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Alkane dehydrogenation occurs at extrinsic carbonaceous deposits ...

reactants solely reflect protolytic reactions at Bronsted acid sites, C.H, C,H,
while rates measured without co-fed H, and at later reaction times E,pc~160
reflect additional contributions from an extrinsic dehydrogenation Kimo
function derived from reactants and products. This extrinsic [

function consists of unsaturated organic residues that catalyze ~‘flo;l:?0 C,H,+ CH,
dehydrogenation turnovers by accepting H-atoms from alkanes and E oo ~200
recombining them as H,. Such hydrogen transfer routes are KJmof!
inhibited by alkenes and H, products and proceed with activation

barriers much lower than for protolytic dehydrogenation at H* CsHg+ H, CsHg* H,

sites, causing them to become more prevalent at lower temper- - and prevails at lower temperatures, H* contents, and product pressures

atures and for zeolites with lower H* densities. The number,

composition, and reactivity of these extrinsic carbonaceous active sites depend on the local concentrations of reactants and products,
which vary with alkane and H, pressure, bed residence time, and axial mixing. These extrinsic catalytic moieties form within H,-
deficient regions of catalyst beds but can be removed by thermal treatments in H,, which fully restore zeolite catalysts to their initial
state. Carbonaceous deposits do not catalyze alkane cracking reactions; thus, cracking rate constants serve as a reporter of the state of
proton sites, and their invariance with product pressure, residence time, and axial mixing confirms that protons remain unoccupied
and undisturbed as extrinsic organic residues change in number, composition, and reactivity. The rates of the reverse reaction
(alkene hydrogenation) under H,-rich conditions inhibit the formation and the reactivity of these organic residues, and taken
together with formalisms based on nonequilibrium thermodynamics, they confirm that alkane dehydrogenation occurs solely via
protolytic routes only at the earliest stages of reaction in the presence of added H,. These findings provide a coherent retrospective
view of the root causes of the literature discord about alkane dehydrogenation turnover rates and activation barriers on acidic
zeolites, variously attributed to extraframework Al or radical active sites and to turnovers limited by alkene desorption instead of
protolytic steps. Importantly, these findings also prescribe experimental protocols that isolate the kinetic contributions of protolytic
dehydrogenation routes, thus ensuring their replication, while suggesting strategies to deposit or remove extrinsic organocatalytic
functions that mediate hydrogen transfer reactions.
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1. INTRODUCTION

Zeolites and microporous solid acids are ubiquitous in the
catalytic conversion of light alkanes to alkenes via dehydrogen-
ation and cracking reactions' and in the subsequent conversion
of alkenes to larger hydrocarbons via oligomerization,™’
alkylation,4 and aromatization® reactions. Bronsted acid sites
are present in aluminosilicate zeolites in their proton forms as
hydroxyl groups that bridge framework Si and Al atoms, where
the proton balances the negative charge created by substituting
Al for Si. These protons react with C—C or C—H bonds in
alkanes to form penta-coordinated (C—C—H)"* or (C—-H-H)"*
carbonium-ion-like transition states in monomolecular (i.e.,
protolytic) cracking and dehydrogenation pathways, respec-
tively.” Protolytic alkane reactions tend to prevail at high
temperatures (>623 K) and low conversions (<2%) because
alkenes initiate more facile bimolecular cracking routes that are
mediated by carbenium-ion transition states”* and thus prevail
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at higher conversions (i.e., product alkene pressures) and lower
temperatures. The kinetic signatures of protolytic alkane
activation are evident in measured barriers for first-order
cracking and dehydrogenation rate constants that differ by the
ensemble-averaged proton affinity among the different C—C
and C—H bonds in gaseous alkane reactants, according to
Born—Haber thermochemical cycle analyses;”~"" in the case of
propane, measured activation barriers are 25—40 kJ mol™'
higher for dehydrogenation (185—200 kJ mol™') than for
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cracking (160 kJ mol™").” Protolytic alkane dehydrogenation
routes also prevail on zeolites that do not contain other active
site functions, such as metals'>™"7 and cations'®'" that are
purposely introduced or present as adventitious impurities.””>"
When such functions are also present, the carbonium-ion-like
transition states that form at proton sites cause them to behave
as a less competent function for activating C—H bonds in
alkane dehydrogenation reactions.

