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Co/H-ZSM5 catalysts with Co/Al ratios of 0.69.22 were prepared by aqueous exchange. Turnover rates
for propane conversion to propene and -Cg aromatics on these catalysts are about 10-fold higher than

on H-ZSM5. The selectivities to propene, aromatics, apdrd also higher on Co/H-ZSM5 than on H-ZSM5.

The rate of B exchange with OH groups increases with increasing Co/Al ratio, suggesting that Co cations
catalyze D dissociative chemisorption steps that limit the rate of isotopic exchange. Co cations also catalyze
hydrogen recombinative desorption steps, which limit the rate of propane dehydrogenation and aromatization
reactions. The density of residual zeolitic hydroxyls was measured,byOBl isotopic exchange and by
changes in the intensity of OH infrared bands as a function of Co contgnfOH and infrared measurements
showed that C8 cations replace 1:41.3 zeolitic protons, suggesting the predominant presence 8f-Co
O—Cc?" dimers, with some Co monomers, each bridging two next-nearest neighbor Al sites. The location
and structure of exchanged Co cations were probed using X-ray absorption spectroscopy (XAS) and
temperature-programmed reduction (TPR). Noddnsumption was detected up to 1273 K during TPR in

any of the Co/H-ZSM5 samples, consistent with the absence of, €g6tallites, which reduce at800 K.

In situ near-edge X-ray absorption studies confirmed that Co species remain as divalent cations during exposure
to H, or GsHg at 773 K. Near-edge and fine structure analysis detectéd €dions with similar structure in

all Co/H-ZSM5 samples (Co/Ak 0.22), and Co coordination changes from octahedral to tetrahedral upon
sample dehydration at 773 K in He. Radial structure functions showed weak contributions from the first and
second shells around Co. This reflects the nonuniform nature of the distance and orientatiomimeéxt-

nearest neighbor sites in ZSM5.

Introduction to contain catalytic sites for alkane activation reactions. Recently,

H-7SM5 i h d with Z G . | we have shown that these materials also catalyze cross-
- zeolites exchanged with Zn or Ga cations catalyze p, qqqenation reactions of alkaathiophene mixtures with the

propane dehydrocyclodimerization via bifunctional pathways selective formation of b5 using adsorbed hydrogen formed in

involving Brgnsted acid sites and exchanged catlofi€ations lkane G-H bond activation step$:4 Co/H-ZSM5 materials
increase propane conversion turnover rates and aromatics an@a\/e been previously prepared viai aquebtand solid-state
H, formation rates by catalyzing the recombinative desorption exchange method§.The resulting species have been character-
of Ha, which occurs slowly on H-ZSM5&? Hydrogen desorption ized by temperature-programmed reduction (TERX-ray
steps are not quasi-equilibrated during alkane reactions on i tion (XRD), UV-visible1517 electron paramagnetic
cation-exchanged H-ZSM5. Catalytic sites provided by cations | ,¢,nance (EPF&)’,,X-ray photoélectron (XPSPI5and X-ray

refliel\lie the dkiﬂe;[jic bottlleggck Fha:llimits tht(_a rate and selectivity absorption (XAS) spectroscopi&sn these studies, the reported

ot alkane dehy rqcyco imerization reactions. . _ results were often limited to qualitative spectral information;
Here, we describe the structure and the catalyt_lc properties 550, the complementary information provided by these tech-

of Co-exchanged H-ZSM5 materials; these materials have nOtniques was difficult to combine into a complete structural

been previously reported as alkane dehydrocyclodimerization pictyre, because samples were prepared from different precursors
catalysts. In this study, the density and structure of Co speciesyng zeolitic materials in each study.

and of Brgnsted acid sites was measured by combining | | | | and chemi
temperature-programmed reduction (TPRx—DH isotopic Here, we apply several complementary structural and chemi-
cal characterization methods to establish the structure and

exchange, infrared measurements, and X-ray absorption spec- . ; . L
troscopy (XAS); their catalytic properties for propane dehy- density of exchanged cations and of residual acidic OH groups

A ) . in Co/H-ZSM5. The rate of reduction of €ocations was used
drocyclodimerization reactions were examined and comparedt0 detect CoQ clusters and CoO or GO bulk crystallites
with the behavior of H-ZSM5 and Zn/H-ZSM5. w CUST 4 Y '
Co/H-ZSM5 | h b died for th lecti Infrared and isotopic exchange methods were used to measure
d O/t fNOcatg yStﬁ( "2/;12 _le_ﬁn Stﬁ led for t el selective ye gensity of residual hydroxyls as the Co content was varied.
reduction of NO using alkanes. < Thus, these materials appear \garedge (XANES) and extended fine structure (EXAFS)
X-ray absorption methods were used to determine the local
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neighbor Al atoms in Co/H-ZSM5 (Co/A¥ 0.09-0.22). These 4-1 using an unfocused Si (111) double crystal upward-reflecting
bridging Co cations catalyze dissociative adsorption pahd monochromator with parallel geometry. The intensities of the
the recombinative desorption of hydrogen adatoms and they leadincident photon beam, the post-sample transmitted beam, and
to an increase in the rate of propane dehydrocyclodimerization the transmitted beam after a reference Co foil were recorded

reactions. using three M-purged ionization chambers. The energy was
calibrated by concurrently measuring the sample spectrum and
Experimental Section that for a Co foil (absorption edge energy of 7709 eV). X-ray

