
. . 17th North American Catalysis Meeting
. June 3-8, 2001, Toronto, Canada

The Rate-Limiting Step for Alkane Dehydrogenation in Zeolite H-ZSM-5
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Introduction: We have carried out a computational study of protolytic cracking,
dehydrogenation, and H/D exchange of ethane, propane, and butane using a cluster
model of H-ZSM-5. Our previous work has demonstrated that quantum-chemical
techniques can give quantitatively accurate activation energies for alkane cracking in
zeolites [1]. Experimental kinetic studies have shown that the apparent activation
energies for cracking and H/D exchange decrease with n-alkane chain length, while
for dehydrogenation the energies increase [2,3]. Our goal is to study the dependence
of the activation energy on the alkane chain length in these reactions and to
understand why the dehydrogenation reaction behaves so differently.

Theoretical Methods: We optimized the geometries of each structure using the
HF/6-31 G(d) method and the B3LYP/6-31 G(d) level of density fi.mctional theory.
Our transition state structures have only one imaginary vibrational frequency,
corresponding to the reaction coordinate. Our cluster model for the zeolite
framework, denoted 5T, has five tetrahedral atoms and is terminated by H atoms at
its periphery. To determine the activation barriers, we calculated corrections for (i)
scaled zero-point energies and thermal corrections for the experimental reaction
temperature of 773 K; (ii) an extended basis set, calculated at the B3LYP/6-
31 l+G(3df,2p) level; and (iii) the long-range electrostatic effects of the zeolite
framework. The electrostatic correction was determined by performing a partial
optimization of each transition state in a much larger zeolite cluster model
constructed from the experimental geometry of H-ZSM-5.

Results and Discussion: A schematic potential energy surface for protolytic
dehydrogenation of propane is shown in Fig. 1. Starting from an adsorbed complex
(ZOH”””C3H8),the acidic proton attacks a terminal C-H bond. Via an ionic transition
state (ZO-””OC3H9+)this forms H2 and a surface-bound propoxy species (ZOC3H7). In
order to close the catalytic cycle, a proton is abstracted from the propoxy species by a
nearby framework oxygen atom. This proceeds through another transition state (ZO-
“O”H+”.”C3H6)to form a new Bronsted acid site with an adsorbed propene molecule
(ZOH0..C3H6). The final step is propene resorption. Previous experimental and
computational studies suggest that the rate-limiting step for protolytic cracking of n-
alkanes by acidic zeolites is the initial protonation of the adsorbed alkane molecule.
Narbeshuber et al. [2] concurred but provided evidence from kinetic isotope effect
studies that the initial protonation is not the rate-limiting step for dehydrogenation of
alkanes. Instead, they suggested that the resorption of the product alkene is rate-
limiting, and that this might explain the observed increase of activation energy with
alkane chain length.
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Fig. 1. Schematic potential energy surface for dehydrogenation of propane. Energies
in parentheses include zero-point corrections.

However, this proposed explanation does not agree with available
thermochemical data for the relative stability of n-alkanes (i.e., C3H8)with respect to
their corresponding dehydrogenation products (C3H6+ Hz). If the desorption of the
product alkene were rate-limiting, the apparent barrier for dehydrogenation would
simply be the enthalpy difference between the alkane and its corresponding alkene +
H2. To explain the observed increase of activation energy with alkane chain length,
this enthalpy difference would be expected to increase as chain length increases.
However, experimental thermochemical data indicate that this enthaIpy difference is
very nearly constant, having a value of about 30 kcal/mol for propane, This fact is
very difficult to reconcile with the apparent barriers of 23 and 16 kcal/mol measured
by Narbeshuber et al. for propane dehydrogenation in H-ZSM-5 and H-Y zeolites,
respectively [2].

Our preliminary results indicate that the apparent barriers for both cracking and
dehydrogenation reactions decrease as the alkane chain length increases, and that the
initial protonation step in both reactions is rate-limiting. Possible reasons for this
discrepancy between computational and experimental results will be discussed.
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The recommended lead shielding thicknesses (Ipe et al., 1993) of the hutch walls depending on

how the beam is derived ( Insertion Device or Bending Magnet) and the beam characteristics

(White beam or Monochromatic beam) is summarized below.

Table 2. Recommended Lead Shielding Thickness (White Beam Hutches)

Insertion Device Beamline Bending Magnet Beamline

Back Wall 50 mm (+ 50 mm at center) 12 mm (+12 mm at center)

Lateral Walls 19 mm 8 mm RECEIVED

Roof 12 mm 6mm me og20(UJ
(Monochromatic Hutches) CNT.I
Back Wall 12.5 mm 7 mm

Front & Lateral Walls 10 mm 6 mm

Roof 6 mm 4 mm

The lead shielding is snugly sandwiched between 3 mm of steel sheet on the outside and 2 mm

on the inside.