Previous studies of propane reactions on H-form zeolites at
conditions that tend to favor protolytic pathways (675—875 K,
2—10 kPa C3H8)9’22_26 have reported activation barriers that
vary widely for dehydrogenation (65—202 kJ mol™'; Table SI,
SI) but that are quite similar in all studies for cracking (147—
165 kJ mol™; Table S1, SI), suggesting that dehydrogenation
at non-protonic sites may also occur at certain conditions or on
a subset of these nominally similar catalysts. Narbeshuber et al.
measured an H/D kinetic isotope effect (KIE) of 1.7 (at 773
K) for n-butane cracking (the ratio of rates for n-C,H,, and n-
C,D,, reactants) on H-MFI (Si/Al = 35) that would be
consistent with kinetically relevant proton insertion into alkane
C—C bonds, but a measured KIE value of only 1.1 for n-butane
dehydrogenation.”” Such low KIE values for nC, dehydrogen-
ation, together with the measured activation barriers for C;-Cg
n-alkane dehydrogenation that increased systematically with
carbon chain length (95—160 kJ mol™"), suggested that steps
other than proton insertion into alkane C—H bonds were
relevant for dehydrogenation events.”> These observations
were interpreted in terms of alkene desorption from bound
alkoxides as the sole kinetically relevant dehydrogenation
step,”” as also invoked by van Bokhoven and co-workers to
rationalize propane dehydrogenation barriers of 123—178 kJ
mol ™' measured on H-form zeolites with different framework
topologies (*BEA, MOR, MFI, FAU; 675—875 K).”>** The
kinetic relevance of alkene desorption, however, requires
relevant coverages of alkoxides and thus rate inhibition by
alkene products, which were not reported in these studies. At
first glance, such a proposal would appear consistent with the
observations by Janda and Bell that n-butane dehydrogenation
rates (773 K) on H-MFI (Si/Al = 12) were lower when
butenes were added to the reactant stream;** yet, product
inhibition of acid sites should have also inhibited cracking rates
and caused dehydrogenation rates to become less than first-
order in alkane pressure, in contradiction with their reported
first-order dependence of rates on alkane pressure. These
proposals were shown to be incorrect by Li and co-workers;
their infrared spectra collected in operando during n-butane
reactions on H-MFI (Si/Al = 29) at 618—710 K did not detect
any changes in the intensity or frequency of the acidic OH
stretches (~3600 cm™"') with changes in bed residence time,
which led to concomitant changes in dehydrogenation rates,
presumably as a result of changes in the prevalent product
concentrations.”® These observations indicate that products
must inhibit dehydrogenation reactions at another active
function that is distinct from protons and that non-protonic
functions lead to measured activation energies (90 kJ mol™")
and entropies (—190 J mol™" K™') for propane dehydrogen-
ation”® that differ significantly from those expected for
protolytic pathways from Born—Haber thermochemical cycle
analyses (200 kJ mol™ and —60 J mol™' K™, respectively).”

The identity of non-protonic alkane dehydrogenation active
sites on zeolites has been the subject of broad speculation,
leading to proposals that extraframework Al species can act as
Lewis acid centers that mediate such reactions” and that

homolytic O—H cleavage at high temperatures (~1073 K) in
inert environments forms radical species at lattice O atoms that
mediate such reactions,” all without compelling theoretical or
experimental evidence. These alternate active site proposals
were invoked in studies that reported activation barriers for
propane dehydrogenation that varied widely (84—187 kJ
mol™") and were much lower than expected for protolytic
pathways (200 kJ mol™"). These studies collectively suggest
that non-protonic active sites contribute to dehydrogenation
events, but the identity and genesis of such active sites remain
unclear. Non-protolytic alkane dehydrogenation pathways are
typically attributed to active functions derived from structures
inherent to aluminosilicate zeolites and not from structures
derived from reactants as extrinsic components that reside
within (but are not an intrinsic part of) zeolite voids.

This study reports evidence that propane dehydrogenation
rates (718—778 K) during initial contact with reactants on H-
form zeolites pretreated in H, and measured in differential
reactors (i.e., with alkene and H, products co-fed) solely reflect
protolytic alkane activation at Breonsted acid sites. In sharp
contrast, steady-state propane dehydrogenation rates measured
in the absence of co-fed products are inhibited by propene and
H, and occur via pathways with measured barriers that are
significantly lower (by 100—150 kJ mol™') than those for
protolytic dehydrogenation (~200 kJ mol™'); propane
cracking rates measured simultaneously and arising only from
protolytic pathways at H' sites are not inhibited by products.
Propane reactants and/or their propene products form
unsaturated organic residues within zeolite voids when H,
pressures are low, and such residues can transfer hydrogen
atoms with propane to form propene and then can desorb H,
to restore their unsaturation, thus behaving as catalytic sites for
alkane dehydrogenation. The kinetic behavior of reaction-
derived carbonaceous deposits extrinsic to zeolite surfaces
provides a unifying explanation for the origin of non-protolytic
alkane dehydrogenation observed on acidic zeolites among
discordant literature reports over the past few decades. This
work also establishes experimental protocols to avoid
corruptions caused by carbonaceous deposits in studies of
the intrinsic catalytic properties of acidic zeolites.