. absorption spectra were measured using an in-situ capillary cell
Catalyst Synthesis.Co/H-ZSM5 samples were prepared by .4 o portable gas manifold;X-ray absorption data were

aqueous exchange of H-ZSM5 (prepared from Na-ZSM5; ghay7ed using WIinXAS (version 1.2.A linear fit to the
Ze°9hem' SiAl= 14.5) W't_h Co(NQ). (CO(NQ")Z'GHZO_’ preedge region was subtracted from the entire spectrum, and
Aldrich, 9.9%? aqueous solutions at 353 K. The synthesis and e, the spectrum was normalized using a fifth-order polynomial
characterization details of the_ H-ZSM5 sample are reported ¢ 14 the postedge (EXAFS) region. The energy scale for
elsewheré:!® The Co content in the exchanged samples was oy ersion tok (wave vector) space was calibrated by defining
controlle_d by varying the exchang(_a time of H-ZSMS25 g the first inflection point available in all the spectra, or the first
each) with a 0.05 M Co(N§), solution between 2 and 16 h, i qection point beyond the preedge peak (if present), as the
except for the sample with the highest cobalt loading (Ce#Al absorption edge. After conversion fospace, the EXAFS
0.22), which was prepared by exchanging H-ZSMS with a 0.5\ aighted byk! was Fourier transformed between 2.5 and 15
M Co(NGs)2 aqueous solution for 24 h at 353 K. After exchange, g -1 using a Hanning’s window function. Due to the weak
the samples were filtered, washed with deionized water (2 L), gxaps signals from Co in these samples, only one-shell fits

dried in ambient air overnight at 393 K, and treated in flowing , K-edge EXAFS were carried out for fresh and dehydrated

dry air at 773 K (1'67 crhs ) for 20 h. Th_e Co contents were samples. The single shell of oxygen neighbors was generated
measured by atomic absorption (Galbraith Laboratories, Inc.); \\iih FEFE 6.0.

they ranged from 0.46 to 1.1wt % Co, corresponding to CO/Al " pronane Reaction Rate and Selectivity on Co/H-ZSMS5.
atomic ratios of _0':291(5)'22' The higher Co contents reported 1 1416 and the selectivity of propane reactions were measured
in previous studies= were not achieved here,_even thO_UQh in a recirculating batch reactor at 773*Rhe recirculation rate
the Co(NQ), concentration of the exchange solution was higher ¢ (e reactant flow was greater than 23smt in order to ensure

in our synthesis procedures than in the previous studies. low propane conversions per passl@b). Samples0.08 g)
Characterization Methods. Reduction rate measurements \yere treated in flowing air (1.67 chs %) for 1 h at 773 K
were carried out using a 19.1%Mr (Matheson, certified  pefore propane reactions at 773 K and 110 kPa using a 20%
standard) stream by measuring thg dénsumption rate using  c,Hg/He (Praxair, certified mixture) recirculating reactant
amodified Quantasorb apparatus (Quantachrome) equipped withxtyre. Reactant and product concentrations were measured
a thermal conductivity detector. The system response wasag a function of contact time by injecting 0.2 Esyringe gas
calibrated by reducing CuO (Fisher), CoO (Aldrich), andQp samples into a gas chromatograph (Hewlett-Packard 5890)
(Aldrich). The reducing gas mixture was metered using an equipped with a capillary column (Hewlett-Packard, HP-1
electronic mass flow controller (Porter Instruments; 1.33 cm methyl-silicone column, 50 m, 0.32-mm diameter, 105 film
s *). Temperature-programmed reduction (TPR) measurementshickness) and a flame ionization detector. Batch reactor data
were carried out using 0.25 g of Co/H-ZSMS by increasing the are shown as turnovers (moles of propane converted per g-atom
sample temperature from ambient to 1273 K at a rate of 0.167 a)) or site-yields (moles of propane appearing as a given product
K's™%. Reduction rates are reported as the molgeéhsumption  per g-atom Al in samples) as a function of contact time. The

rates per g-atom Co. slope of these plots gives the propane turnover rate or product
The density of zeolite OH groups remaining after ion sjte—time yield. Product selectivities are reported on a carbon
exchange was obtained from the amount of HD an@Vblved basis, as the percentage of the converted propane appearing as
during exchange of Ppwith OH groups, and also from the 3 given product. W selectivity is calculated from a hydrogen
intensity of the infrared OH band in CoAZSMS5 samples. b- balance, as the percentage of the H atoms in the converted

OH exchange experiments were carried out by raising the propane that do not appear within the observed hydrocarbon
temperature of Co/H-ZSM5 or H-ZSM5 samples (0.2 g) to 773 products.