I
Pre-Commissioning Surveys:

The pre-commissioning surveys are thoroughly done before an x-ray beam at a pre-selected

I
current (about 20 mA) is stored in the storage ring. The visual check list includes, the verification

of the front-end installation, the locations of stops and collimators inside the statio~ the doors,

labyrinths, and seams ( See Figures 3 and 4). In additio~ the labyrinths are checked for

I
appropriate tags and seals. As appropriate, the Ozone monitor, air blowing system etc., are also

checked for proper operation. The appropriate radiation scatterers (Tungsten block for

bremsstrahlung and cooled Aluminum piece for white beam) are installed and aligned in the

beam path. For monobeams, air becomes the scattering medium. The general radiation

background around the entire area is established. A sufficiently large area surrounding the

2



enclosure scheduled to receive the first x-ray beam is roped off as an exclusion area. The

enclosed area is appropriately posted with visible signs. The health physics technicians obtain

briefing prior to beam delivery. The number of people that could participate in the

commissioning activities is restricted to a minimum. One can appreciate the importance of these

pre-surveys and checks if one realizes that a highly collimated APS x-ray that strikes the first

optical element as a concentrated beam could have a totai power of 1 to 10 kW. At peak, this

can be 300 watts per square millimeter, a power density that is greater than that of electron beam

welders used to melt metal.

Commissioning Activilj Surveys:

The actual commissioning activity of a hutch is a joint exercise comprising the technical

personnel of several groups, such as the Collaborative Access Team (CAT) members who are the

ultimate users of the beamline, the APS personnel, and the Health Physics personnel. The

primary instruments used for the radiations survey are: (1) a GM Survey Meter such as a

Pancake Probe which has a photon sensitivity as low as 6.0 keV and its ability to access into

small crevices between the doors and seams. (2) A Pressurized Ion Chamber such as a Victoreen

450P for detecting and measuring photons above 25 keV with operating range extending down

into 0.01 vGy levels (p.R levels) of exposure. The Health Physics technicians are advised to

have an immediate access to a Neutron Rem meter such as a Hankin’s Sphere or Anderson-Braun

(BF-3 probe) as necessary.

The Main Control Room (MCR) of APS is requested to provide a low current beam

(<20 mA). With the x-ray beam delivered into the enclosure, radiation surveys are conducted.

This radiation surveys are essentially meant to check the integrity of the experiment enclosure

and identi~ any leakage through the seams, doors, specific interfaces, the labyrinths and the
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entry and exit ports. Although, the approved commissioning procedure ( Veluri et al, 2000)

mandates the stoppage of survey work if the leakage radiation exposure measurement is >50

vGy per hour( 5mR per hour) the technicians are advised to record exposure levels as low as the

instruments could detect. In addition, if 2.5 yGy per hour (0.25 mR per hour) exposure in

accessible areas such as the sides of the walls, near doors, etc., and 25 @y per hour (2.5 rnR per

hour) exposure at inaccessible areas such as roofs are agreed as acceptable minima for

operations. The Al% management is committed to certi~ing the hutches as permissible to

receive x-ray beams for experiments only if the radiation levels are less than the acceptable

limits measured with the state-of-the art- instrumentation available for the health physics

technicians. As suck the technicians initially comb for leakage radiation with the GM Pancake

probe and record any readings above the usual background (60 cpm) level. At higher count rates,

the exposure rate is measured using the an Ion Chamber mentioned elsewhere, and recorded.

The leakage areas are marked on the hutch drawings and if possible at the exact locations on the

hutch itself. A Tungsten block (2 cm thick) is appropriately placed within the beam path to

scatter the beam. This is to facilitate for bremsstrahlung scatter and the subsequent leakage.

Again, the seams, labyrinths, doors and the interface of the doors with the walls are surveyed and

the radiation exposure levels are appropriately documented. Next, a cooled Aluminum piece

(5 mm thick) is appropriately placed within the beam path as a scatterer for white beams.

Measurements are repeated at above. The leakage areas are mitigated with the addition of lead

and the hutch is re-verified for the entry of the fill beam at a later date. In the course of

commissioning and certifying over 120 hutches, the leakage radiation exposure levels up to the

following levels have been observed.
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For some of the First Optics Enclosures (FOES) levels ranging from 5 wGy per hour at the

enclosure wall/experiment hall floor interface (marked as D in Fig. 3) wall to up to 200 pGy per

hour at the exit ports ( marked as E in Fig. 3) were measured with the storage ring current at 20

mA. For hutches scheduled to receive white/mono beams, the exposure levels ranged from

5 pGy per hour at some locations marked as D in Fig. 4 and up to 35 @y per hour at some

locations marked as C in Fig.4. All these levels have been mitigated to near background levels

by installing additional lead at the appropriate locations, before the hutches were certified to

receive the fill beams.

Once the hutch is certified to receive the x-ray beam as intended, the hutch is placed on a routine

survey mode by the Health Physics Group and it receives routine check annually as per the

approved procedure (Veluri et al, 1999).

Conclusion:

Evidently, one can see that at each step of the commissioning process of an experiment enclosure

to receive fill x-ray beam, how ALARA principles were invoked and implemented. To wit, the

pre-commissioning check list, the choice of the lowest beam current in the storage ring, the

levels of leakage radiation observed and mitigated to near background amply indicate the

commitment of the Advanced Photon Source (APS) management to the implementation of

wARA to the finest extent achievable.
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