2. EXPERIMENTAL METHODS

2.1. Synthesis and Treatments of Zeolites. MFI
(CBV3024E, CBV8014, CBV28014) and MOR (CBV21A)
zeolites were obtained from Zeolyst International in NH,-form
and converted to their H-form via treatment in flowing dry air
(1.67 cm® s7" (g solid) ™!, UHP, 99.999%, Indiana Oxygen) to
773 K (0.0167 K s7*) for 4 h. CHA zeolites were synthesized
according to the procedures reported by Di Iorio and
Gounder’' from a solution with a molar composition of 1
$i0,/0.067 Al(OH),/0.5 TMAdaOH/44 H,O, where TMA-
daOH refers to N,N,N-trimethyl-1-adamantylammonium
hydroxide (1 M TMAdaOH solution; 25 wt%, Sachem).
This solution was subjected to a crystallization procedure at
433 K (under rotation at 30 rpm) for 144 h. The solids formed
were washed with deionized water and acetone (>99.5 wt %,
Sigma-Aldrich) in alternate washes (30 cm® (g solid)™" per
wash) until the pH of the supernatant solution was constant
(~7.5). The washed solids were then separated by
centrifugation, treated in ambient air at 373 K for 24 h and
then in flowing dry air (1.67 cm® s™' (g solid)™', UHP,
99.999%, Indiana Oxygen) to 853 K (0.0167 K s™"), and held

for 10 h to remove the organic species occluded during
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hydrothermal synthesis protocols. CHA samples were
subsequently converted to their NH,-form by aqueous-phase
ion exchange (100 cm® (g solid)™") in a 1 M NH,NO; solution
(8.0 wt% in deionized H,0; 99.9 wt%, Sigma-Aldrich) for 24 h
under ambient conditions and then washed 4 times in
deionized water (30 cm® (g solid) ™" per wash) and recovered
via centrifugation. NH,-CHA was converted to H-CHA via the
same method as used for converting NH,-form MFI and MOR
zeolites to their H-form. Samples are denoted XXX—Y, where
XXX is the three-letter framework code and Y is the solid Si/Al
ratio.

2.2. Structural and Textural Properties of Zeolite
Samples. Crystal structures were confirmed by powder X-ray
diffractograms (XRD) collected using a Rigaku Smartlab X-ray
diffractometer equipped with a Cu Ka radiation source
operating at 1.76 kW. In typical experiments, the samples
(0.01 g) were loaded into a zero-background low-dead-volume
sample holder (Rigaku) and diffractograms were collected over
a 4—40° 20 range with a step size of 0.01° and a scan rate of
0.0167° s~

Micropore volumes of MFI and MOR zeolites were
determined from N, uptakes (77 K; Micromeritics ASAP
2020 surface area and porosity analyzer). H-MFI and H-MOR
samples (0.03—0.05 g, pelleted and sieved to 180—250 ym)
were evacuated by heating to 393 K (0.167 K s™") in a dynamic
vacuum (6.7 mbar) for 2 h and then heating to 623 K (0.167 K
s7') and holding for 9 h. Volumetric uptakes of N, at relative
pressures of 0.05—0.35 P/P, were linearly extrapolated to zero
relative pressure to estimate the micropore volumes (cm®
(STP) g™'). Micropore volumes of H-CHA zeolites were
determined from Ar adsorption isotherms (87 K) measured
using procedures similar to those used for N, adsorption
isotherms and were similar to those estimated from the semi-
logarithmic derivative plot of the adsorption isotherm given by
0(V,45)/0(In(P/P,)) vs In(P/P,). All reported micropore
volumes were similar (within 10%) between these two
methods.

The Al content in MFI, MOR, and CHA zeolites was
measured by atomic absorption spectroscopy (AAS) using a
PerkinElmer model AAnalyst 300 atomic absorption spec-
trometer, and the Si/Al ratio for each sample was calculated
from the unit cell formula. The samples were prepared for
analysis by adding a 2g HF (48 wt%, Alfa Aesar) to ~0.02 g of
sample and allowing the sample to dissolve for 3 days at
ambient temperature. The HF acid solution was then diluted
with SO g of deionized water. [Caution: when working with HF
acid, use appropriate personal protective equipment, ventilation,
and other safety precautions] Absorbances were measured using
a wavelength of 309.3 nm in a reducing acetylene/nitrous
oxide flame. Elemental compositions were calculated from
calibration curves generated from standard solutions.

The number of acidic protons was determined from the
amount of NH; evolved during the thermal treatment of
samples in their NH,-form (NH; TPD) using a Micromeritics
AutoChem II 2920 Chemisorption analyzer and an Agilent
5973N mass-selective detection system to identify gaseous
products evolved from zeolite samples. NH,-form zeolites
(0.02—0.05 g) were loaded into a U-shaped quartz reactor,
supported with quartz wool, and placed in a clam-shell furnace.
Calibration and deconvolution methods were performed
according to previous reports.32