K (973 K for H-ZSM5) at 0.167 K st in a flowing 5% Dy/Ar . .
mixture (Matheson, certified standard, 1.67 Scisr?) and Results and Discussion
measuring the concentrations of HD angliikithe effluent using Reduction of Co/H-ZSM5 in H,. The reduction of Co/H-
mass spectrometry (Leybold-Inficon, Transpector Model). This ZSM5 in H, was used to probe the reducibility of the Co species.
technique measures the total number of OH groups. WhenH, consumption rates during reduction of CoO ang@gand
silanol groups or extraframework Al are minority species, this of Co/H-ZSM5 samples with Co/Al ratios of 0.69.22 are
method gives the density of acidic hydroxyls associated with shown in Figure 1. CoO and @04 powders reduced to Co
framework Al. Infrared spectra were obtained using a Fourier metal below 800 K and the amount of,Honsumed cor-
transform infrared spectrometer (Mattson, Research Series), anesponded to bCo ratios of 0.93 and 1.31, respectively; these
in situ Praying-Mantis diffuse reflectance attachment (Harrick values are very similar to those expected from stoichiometric
Scientific, DRP-XXX), and a flow cell (Harrick Scientific,  complete reduction of CoO (1.0) and £ (1.33) to Co metal.
HVC-DR2) equipped with NaCl windows. Infrared spectra are In contrast, the amount of +tonsumed during heating of Co/
reported in pseudo-absorbance units, calculated from theH-ZSM5 samples to 1273 K corresponded tgEb ratios less
reflected intensity using the Kubelka-Munk functitfrwith KBr than 0.01. Thus, Co species in these Co/H-ZSM5 samples
as the reference. Spectra were collected in the-4@D0 cnr?! remained essentially unreduced even at 1273 K for Co/Al ratios
frequency range with a resolution of 4 chn of 0.09-0.22. These data show that Cofusters or crystallites
X-ray absorption studies were performed at the Stanford are not present and that all €ocations reside as dispersed
Synchrotron Research Laboratory (SSRL) on beamlines 2-3 andspecies, presumably at cation exchange sites.
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Figure 4. Comparison of the measured and calculated values of the

Figure 1. H, consumption rates during temperature-programmed HD evolution rate [Co/Al= 0.12, 5% D/Ar, 1.67 cnt s, 0.167 K

reduction of CoO, CgD,4, and Co/H-ZSM5 (Co/Ak= 0.09 and 0.22)
[19.1% H/Ar, 1.33 cn? s7%, 0.167 K s%]. The numbers next to the
plot indicate the measured amount of ¢bnsumed normalized to Co

content, expressed as/Bo ratios.

Figure 2. HD and H formation rates during isotopic®OH exchange
experiments on H-ZSM5 and Co/H-ZSM5 (Co/#Al0.12) [5% D/Ar,
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Figure 3. Density of residual hydroxyls as a function of Co/Al ratio
from D,—OH exchange experiments [5%/Br, 1.67 cnf s7%, 0.167

K s™.

Exchanged C& cations do not reduce injdtven at 1273
K, as also observed for exchanged®Zim Zn/H-ZSM57 The
small but detectable Ftonsumption peaks at 702 and 1055 K
for the sample with the highest Co loading (CofAI0.22; Hy/
Co < 0.01; Figure 1) may reflect the incipient formation of
CoQ clusters at high Co contents; these external Cd@sters
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Figure 5. Infrared spectra of the OH stretching region for H-ZSM5
and Co/H-ZSM5 (Co/Ak 0.09-0.22).

observed at 733 K for the reduction of £, suggesting the
incipient formation of bulk CgD4. The H consumption peak
at 1055 K corresponds to traces of Co species that are less
reducible than bulk cobalt oxides, possibly small Ga@sters
interacting strongly with the external surface of ZSM5 crystals
or Co silicates formed by interactions with silanol groups. The
reduction process detected above 1000 K can also reflect
changes in the coordination of exchangedCas the zeolite
structure collapses, leading to the formation of reducible LCoO
crystallites. We conclude from these reduction measurements
that more than 99% of the €b cations in all of the Co/H-
ZSM5 samples of this study exist in an environment that
prevents their reduction. Such an environment is provided by
cation exchange sites, which stabilize?Cagainst reduction,
either by forming strong CoeO—Al bonds or by eliminating
the possibility of the concerted agglomeration of@equired
to nucleate stable Co metal clusters.

Previous temperature-programmed studies of Co/H-ZSM5
(Co/Al = 0.10-0.15) prepared by aqueous exchatfgghowed
a H, consumption peak at1000 K, which was assigned to the
reduction of C8" ions at cation exchange sites. No quantitative
measure of the amount oklonsumed as a function of the Co
content was reported. A similar,Honsumption peak at 1055
K was observed in this study; we have assigned this peak to

appear to be responsible for the difficulties encountered in the reduction of CoQspecies. This peak cannot arise from the
previous studies in establishing an accurate Co exchangereduction of exchanged Co cations, because the amount of H
stoichiometry® The reduction peak at 702 K resembles that consumed would account for the reduction of less than 1% of
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SCHEME 1: Steps of D-OH Exchange 100 @
D2 + +— Dmobile +D* 0.95 4
S:; 0.90
_— o 8
Dyobite ¥ OH —= Hy,gpy +OD 5 3 0851
28
iz 0.80 +
H, e + DY «——= HD +* 15 Slope = 1.1
E E 0.75 4
the Co in these samples. The Co/H-ZSM5 samples in the 0.70 4 ]
previous study'® may have included significant amounts of . ‘ . .
CoQ clusters on external zeolite surfaces. These differences 0.00 0.05 0.10 015 0.20 0.25
may reflect the high silanol concentration in the H-ZSM5 sample CofAl Atomic Ratio

used in this study; as evidgnced by the reported infrared Figure 6. Density of residual hydroxyls obtained from infrared spectra
spectrum. These external silanol groups may allow strong for Co/H-ZSM5 with varying Co/Al ratio.

