@ﬁ(CHg)ZCO* + H*, (5)

M (CHg),CHO* + H*, (4)
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1/Ka
(CH3)2CO" < 0 (CH3)2CO + *, (6)
l/KH2
2H* SO Hy + 2*, @

If removal of the first hydrogen atom (hydroxyl hydrogen) is
assumed to be an irreversible rds, the formation of acetone,

FAce, IS

(8)
whereL is the total number of active sitefs, is the forward

rate constant of reaction (4ipa is the fractional coverage

of isopropanol, and, is the fraction of vacant sites. The
respective expressions for quasi-equilibrated adsorption of
isopropyl alcohol, hydrogen, and acetone on the Cu surface
are

FAce = Lklelpaevy

9Ipa
pa= ———> 9
pa P Ipaev ( )
0
= , 10
Ha PH2 9\? ( )
Opce
Kace= ———. 11
Ace Prcely ( )

This reaction order study has shown that &hd acetone
have a small inhibitory effect when added to the feed stream,
and this leads to the inclusion of both hydrogen and acetone

species in the site balance along with a molecularly adsorbed

isopropanol species. The presence of IPA and an isopropox
ide species in the site balance was justified by the in situ
DRIFT spectrum obtained during IPA dehydrogenation. The
coverage of the isopropoxide speciégo, is governed by
steps (5)—(7) and is represented by:

1/2 - 1/2
Oso= KAceKH/2 K2 1PAcepHé Ov. (12)
The inclusion of all four species in the site balance, i.e.,

1="0pa+ OH + Oace + Oiso + Oy, (13)
and utilization of Egs. (9)—(12) gives
1= KipaPipabv + Klﬁ/zngézev + KacePaceBy
1/2
KaceK
R PAceP|}|/29v + 6y, (14)
K> 2
which yields
O = (1 + KipaPipa+ Klﬁ/zzpﬂiéz + KacePace
1/2 1
KnceK( 1/2
Tz AcePHé ) . (15)
Substitution objpa from Eq. (9) into Eq. (8) yields
F'Ace = LlelpaPIpae\? (16)
and the final rate expression is
1/2 ,1/2
'Ace = kKlpaPIpa(1+ KlpaPIpa+ KH/2 PHé + KacePace
1/2\ -2
+K'PacePy,7) . 17
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Fig. 11. Rate constant, and equilibrium adsorption constanis;, from
Table 9 versus inverse temperature.

wherek = Lk; andK’ = KaceK ./ K2.

Eq. (17) was fitted to the experimental results using Sci-
entist, a commercially available data-fitting program which
uses a least-squares nonlinear optimization method utiliz-

ing a modified Powell algorithm to find the minimum of the

sum of squared deviations between observed and model cal-
culations [75]. To ensure that a global minimum had been
obtained, an iterative process was initiated which used a
number of different initial guesses for each value. The opti-
mized parameters for the four constants at four temperatures
are listed in Table 9, and the fits to the experimental data are
shown in Figs. 7-9. Values listed for the rate constamt
Table 9 essentially represent the rate constarfior the rds,

and itincreases with temperature. Consistent with thermody-
namic expectations, equilibrium adsorption constaky
decrease with increasing temperature and a plot &f wer-