2.3. Catalytic Rate and Selectivity Measurements.
Zeolites in their H-form (0.005—0.20 g, sieved to 180—250
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um) were placed within a quartz tube (7 mm LD.) and
supported between quartz wool plugs. The reactor temperature
was controlled using a resistively heated three-zone furnace
(Applied Test Systems Series 3210) and Watlow controllers
(EZ-Zone series). Temperatures were measured with a Type K
thermocouple placed at the external surface of the quartz
reactor tube at the midpoint of the catalyst bed. The samples
were treated in a flowing stream of O, (S5 kPa) in He (UHP,
99.999%, Indiana Oxygen) or in pure H, (UHP, 99.999%,
Indiana Oxygen) at 803 K for 2 h (0.0167 K s™") and then
cooled to reaction temperature (718—778 K) in a flowing He
or H, and held for 0.5 h. Propane (10 kPa, 5 kPa Ar, balance
He, Indiana Oxygen) and H, were diluted in He to pressures
of 0.6—2.2 and 0—20 kPa, respectively, at volumetric flow rates
of 0.4—2.9 cm® s™! (at STP) and fed to the reactor. Propane
conversions were kept below 2% at all conditions to minimize
secondary reactions, which become prevalent as alkene
pressures increase with increasing alkane conversions. Reactant
and product concentrations in the inlet and outlet streams
were measured by gas chromatography (HP 6890 Series) using
flame ionization detection and a GS-Alumina KCl capillary
column for molecular speciation (0.53 mm LD., Agilent).

Alkene and H, co-products were introduced along with
alkane reactants by converting a fraction of the propane in the
reactant mixture (<1%) on a catalyst bed of H-MFI-17. This
pre-bed was placed in a separate reactor and resistively heated
furnace (National Element Inc, model FA120, held at
temperatures between 718 and 748 K) located upstream of
the reactor described above, which contained the zeolite
sample (held at 748 K) intended for measurement of propane
cracking and dehydrogenation rates. The composition of the
effluent stream from the first reactor was quantified by
bypassing the second reactor and instead delivering it to the
GC. After the effluent from the first reactor containing propane
and products (0.5—16 Pa) became invariant in composition, it
was delivered to the inlet of the second reactor. Product
formation rates on H-MFI-17 or H-MFI-140 in the second
reactor were determined by differences in the composition of
its influent and effluent streams.

Propene hydrogenation rates were measured by treating H-
form zeolites in 101 kPa H, at 803 K for 2 h (0.0167 K s™*)
and cooling under H, to 748 K. Propene (1 kPa, S kPa Ar,
balance He, Indiana Oxygen) and H, were diluted in He to
0.03—0.06 and 30—100 kPa, respectively, and molar flow rates
were varied to achieve site contact times between 200 and
2000 s (mol H*) (mol C;Hg)™'. Reactant and product
concentrations were quantified using the GC methods
reported above for propane dehydrogenation reactions.

3. RESULTS AND DISCUSSION

In light of the disparate propane dehydrogenation activation
barriers on H-form zeolites reported in the literature, we start
in Section 3.1 by describing zeolite pretreatments and reaction
conditions that result in the sole involvement of proton sites in
propane dehydrogenation turnovers. The kinetic signatures of
protolytic alkane pathways become evident from the relative
barriers measured for dehydrogenation and cracking and from
the strict first-order dependence of turnover rates on propane
pressure and the absence of any kinetic inhibition by
dehydrogenation products (propene, H,). Section 3.2 then
shows that H-form =zeolites can acquire an extrinsic
dehydrogenation site that forms during exposure to propane
reactants and/or its alkene products when H, is essentially

https://dx.doi.org/10.1021/acs.jpcc.0c01808
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Table 1. Proton Site and Structural Properties of H-Form Zeolites
number of H* sites Viiero® (/em® g71)

sample” origin Si/Al” (/107 mol g™1)¢ (/A1) (/unit cell)?

MEFI-17 Zeolyst CBV3024E 17 0.66 0.72" 3.8 0.15

MFI-43 Zeolyst CBV8014 43 0.32 0.85 1.8 0.14

MFI-140 Zeolyst CBV28014 140 0.12 0.92 0.7 0.14

MOR-10 Zeolyst CBV21A 10 1.51 0.94 4.4 0.19

CHA-16 Di Iorio and Gounder®! 16 0.96 0.98 2.1 0.1

“Sample nomenclature is XXX—Y. XXX, framework type; Y, Si/Al ratio.
Uncertainty is +10%.

YDetermined by AAS. Uncertainty is +10%. “Determined by NH; TPD.

“Based on unit cells containing 96 (MFI), 48 (MOR), or 36 (CHA) T-atoms. °Calculated from N, (MFI, MOR) and Ar

(CHA) adsorption isotherms. JH*/AL values less than 1 on H-MFI-17 have been measured independently using in situ pyridine (H*/Al = 0.65) and

ex situ NH, (H*/Al = 0.52) titrations.’
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Figure 1. Rate data (748 K) for propane reactions with co-fed H, (20 kPa) on H-form zeolites after treatment in H, (101 kPa, 803 K, 2 h).
Transient changes in first-order rate constants (per H*) measured for (a) ethene and (b) propene formation on H-MFI-17 at varying conditions
(C3Hg pressures (kPa) and site contact times (s (mol H') (mol C;H,)™"); see legend in (a)), with dashed lines of different shades of gray to
represent steady-state values at each condition in (b). Initial (c) ethene and (d) propene site-time yields (per H*) on H-MFI-17 (solid diamond),
H-MFI-43 (solid square), H-MFI-140 (solid circle), H-MOR-10 (solid triangle), and H-CHA-16 (solid down triangle); solid lines are regressions

of the data to eq 1.

absent. Such extrinsic active sites catalyze propane dehydro-
genation at rates with lower barriers than protons, but they are
strongly inhibited by dehydrogenation products (propene, H,).
These extrinsic sites do not catalyze propane cracking, which
occurs solely at protons at all reaction conditions.