interactions with hydrated Co species during aqueous exchange
apd qud to the formation of CqQlusters after treatment in  \\ith Co/Al ratio (57-63 kJ mot?), suggesting that the rate
air at high temperatures. depends on the intrinsic kinetics of ;Ddissociation on a
Density of Residual OH Groups after Exchange: Isotopic  distribution of C8* cation structures, which do not depend on
D,—OH Exchange.HD and H were formed as H atoms in  the Co/Al ratio. The lower activation energy on Co/H-ZSM5
the hydroxyl groups are replaced with D atoms when Co/H- samples compared to theHZSMS5 indicates that the addition
ZSM5 samples are exposed te & temperatures above 450 K of Co to H-ZSMS5 substantially decreases the activation energy
(Figure 2). HD was the predominant exchange product, but somefor the D, dissociation step, a necessary and rate-controlling
Hz was formed by secondary exchange of formed HD with the step in the D—OH exchange reaction. As a result, Co species
remaining OH groups. The presence offCepecies increased  must also catalyze the microscopic reverse of theiBsociation
the rate of D—OH isotopic exchange and decreased the step, the recombinative desorption of hydrogens, a step that
temperature of the HD evolution peak from 761 K on H-ZSM5  |imits propane reactions on cation-exchanged H-ZSM5. Similar
to 617 K on Co/H-ZSM5 (Co/Al= 0.12). On H-ZSM5, the  effects of Zn cations on £-OH exchange rates and activation
(OH)/Al ratio was 0.97, suggesting the substantial absence of energies were observed on Zn/H-ZSM5 catalysts.
extraframework AlQ species, a finding confirmed BYyAl NMR Density of Residual Hydroxyls from Infrared Measure-
measurement$. Also, infrared measurements indicated that ments.Infrared spectra of Co/H-ZSM5 samples were measured
there are few silanol groups on the external surface of the in order to detect changes in the density of acidic hydroxyls
H-ZSM5 sample? therefore, the predominant OH groups after Co exchange. Three types of hydroxyl groups were
present in the H-ZSM5 sample and detected by the @H detected by infrared in H-ZSM5: acidic hydroxyls associated
exchange process are acidic hydroxyls associated with frame-with framework Al (Si-OH—Al), extraframework AIQ—H
work Al cations. As a result, p-OH isotopic titrations  species, and silanol (SOH) groups on external ZSMS5 surfaces,
accurately measure the number of exchange sites that retain aith OH stretching bands at 3610, 3675, and 3745 %m
proton after exchange with €bcations. The number of residual respectively?324 Figure 5 shows the OH stretching infrared
OH groups, (OHpsiaulAl ratio, is shown as a function of the  region for Co/H-ZSM5 (Co/Al= 0.09-0.22) and H-ZSM5
atomic Co/Al ratio in Figure 3. The (OiaudAl ratio samples. H-ZSM5 contains predominantly acidic OH groups
decreased linearly with increasing Co/Al ratio; the slope of this with very few AIO,—H or Si—OH groups; this is consistent
linear response is-1.3, suggesting that Co cations may exist with the OH/AI ratios near unity obtained from ,DOH
as a mixture of several structures that replace between zero angxchange measurements. The intensity of the OH band at 3610
two protons per Co atom. The linear dependence indicates thatcm-1 in Co/H-ZSM5 (Co/Al= 0—0.22), calibrated using the
the exchange stoichiometry, and therefore the relative abundanceramework vibration bands at 56600 cnt! as an internal
of various exchanged cation structures, remains unchanged astandard, was normalized to the corresponding intensity in the
the Co/Al ratio was varied (0.690.22). unexchanged H-ZSM5 sample; this ratio was used to estimate
D,—OH exchange requires the dissociation of tO form the fraction of the acidic OH groups that remain after exchange,
surface mobile D species, which then exchange with OH groups [OH]esiquafAl. This ratio decreased linearly with increasing Co/
(Scheme 1). The exchange step of the mobile D species withAl ratio with a slope of~1.1 (OH)emovedper Co (Figure 6).
the surface hydroxyls is quasi-equilibrated. Therefore, the Thus, it appears that Co exchange can replace either zero, one,
measured HD evolution rates are given by the product of the or two H™ and that the exchange stoichiometry is essentially
D, dissociation rate and the probability that mobile D species unaffected by the Co/Al ratio for values between 0.09 and 0.22.
find an unexchanged OH group among all surface hydroxyls (  These conclusions are consistent with the-DH exchange
= [OH]remainind[OHJinitiar); this leads to first-order kinetics in  data shown in Figure 3. The intensities of the minority I®
OH surface density (Figure 4), as previously shown for Zn/H- bands for AIQ—H and Si-OH species were not significantly
ZSM5 samples.As a result, the measured HD evolution rates affected by Co exchange, indicating that?€Ccations do not
reflect the rates of P dissociation. The kinetic parameters interact with such species during exchange. It was reported
corresponding to this first-order evolution peak were calculated previously® that the removal of acid sites, detected by infrared
by a regression fit of the measured rates in the range of .05 measurements of OH bands, was complete only for Co/Al ratios
X < 0.95; the activation energies were 80 kJ mand 59 kJ greater than one, leading these authors to conclude that exchange
mol~! on H-ZSM5 and Co/H-ZSM5 (Co/A&= 0.12), respec- occurred with the replacement of on€ With each Cé". No
tively. A representative regression fit is shown in Figure 4. The evidence, however, was reported that all the Co atoms actually
activation energy on Co/H-ZSM5 samples did not change resided at cation exchange sites. The presence of ClaSters
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. Figure 8. Near-edge spectra of fresh (hydrated) Co/H-ZSM5 samples
Figure 7. Near-edge spectra of Co metal, CoO30g and Co(NQ)-* (Co/Al = 0.09-0.22). The near-edge spectrum of Co@#@BH,0
6H0 standards at ambient conditions. standard is also shown for comparison.