sus ¥ T will yield values forASgdl., the standard entropy of

adsorption, anc Ha?dl., the standard enthalpy of adsorption.
These plots are shown in Fig. 11, and these thermodynamic
values for IPA, H, and acetone are also listed in Table 9.
Insight into the validity of the proposed reaction model
can be obtained by subjecting tmgd values to two strong
rules: (1) AS2, must be negative and (2)S2, must have
an absolute value smaller thaly, the standard entropy in
the vapor phase [76,77]. If rule 1 or 2 is violated, then
the values ofK have no physical meaning in the Lang-
muirian sense. A third, less stringent guideline indicates that
the minimum value ofASSd is approximately—10 entropy
units (1 e.u= calmol1K~1), which represents a loss of
approximately one degree of translational freedom [76,77].
Concurrently, the enthalpy of adsorption must be negative,
as adsorption is always exothermic and the true rate constant
must display proper Arrhenius behavior. The enthalpy of ad-
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sorption for IPA on Cu is lower than that for IPA on Pt (10.6 Cu (ca. 0.02-0.17) were obtained in all these supported
kcalmol 1) [72], and this indicates that IPA is weakly ad- catalysts. The measurement of surface Cu atom concentra-
sorbed and should be quite mobile on the surface, consistentions allowed turnover frequencies to be calculated so that
with the ASgdlpA value. The absolute entropy of IPA inthe an accurate comparison of specific activity could be made.
vapor phase at a temperature representative of experimentaCu dispersed on a high-temperature-treated (HTT) activated
conditions is 68 e.u. [78]. In the case of hydrogen adsorp- carbon had the highest turnover frequency of all thg Cu
tion, the enthalpy of adsorption indicates a stronger affinity catalysts, and it was comparable to or higher than that of
between Cu and H, compared to IPA, andegde value an industrial Cu chromite catalyst. The steady-state selec-
of —13.4 kcal molt is in agreement with integral heat of ad-  fivity o acetone was 100% for all catalysts except those
sorption values for llon Cu [79,80], but significantly lower ~ containing the nitric acid treated carbon. In the absence of
than values measured on Cu single crystals in the low cov- CU, the nitric-acid-treated carbon retained a steady-state ac-
erage regime [81-83]. ThASgd value of —35 e.u. for H, tivity for propylene forma’Flon, t')u't redup’uon at 573 rather
which is close to thes{ value of 36 e.u. [84], suggests that than 423 K decreased this activity. This dehydration reac-
the catalytically active H atoms are immobile on the cu 10N was associated with the presence of oxygen-containing
surface. The absolute entropy for acetone is similar to that 2¢idic groups on the C surface. The apparent activation en-
for IPA, and the adsorption parameters for acetone imply ergy for acetone formation was typically near 20 kcal ol

stronger bonding on the Cu surface than with IPA, and the for all the CyC catalysts and the Cu powder, but it was

1 -
A Hazgvalue is near that found for acetone on Pt(111),i.e.,12 near 12 kcal mot™ for t.he Cu chromltg cgtalyst. A DRIFT
kcal mol-2 [73]. The inhibitive effect of acetone is low due spectrum under reaction conditions indicated the presence

to the high partial pressures of isopropanol and low conver- of an isopropoxide species and molecularly adsorbed IPA on

sions, so acetone partial pressures are low. This explanatior{he surfzce. A Larg][ntuhlr—lglntsr;]elévood metchanlsmt,hwhlcth
is consistent with the in situ DRIFTS spectrum under reac- assumed removai ot Ine first nydrogen atom as the rate-

tion conditions because a carbonyl stretch band near 1710det(irm|n|ngdstep an mporporate%adsort?ed .IF;A,trr]\ydr.:)ggnl,
cm~1 for acetone was not observed. Similar fits are obtained 2¢€10N€. and a Surtace 1ISopropoxide Species into e site bal-

if the surface isopropoxide species is omitted from the site ?hnecgtztéherlgsnsgzdif V\;ﬁlé'rnglyrsl:rsithe.ggrﬁ;eéﬁf '2 q
balance depicted by Eq. (13), and the only significant effect that the c):(gnta'r:ed uhl s?call mea);fn f' Ig:lll esl for the g’]—
on the thermodynamic parameters is a decrease in g y ' physicatly ingiutvai

and A Syq values for acetone such that they become similar thalpies and entropies of adsorption.

to those for IPA [11]. Also, if removal of the second H atom

is assumed to be the rds (model 2), a negative dependence o cknowledgment

—1/2 or greater exists for #] which is inconsistent with the

results in Table 8; thus this model was discarded [11]. This study was financially supported by the NSF via
Because of its selectivity benefits, Cu is the metal Grant CTS-9903559.

of choice in such dehydrogenation reactions even though

it has a lower specific activity than noble metals. The

reasons for this are not well established, and this aspect

of selectivity vs activity in these reactions would seem
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