Section 3.3 provides evidence that these extrinsic sites
consist of unsaturated organic residues that can extract H-
atoms from reactant alkanes and then recombine them to
desorb H,, thus restoring their unsaturation and enabling
catalytic turnovers. The formation and reactivity of these
carbonaceous deposits can be suppressed by treating H-form
zeolites in H, instead of oxidizing environments and by
introducing high H, pressures in inlet streams to avoid forming
H,-deficient regions within catalyst beds. In Section 3.4, rate
measurements without co-fed products are reported on zeolites
of different framework topologies and H" site densities. These
data reveal both the general nature of these phenomena for
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microporous solid acids and the increasing prevalence of
extrinsic active sites as the density of proton-free voids
increases in zeolite samples. Adequate precautions taken to
avoid H,-deficient regions within catalyst beds allow measure-
ments of proton-catalyzed monomolecular alkane dehydrogen-
ation uncorrupted by contributions from extrinsic sites, as
confirmed in Section 3.5 by measurements of the reverse
propene hydrogenation reaction in excess H, and by
treatments based on De Donder relations between chemical
affinities for elementary steps and their equilibrium and rate
constants. We conclude in Section 3.6 by summarizing the
precautions required to isolate the contributions from proton-
catalyzed alkane dehydrogenation and by examining the role of
extrinsic carbonaceous active sites in causing discrepancies
among the previous literature reports of alkane dehydrogen-
ation.

https://dx.doi.org/10.1021/acs.jpcc.0c01808
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Table 2. Kinetic Parameters for Protolytic Propane Cracking and Dehydrogenation on H-Form Zeolites Measured Here (20
kPa Co-fed H,) and Reported by Gounder and Iglesia’ (No Co-fed H,)

H-MFI-17
Keas,c (748 K)* this work 6.2
ref 9 6.3
Emcas,Cb this work 150
ref 9 155
ASpeasc” this work —94
ref 9 —88
Komeasp (748 K)* this work 33
ref 9 3.9
Emeas,Db this work 189
ref 9 204
ASpeasp” this work —47
ref 9 —-26

H-MFI-43

H-MFI-140 H-MOR-10 H-CHA-16

Cracking

0.6 1.2 0.4

nm.? 1.4 n.m.?
150 164 150 154
150 nm.? 160 nm.?
—104 -95 —109 —-112
—106 nm.? -99 nm.?

Dehydrogenation

0.2 0.5 0.3

n.m.? 2.2 n.m.?
193 200 210 189
194 nm.? 198 n.m.?
—56 —56 —34 —69
-52 n.m.? -56 nm.?

“Units of (/107 mol (mol H*)™ s7! bar™'); uncertainty is +15%. PUnits of kJ mol™}; uncertainty is +8 kJ mol™. “Units of J mol™* KY;

uncertainty is +10 J mol™' K™, “n.m., not measured.

Table 1 summarizes the proton site and structural properties
of the zeolites used in this study. Three MFI zeolites and one
MOR zeolite were obtained commercially and one CHA
zeolite was prepared using reported protocols.”’ X-ray
diffraction (XRD) patterns (Figure S1, SI) and micropore
volumes calculated from N, (77 K; MFI, MOR, Figure S2, SI)
and Ar (87 K; CHA, Figure S3, SI) adsorption isotherms
confirmed the structure and crystallinity of each topology
based on comparisons to the International Zeolite Association
(IZA) database.” The number of acidic protons from NH,
evolution during temperature-programmed desorption (TPD)
was similar to the number of Al atoms in each sample (H*/Al
= 0.72—0.98; Table 1), consistent with the predominant
presence of Al heteroatoms within silicate frameworks.

3.1. Transient and Steady-State Rates of Propane
Reactions on Acidic Zeolites. Zeolites in their H-form were
treated in flowing H, (101 kPa, 803 K, 2 h) and then exposed
to propane at different pressures and molar flow rates to vary
site contact times (s (mol H*) (mol C;Hg)™") with H, (20
kPa) also present in the inlet stream. Rates of formation of
ethene and propene products (per H*, 748 K) were measured
as a function of time-on-stream. Forward rates of propene
formation were determined by rigorously correcting measured
rates of propene formation by the approach-to-equilibrium ()
term; values of # were less than 0.03 at the low propane
conversions used here (<1%), even at high inlet H, pressures
(additional details in Section S4, SI).