TABLE 1: Co K-Edge Energy Position for Co/H-ZSM5 06
Samples with Respect to That for Co Metal Foil (7.7090 Co-Co Co foil
keV)a 0.4 o foi
compound edge positiohE (eV) 0-2]
Co foil 0 Co-C
CoO 11.9 0.10 o0 o-Lo CoO
C0304 12.9 0.06
Co(NOy)+6H,0 13.5 0.02
Co/H-ZSM5 (Co/Al= 0.09) 13.1
Co/H-ZSM5 (Co/Al=0.12) 13.2 0.002
Co/H-ZSM5 (Co/Al= 0.17) 13.1
Co/H-ZSM5 (Co/Al=0.22) 13.2 0.001

2The edge position is defined as the first inflection point.

or bulk crystallites can lead to apparent Co content requirements 5 0004 Co(NO,),*6H;0
larger than the stoichiometric amount needed for the complete 0.002
titration of exchange sites.

Co-0

Fourier Transform Magnitude

Near-Edge and Extended Fine Structure X-ray Absorp- 0.004 ColH-ZSM5
tion Spectra (XAS). Figure 7 shows the near-edge X-ray {ColAI=0.09)
absorption spectra (XANES) for Co metal, CoO,30g and 0.002
Co(NGs),+6H,0 standard materials at ambient conditions;@o 0000 e 10 20 30 40 50 60 70 80
shows a pre-edge peak, corresponding to 1s to 3d transitions Radial Distance (A)

that are forbidden in the centrosymmetric octahedral structuresFigure 9. Radial structure functions of Co species in Co metal, CoO
present in Co and Co& Distortion of this octahedral symmetry  co,0, and Co(NQ)»6H,0 standards. ' ’
allows this transition to occur in G@4, which has 2/3 of its

Co atoms in octahedral sites and the rest in tetrahedral?8ites.

reference Co compounds in Table 1. The absorption edge in

As a result, a pre-edge feature is clearly detected igOz0 0.004 ColAl=0.22

(Figure 7). The position of the absorption edge, defined as the 0.002

first inflection point in the absorption edge for each sample ;

reflects the Co oxidation staté The absorption edge shifts to 0.000

lower energy as C0 is reduced to Co metdb. Co K-edge 0.004 ColAl=0.17
0.002

Co/H-ZSM5 samples is-13 eV higher than for Co foil and it ] 0.000

is similar to that in Co(N@,-6H,O, consistent with the 0.004 ColAI=0.12

predominant presence of &o cations in all Co/H-ZSM5 0.002

samples. 0.000

energies are reported for all the Co/H-ZSM5 and for the
The near-edge spectra of all fresh (air-exposed) Co/H-ZSM5

Fourier Transform Magnitude

samples (Co/Al= 0.09-0.22) are very similar (Figure 8), 0.004 ColAI=0.09
suggesting that Co species reside at similar locations in all 0.002
samples. The near-edge spectra of all air-exposed Co/H-ZSM5 0.000

060 10 20 30 40 50 60 7.0 80

samples resemble that of the Co(l£6H,0 standard (Figure
Radial Distance (A)

8), suggesting that hydrated €ocations acquire octahedral
coordination by adsorbing water molecules. CoO or@0 Figure 10. Radial structure functions of fresh (hydrated) Co/H-ZSM5
standards show intense features corresponding to multiplesamples (Co/A 0.09-0.22) at ambient conditions.

coordination shells in the radial structure function (Figure 9).

In contrast, the radial structure function for Co/H-ZSM5 samples longer-range coordination shells. Thus,2Ccations appear to
shows few structural features beyond the first oxygen coordina- reside at cation exchange sites as dispersed species and the
tion shell (Figure 10), suggesting the substantial absence oflocation of the framework Al and Si atoms in more distant
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TABLE 2: Co K-Edge Energy Position with Respect to That
for Co Metal Foil (7709 eV) for Co/H-ZSM5 (Co/Al = 0.22)

after Treatments at 773 K in He, Hy, or C3Hg?
i Treated in CHy at 773K conditions edge energyE (eV)
ambient 13.2
m He, 773K 13.0
Hy, 773 K 13.1
i CaHs, 773K 13.0
Mm aThe edge position is defined as the first inflection point available

in all spectra.

5x10°3

coordination is unchanged by propane reactions or by H
treatment. Treatments in Hep}br GHg at 773 K also did not
lead to a detectable shift in the absorption edge energy (Table
2), indicating that Co remained as divalent cations, in agreement

Hydrated

Fourier Transform Magnitude

1 1 1
0 5 4 s 8 with the TPR results, which showed thatmpecies in Co/

Radial Distance / Angstrom H-ZSM5 do not reduce in Heven at 1273 K.
Figure 11. Radial structure functions of Co species in Co/H-zsSM5 _ The radial structure functions of the Co species in Co/H-

(ColAl = 0.22) in varying conditions: fresh(hydrated), in He at 773 ZSM5 (Co/Al = 0.22) after treatment at 773 K in HeHor
K, in Hz at 773 K, and in @Hg at 773 K. C3sHg show weak features (Figure 11), suggesting that Co species

reside in a non-uniform environment. €ospecies assume a
range of structures apparently as the result of the varying