Figure 1 shows that on H-MFI-17 (data on all MFI, MOR,
and CHA samples in Figures S4—S8, SI), first-order rate
constants (mol (mol H*)™! s™! (bar C;Hg)™') measured for
ethene formation were independent of propane pressure and
site contact time at all times-on-stream (Figure la), while
those for propene formation were so only at the very early
stages of reaction (Figure 1b). Measured first-order rate
constants for propene formation systematically increased with
time-on-stream over a period corresponding to less than one
turnover (CyHg formed per H') and approached a nearly
constant value that depended on both the propane pressure
and site contact time (Figure 1b).

For all zeolites studied, ethene and propene site-time yields
(STYs; product formation rate per H*) extrapolated to zero
cumulative product turnovers (i.e., initial time-on-stream) were

proportional to propane pressure (Figure 1c,d) and
independent of site contact time. These data indicate that
reaction products do not inhibit cracking or dehydrogenation
rates on H-form zeolite samples at these conditions (Figure S9,
SI). These initial ethene and propene STYs extrapolate to zero
values at zero propane pressure, consistent with cracking and
dehydrogenation rates that are strictly proportional to the
propane pressure and independent of the concentration of
products during the early stages of reaction

o,i = kmeas,iPC3H8 (1)

Here, r,; is the propane cracking (i = C) or dehydrogenation (i
= D) rate extrapolated to zero turnovers, Ky is the
corresponding first-order rate constant, and Pcy, is the

propane pressure. The molar ratios of ethene to methane in
products were near unity on all samples (1.0 + 0.1; Figure S10,
SI). Propene and H, were the only other products detected,
indicating the absence of bimolecular alkene-initiated reactions
mediated by carbenium ions.” These observations are
consistent with the prevalence of monomolecular protolytic
cracking and dehydrogenation reactions catalyzed by acidic
protons, during the early stages of use in catalysis.

First-order rate constants for protolytic propane cracking
and dehydrogenation on H-zeolites were determined by
regressing the data in Figure lc,d to the functional form of
eq 1. Their values are listed in Table 2 together with those
reported on the same samples by Gounder and Iglesia’ at
similar conditions (748 K, per H*, 0—4 kPa C;H,) from rates
measured at steady state but without H, added to inlet streams.
Protolytic propane cracking rate constants are similar to those
previously reported (£20%) on H-MFI-17, H-MFI-43, and H-
MOR-10.” Protolytic propane dehydrogenation rate constants
were also similar on H-MFI-17 and H-MFI-43 in both studies,
but were about 4-fold lower on H-MOR-10 in this study
(Table 2) than in the previous study.” Protolytic propane
cracking and dehydrogenation rate constants (per H*) also
differed among the three MFI samples studied here (Table 2)
and among the five MFI samples reported by Gounder and
Iglesia.” These authors proposed that reactivity differences of
protons located in different MFI void environments (straight
and sinusoidal channels and their intersections) would result in
such turnover rate differences’ and noted that the earlier
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Figure 2. (a) Transient ethene (solid up triangle) and propene (solid diamond) site-time yields (748 K, per H*) and ethene/propene ratios (open
square) on H-MFI-43 measured at 2.2 kPa Cy;Hj and a residence time of 2 s (mol H*) m™ following pretreatment in 5 kPa O, (803 K, 2 h);
expected protolytic cracking (dotted line) and dehydrogenation (dashed line) rates calculated from rate constants in Table 2. Steady-state (b)
ethene and (c) propene site-time yields (748 K, per H") measured at different residence times (7 s (mol H*) m™ (open symbols); 2 s (mol H*)
m™> (closed symbols)). The solid line in (b) represents the regression of data to eq 1, while solid curves in (c) represent the regression of data to a

power-law model solely intended to guide the eye.

reports of equivalent n-hexane cracking rates (per Al) among
MEFI zeolites of varying composition by Haag and co-workers™>
would also be consistent with such location-specific reactivity
but for a set of samples in which Al is similarly distributed
among T-sites in all samples, a possibility also mentioned by
Haag and co-workers.”

Measured activation energies and entropies for protolytic
propane cracking and dehydrogenation were calculated from
initial propane cracking and dehydrogenation rates on all
zeolites between 718 and 778 K, after treatment in H, (101
kPa, 803 K, 2 h) and with 20 kPa H, present in the inlet stream
(Figures S11—S1S, SI). As for the rate data at 748 K, ethene
and propene STY at 718 and 778 K were first-order in propane
pressure (Figure S16, SI) and thus not inhibited by products
(Figure S17, SI), because inhibition would have caused STY to
increase sub-linearly with propane pressure from the
concomitant increase in pressures of its dehydrogenation
products. These rate data and those reported by Gounder and
Iglesia9 were used to determine the activation energies (Figure
S18, SI) that are summarized in Table 2. Activation energies
measured here for protolytic cracking (150—164 kJ mol™’;
Table 2) are similar to those reported previously on H-zeolites
(145-167 kJ mol™),”>7*° and measured dehydrogenation
activation energies of 189—210 kJ mol™' (Table 2) are about
40 kJ mol™" higher than those for protolytic propane cracking.