Troated af 773 K in C.H distances between framework oxygen atoms in theAdInext-
reateca 5 11 nearest neighbor pairs required to coordinaté&'Gmtions. This
v range of possible structures is consistent with the proposed
) bridging structures of the Co monomers and dimers (Scheme
Treated at 773 Kin H, . . . . . .
v 2), which require interactions with AIAl next-nearest neighbor

sites and their associated framework oxygens. These oxygen
atoms can assume a wide range of geometries, depending on
the location of the At-Al pairs within the zeolite channel. This
leads to static disorder around Tocations and to diffuse

, scattering features in the radial structure functions. Similar radial

Treated at 773 K in He ¢

Normalized Absorbance

hydrated

7.7 7.8 structure functions were previously reported on Co/H-ZSM5

X-ray Energy | keV samples prepared by CoQiolid-state exchandé,for which
Figure 12. Near-edge spectra for Co/H-ZSMS5 (Co/&l0.22): fresh- only chlorine neighbors in the first Co coordination shell were
(hydrated) (a), in He at 773 K(b), in#at 773 K(c), and in GHs at observed. These authors concluded that a wide range-60Co

773 K(d). bond distances led to static distortion and prevented the detection
of O nearest neighbors in the radial structure function.
coordination spheres is highly nonuniform. As a result, neigh-  One-shell fits to Co K-edge EXAFS from the fresh and
bors beyond the bonded oxygen atoms do not contribute dehydrated Co/H-ZSM5 samples were carried out using a single
significantly to the radial structure function of Co/H-ZSM5 shell of oxygen neighbors generated with FEFF. EXAFS fits
samples. The radial structure functions of fresh (air-exposed) indicate octahedrally coordinated Co, with single-@distance
Co/H-ZSM5 samples resemble that of Co(®$26H,0, with a of 2.086-2.096 A, in all fresh samples (Co/A¥ 0.09-0.22)
broad Ce-O shell at~1.7 A, indicating that C& cations reside (Table 3). Following dehydration at 773 K in He, Co in Co/
in an octahedral structure with the €0 first coordination shell H-ZSM5 (Co/Al= 0.09) has tetrahedral coordination by oxygen
satisfied by framework O-atoms and by oxygen atoms in at single Ce-O distance of 1.989 A (Table 3). This is in
adsorbed KO (Figure 9). The radial structure functions in Co/ agreement with our earlier finding based on analysis of the Co
H-ZSM5 samples with varying Co content are similar, indicating K-edge near-edge features that Co coordination in Co/H-ZSM5
that they contain Co species with similar structure (Figure 10). samples changes from octahedral to tetrahedral upon dehydra-
After dehydration in He at 773 K, the first coordination shell tion.
in the radial structure function of Co/H-ZSM5 (Co/Al 0.22) Propane Dehydrocyclodimerization on Co/H-ZSM5, H-
became weaker, suggesting that the removal of water changeZSM5, and Zn/H-ZSM5. Reaction rates and product selectivi-
the local environment around €o(Figure 11). Concurrently,  ties (at~11% propane conversion) on Co/H-ZSM5 are com-
a weak preedge feature appeared in the near-edge spectrurpared to those on H-ZSM5 and Zn/H-ZSM5 (with similar M/AI
(Figure 12), indicating that the local symmetry of Co coordina- ratio) in Table 4. The exchange of protons in H-ZSM5 with
tion changes from octahedral in hydrated samples to a lessCo?" cations significantly increased initial propane conversion
symmetric structure as coordinated water molecules are re-turnover rates (per Al), from 9.& 10~*s 1 on H-ZSM5 to 2.6
moved. The resulting distortion from the centrosymmetric x 103s 1 on Co-ZSM5 (Co/Al= 0.12) and to 4.2« 10 3s1
octahedral structure allows s 3d transitions to occur (Figure  on Co-ZSM5 (Co/Al = 0.22). Initial propane conversion
12). This reversible effect of adsorbed water also provides turnover rates reflect the rates of propane cracking and propane
indirect evidence for the dispersed nature of Cgpecies, which dehydrogenation, both of which increased with increasing Co
allows most of the C& centers to be accessible at surfaces content (Table 4). Also, aromatics site-time yields (per Al)
and to interact with water. increased from 0.4% 104ston H-ZSM5t0 2.9x 10 4s™!
Treatments in KW or C3Hg up to 773 K did not change the  on Co/H-ZSM5 (Co/Al= 0.12). The selectivity to dehydroge-
near-edge spectrum (Figure 12), suggesting that the local Conated products (propene ang-{Cg aromatics) increased, and
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SCHEME 2: Formation of Exchanged Hydrated C&*™ Cations