Measured activation energies for protolytic cracking and
dehydrogenation in the first-order kinetic regime reflect the
formation energies of their respective carbonium-ion-like
transition states from a gaseous reactant molecule and an
uncovered proton.” The higher barriers for propane dehydro-
genation than for cracking (by 25—40 kJ mol™'), as measured
here and in previous work,” reflect the less exothermic proton
affinity of C—H than C—C bonds in propane (by 25—40 kJ
mol™)***” according to Born—Haber thermochemical cycle
analyses”'' (additional details in Section S5, SI). These
activation energies for propane dehydrogenation are consistent
with the earlier report by Gounder and Iglesia;” they are
among the highest values reported on H-form zeolites from
rate measurements at steady-state using propane as the
reactant without added H, to inlet streams (67—202 kJ

—1y 9,22-26 I . .
mol™").” Activation energies for propane cracking

measured here are essentially identical to those reported in
earlier studies (145—167 kJ mol™'). Propane cracking rates
remained invariant with time-on-stream (Figure la; Figures
S4—S8, SI), confirming that proton active sites remain
predominantly uncovered and undisturbed during conditions
typical of protolytic alkane activation catalysis. Taken together,
these observations implicate a distinct non-protonic active site
as the genesis of the additional propene observed with
increasing time-on-stream during the approach to the catalytic
steady state. This second dehydrogenation active site appears
to form in situ, as it is not present at zero turnovers on H-
zeolite samples pretreated in H,. It selectively reacts propane
to form propene without concurrent cracking events, via
pathways that proceed with much lower barriers and different
kinetic behavior than protons, as discussed in the next section.

3.2. Product Inhibition by Dihydrogen and Propene
at Reaction-Derived Active Sites. Propene formation rates
(748 K, per H') on H-form zeolites measured with 20 kPa H,
in the inlet stream increased with time-on-stream and
approached constant values (Figure 1b; Figures S4—S8, SI).
These steady-state values depend on the specific propane
pressure and site contact time (or residence time) of each
experiment. Asymptotic rates are lower for experiments at
longer bed residence times and higher propane pressures, both
of which lead to higher propane conversion and thus to higher
product pressures (Figure S19, SI). The number of
dehydrogenation turnovers (defined as cumulative C;Hg
formed per H') required to attain steady-state propene
formation rates at each condition was below unity (0—0.6
per H*; Figures S4—S8, Supporting Information), suggesting
that the transient approach to steady state is unrelated to
dehydrogenation turnovers at H" sites.

The inhibition of propene formation rates by H, and alkene
products was confirmed by co-feeding reaction products.
These products were formed on a bed of H-form zeolite (H-
MFI-17) that was placed before a subsequent reactor that
contained the zeolite sample (either H-MFI-17 or H-MFI-140)
used for measurement of reaction rates. This pre-reactor was
used to convert a small percentage (~1%) of the inlet molar

https://dx.doi.org/10.1021/acs.jpcc.0c01808
J. Phys. Chem. C 2020, 124, 15839—15855


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01808/suppl_file/jp0c01808_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01808?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01808?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c01808?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

rate of propane to its cracking and dehydrogenation products
before its effluent stream entered the second bed. As the pre-
bed temperature was increased (718—748 K) to increase the
propene and H, pressures entering the second bed (kept at
748 K), propene formation rates measured on the sample in
the second bed decreased and ultimately became insensitive to
H, and C;Hg product pressures above ~2 Pa of each product;
in contrast, ethene formation rates were unaffected by the
presence or pressure of dehydrogenation products (Figure S20,
SI). At H, and C;H, pressures above 2 Pa, propane cracking
and dehydrogenation rates were similar to those extrapolated
to zero turnovers when samples were pretreated in H, and
when H, was present in the inlet stream (Figure S20, SI).
These results indicate that propene and H, inhibit dehydro-
genation rates on the extrinsic active site, even at the very low
product pressures of purportedly differential conditions. These
observations serve as a useful reminder that reaction rates, and
thus the concentrations of any species that determine such
rates, must remain essentially invariant (i.e., gradientless)
throughout a catalytic packed bed to ensure differential
conditions, which are not guaranteed solely by low reactant
conversions.

The transient evolution of propane cracking and dehydro-
genation rates was also monitored in the absence of
dehydrogenation products in the inlet stream after treating
H-form zeolites in O,-containing streams (S kPa O, in balance
He, 803 K) instead of pure H, streams (803 K). Treatments
with O,-containing streams are commonly used in attempts to
remove adventitious organic residues from zeolites before rate
measurements.”*>~° Ethene and propene formation rates (per
H*) are shown in Figure 2a on H-MFI-43 as a function of
time-on-stream (data on all samples in Figure S21, SI). Ethene
formation rates (per H') remained constant with time-on-
stream and were similar to those measured in the presence of
co-fed H, (Figure 2a, dotted line). In contrast, propene
formation rates (per H*) decreased about 2-fold before
reaching constant values (Figure 2a). Both initial and steady-
state propene formation rates (per H*) were higher than the
protolytic dehydrogenation rate (Figure 2a, dashed line)
determined from measured rates extrapolated to zero turnovers
with H,-containing inlet streams (Figure 1b; Figures S4—S8,
SI).