OH
T# H2o \CL/ OHZ
o
o
.2 o —> HOoY | YO L hos2w
Co(H,0), + N o 2
si Al 7N\
Si Al
oH + OH,
. H,0 OH,
H,O m, |/0Hz 'l'l \ /oz\/
cé HO0 -
HO? | >OH, 0 -—> ’ O—ai
7N\ Si Al Si A
Si Al
OH OH ’ H.0 OH, oH, 0{ THZ H.O
Hzo\c|62) on HZO\ | /OHZ : \ 62/ +2c°/ ?
Cé - T
HZO/ | \OH2 * HZO/ | \OHz H,0 T > 0/ l H,0
o o o o
7N\ / N\ 7N 7/ \
Si Al si Al Si Al Si Al
TABLE 3: One-Shell Fits to Co K-Edge EXAFS from Fresh 100
and Dehydrated Co/H-ZSM5 Samples (Co/AE= 0.09-0.22)
Using a Single Shell of Oxygen Neighbors Generated with
FEFF2 S 80 4
sample coord. no. distance/&2A2 E, shift/eV = Propene
=60
fresh, Co/Al= 0.09 6.0 2.079 0.004 -15 %
fresh, Co/Al=0.12 6.4 2090 0.011 -10 <
fresh, Co/AlI=0.17 5.9 2.076 0.008 -15 ‘;’ 40 |
fresh, Co/Al=0.22 6.5 2096 0.011 -12 2
dehydrated, Co/A+ 0.09 4.3 1.991 0.011 0.5 S 2
aCo—0 coordination number decreases from about 6 to 4 upon
sample dehydration, indicating a Co coordination change from octa- C,-C, Aromatics
hedral to tetrahedrab? is the Debye-Waller factor. 0 5 T o 15 20 25 0

TABLE 4: Propane Turnover Rates and Product
Distribution on H-ZSM5, 1.1% Co/H-ZSM5, and 1.3%
Zn/H-ZSM5 [773 K, 21.5 kPa GHg, Balance He]

H-ZSM5 Co/H-ZSM5 Zn/H-ZSM5

M (wt %) 0.0 Co(1.1) Zn (1.3)

M/AI 0.00 0.22 0.20

initial propane turnover rate 0.96 4.2 6.8
(per Al, 103s7Y)

initial cracking rate 0.60 0.85 1.6
(per Al, 103s7Y)

initial propene formation rate0.36 3.0 4.5
(per Al, 103s7Y)

propane conversion (%) 114 11.2 11.2

aromatics formation rate 0.041 0.56 2.0
(per Al, 103s7)

carbon selectivity (%)
methane 18.4 7.2 7.2
ethene 315 17.0 14.7
ethane 6.7 5.6 34
propene 24.7 41.6 33.8
Cs—Cg aromatics 4.4 18.8 374

hydrogen selectivity (%) 9.1 235 31.3

the selectivity to the hydrogen-rich lighter products (methane

Propane Conversion (%)

Figure 13. Product selectivities as a function of propane conversion
on Co/H-ZSM5 [Co/Al= 0.17, 773 K, 21.5 kPa £Els, balance He].

reflect the ability of C8" sites to desorb H atoms formed in
C—H bond activation steps as,Has shown previously for Zn
cations!6-8

The effects of contact time on conversion and selectivity are
similar on Co/H-ZSM5 samples with a wide range of Co/Al
ratios; these trends are shown in Figure 13 for the sample with
a Co/Al of 0.17. The selectivities t0,€C, and propene prod-
ucts show a non-zero intercept suggesting that these products
can form via primary cracking reactions of propane. Ethane and
Cs—Cg aromatics are secondary products; they show very low
initial selectivities, which increase with increasing contact time.
The observed decrease in the selectivity to propene with
increasing contact time (Figure 13) is caused by its secondary
conversion to aromatics. Aromatics form predominately via acid-
catalyzed, cation-assisted secondary reactions involving oligo-
merization, dehydrogenation, and cracking of alkenes, as
previously shown on Zn- and Ga-exchanged H-ZSM5 catahfsés.

Initial propane conversion turnover rates and aromatics site-

and ethane) decreased, with increasing Co content. These effectime yields increased with increasing Co content (Figure 14),
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8 SCHEME 3: Consecutive Steps in Propane
Dehydrogenation Reactions
6 ?romatjcs kl C.H kz .1
Rate (x10) Colly =, GHe 5, > 766t

with the D,—OH exchange results which showed the rates of
Propane D,—OH isotopic exchange are faster on Zn/H-ZSM5 than on
Conversion Co/H-ZSM5 and the temperature of the HD evolution peak is
Rate lower on Zn/H-ZSM5 (584 K, Zn/Ak= 0.10) than on Co/H-
ZSM5 (617 K, Co/Al= 0.12). This indicates that Zn cations
0 are more effective in recombining surface hydrogens formed
000 005 010 015 020 025 in C—H bond activation steps, leading to the more effective
Co/Al Ratio relief of kinetic bottlenecks and to higher propane turnover rates.
Figure 14. Initial propane turnover rate and aromatics site-time yield AS mentioned earlier, the primary product of propane dehydro-
(at 10% propane conversion) as a function of Co/Al ratio [773 K, 21.5 genation is propene, which undergoes secondary reactions to
kPa GHg, balance He]. form aromatics, thus the reaction pathways can be considered
as simple two-step consecutive reactions (Scheme 3), kwith
andk; as the rate constants of each step. In the first step, each
propane needs to lose only two hydrogens to form propene; in
80 A 2 contrast, two propene molecules will have to each lose three
hydrogens to form benzene, a representative aromatic product.
As a resultkz is more sensitive thaky to the hydrogen removal
capability of the cations. Since Co is not as effective as Zn in
removing hydrogens; reflects these effects more sensitively
thankg; therefore, higher propene and lower aromatics selectivi-
ties are obtained on Co than on Zn when compared at similar

20 - propane conversion~(11%).
/mcs Structure and Density of Co Cations and Brensted Acid

Propane Turnover Rate and Aromatics
Formation Rate (per Al, 10'3, s'l)
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0 . . , . 0 Sites. Infrared and —OH exchange measurements (Figures
000 005 010 015 020 025 3 and 6) show that each Co atom replaces aboutIl3 protons
Co/Al Atomic Ratio during exchange. This stoichiometry suggests that sonfé Co
Figure 15. Product selectivities at 10% conversion as a function of cations replace two protons while others replace either one
Co/Al ratio [773 K, 21.5 kPa ¢Hg, balance He]. proton or none. A RmovedCo value of two and charge neutrality

requirements for C4 cations would require a bridging mono-

indicating that the rate-limiting step for propane dehydrogenation mer interacting with two Al sites (Scheme 2). Such species may
is catalyzed by Co cations. The effects of Co on the product form via condensation of the initially exchanged (GOH)-
selectivity are shown in Figure 15 at the same propane (H;O),™ with OH (Scheme 2b). Isolated (CdDH)" species,
conversion £10%). G—C, selectivity decreased ands€Cg unable to condense, would not lead to the net removal of H
aromatics selectivity increased with increasing Co content, atoms during exchange. (E@—Co)" bridging dimers formed
indicating that the addition of Co favors the formation of via condensation of two (CeOH)™ and interacting with two
dehydrogenated products. Propene selectivities initially increasednext-nearest neighbor Al sites would lead to the removal of only
with increasing Co content, but then reached a constant value,one H per exchanged €b (Scheme 2c). The observed
apparently as the result of the ability of Co cations to increase OHiemovedCO ratio of 1.2-1.3 (from D,—OH and infrared
also the rates of propene conversion to aromatigsetectivities measurements) would suggest that it is likely that Co cations
increased with increasing Co content (Figure 15), suggesting can exist as bridging (CeO—Co)* dimers, C8™ monomers,
that C@" cations increase the rate of recombinative desorption and isolated (CeOH)*. Reduction kinetic measurements
of hydrogen to form K The rate-determining nature of showed that less than 1% of the Co atoms in these Co/H-ZSM5
hydrogen removal steps and the role of Zn cations as recom-samples can be reduced at temperatures below 1273 K,
binative desorption sites were first proposed by Mole €t al. indicating the essential absence of Gafisters or crystallites.
The similar role of Ga and Zn cations, as sites for the The unreducible nature of Co species suggests that they exist
recombinative desorption ofiwas later confirmed by kinetic ~ predominantly as Go monomers and (CeO—Co}" dimers.
and isotopic tracer studi€$. The higher propane conversion (Co—OH)™ are expected to be more reducible than bridging
and aromatics formation rates and the higher selectivities to Co monomers or dimers, by analogy with the properties for
dehydrogenated products and te dbserved as the Co content  similar (Zn—OH)™ species detected in Zn-exchanged Na-ZSM5
increases suggest a similar role of%€aations in propane  sampleg?®
reaction pathways. Both the bridging C&" monomers and (CeO—Co¥* dimers

Initial propane dehydrogenation turnover rates (per Al) (total shown in Scheme 2 require the presence of next-nearest neighbor
propane turnover rate minus cracking rate) on Zn/H-ZSM5 (Zn/ (NNN) Al—Al pairs within a certain distance. As a result, the
Al = 0.20; 5.2x 102 s71) are higher than on Co/H-ZSM5  maximum extent of Co exchange depends on the concentration
(Co/Al = 0.22; 3.3 x 1072 s71) (Table 4). Also, a higher  of such Al pairs. A previous study of the Al location in ZSM5
selectivity to propene and a lower selectivity to-«Cg aromatics 29 showed that a large fraction of Al atoms have Al next-nearest
are observed on Co/H-ZSM5 than on Zn/H-ZSM5. These results neighbors, residing within 4:26.5 A of each other for Si/Al
suggest that At cations are more effective than €acations ratios of 11 to 19. A more recent stué§which excludes NNN
at catalyzing H recombinative desorption. This is consistent pairs on opposite sides of a channel wall, concludes tifal M
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Al ratios of ~0.15 are possible for the Si/Al ratio of 14.5in K in any of the Co/H-ZSM5 samples, consistent with the
our samples, if we assume thataations exist exclusively ~ absence of CoQcrystallites, which reduce below 1000 K. In
as bridging monomers that span a distance of up to 5.5 A situ near-edge X-ray absorption (XAS) studies indicate that Co
between framework oxygen atoms. The presence of-@6 species exist at cation exchange sites with tetrahedral coordina-
Co)*" dimers would increase the number of NNN-24l pairs tion after dehydration and that they remain as divalent cations
because of the larger distance between Al pairs in theseduring exposure to por to GHg at 773 K. Near-edge and fine
structures, consistent with the presence of isolated™Co structure analysis of XAS data showed the presence of well-
monomers and dimers in samples with Co/Al ratios as high as dispersed C& cations in all Co/H-ZSM5 samples (Co/At
0.22. 0.22), indicating the formation of similar exchanged species at
Three types of exchanged €oions located at different  all Co contents. The radial structure functions showed weak
cationic sites in Co/H-ZSM5 were suggested on the basis of a contributions from the coordination shells (beyond the initial
study using diffuse reflectance spectroscépynd the pre- Co—0 shell) around Co cations, a finding that we attribute to
dominant Co species reside at distorted six-member rings atthe nonuniform distributions of distances and orientations in
the intersection of straight and sinusoidal channels. However, Al —Al next-nearest neighbors in ZSM5 structures.
only monomeric Co species were considered in this study, while
our results cast significant doubts about the significant abun- ~ Acknowledgment. This work was supported by the National
dance of such monomers. Our deuterium titration measurementsScience Foundation (CTS-96-13632). X-ray absorption data
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