After attaining constant propene formation rates on each
sample, increasing or decreasing the residence time led to
additional transients that decreased or increased the steady-
state propene formation rates, respectively (Figure S22, SI).
Ethene formation rates, however, remained unchanged
throughout these experiments (Figure S22, SI). In the absence
of co-fed products, these constant ethene formation rates were
proportional to propane pressure and unaffected by residence
time (Figure 2b), but those for propene formation increased
sub-linearly with propane pressure and decreased as the
residence time and the prevalent product pressures increased
(Figure 2c). As a result, first-order propene formation rate
constants on H-form zeolites measured in the absence of co-
fed products systematically decreased when propene (and H,)
pressures increased as a result of higher propane reactant
pressures and longer residence times (Figure $23, SI). These
data are consistent with the inhibition of the extrinsic active
site by dehydrogenation products, as also observed during
deliberate co-feeding of dehydrogenation products (Figure
$20, SI).

The monotonic decrease in measured first-order propene
formation rate constants with increasing propene and H,
pressure was not evident on all samples (Figure S23, SI),
suggesting that back-mixing of partially converted reactant
streams led to higher propene pressures at the beginning of
catalyst beds in certain cases. The relatively short beds (the
ratio of the bed length to the aggregate diameter <20) used in
these experiments led to significant axial mixing. The relative
rates of convection and axial dispersion were similar in these
cases, leading to Péclet numbers of order 1°% (Section S9, SI).
Smaller Péclet numbers cause inhibiting products to disperse
more readily to earlier axial positions along the bed, thus
enhancing their inhibitory effects. As a result, measured
propene formation rates at a given residence time are different
for beds of proportionately different lengths and linear fluid
velocities. Propene formation rates collected at lower Péclet
numbers more closely resemble protolytic dehydrogenation
rates because these conditions approach well-mixed reactors
that remove axial gradients in product pressures, thus more
strongly inhibiting the extrinsic dehydrogenation function
(Figure S24, SI). Taken together, these data indicate that
products of propane dehydrogenation (propene, H,) inhibit
propene formation events on a second active site that is
unrelated to Brensted acidic protons and that forms during the
reaction. These observations also illustrate how conditions
typically used in lab-scale reactors can conflate kinetic and
hydrodynamic effects of reactant pressure and residence time.
This represents a disconcerting conclusion given that literature
reports seldom consider such matters when measuring the data
of purported kinetic origin or document the required details
when describing the methods used to collect catalytic data,
thus preventing independent replication or retroactive
interpretation of rate data.

3.3. Effects of H, on the Removal of Reaction-Derived
Organic Residues Acting as an Extrinsic Dehydrogen-
ation Function. These results clearly point to reaction-
derived organic residues as an extrinsic function for
dehydrogenation via hydrogen transfer. Such residues may
form via reactions of alkene products (e.g, oligomerization,
cyclization, hydride transfer)* or from unsaturated impurities
in reaction mixtures (e.g, propyne, 1,3-butadiene), but they
can be scavenged or rendered inactive by reactions with H,.
The presence of adventitious unsaturated feed impurities in
our studies was ruled out by the addition of H, (20 kPa) to
reactant streams and the placement of a Pt/SiO, catalyst (293
K) upstream of the zeolite bed to hydrogenate any trace
unsaturated impurities (details in Section S10, SI). Such
protocols did not have any detectable effect on measured
propene formation rates on H-MFI-43 (Figure S25, SI).

The purposeful deposition of carbonaceous structures on H-
form zeolites typically involves exposure to unsaturated
hydrocarbons, such as propene, at high temperatures (~1000
K); the formation of non-volatile organic residues was evident
by dissolving the zeolite in HF and detecting the zeolite-
templated carbonaceous deposits formed (ZTC).*”*" Organic
residues formed on H-FAU zeolites during reactions of
benzene (773—1073 K) in an inert He environment contained
H/C ratios consistent with fused aromatic rings. In these
studies, H, inhibited the formation of carbonaceous deposits
(1-5 MPa H,), purportedly because benzene and other
intermediates were hydrogenated at H" sites to form volatile
products.*” Similar H, co-feed strategies have been used to
mitigate the formation of unsaturated organic residues during
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n-C, cracking (543 K, 0—2 MPa H,)* and methanol-to-
hydrocarbon conversion (623 K, 1.6 MPa H,)** on H-MFI
zeolites. Exposing carbonaceous deposits to H, leads to the
formation of CH,***° via hydrogenation reactions that first
remove the methyl groups from substituted aromatics (e.g.,
toluene, diphenylmethane) and then lead to aromatic ring
saturation and C—C bond cleavage to form C;—C, hydro-
carbons.””** Thus, H, allows the scavenging and hydro-
genation of unsaturated organic residues that form during acid-
catalyzed reactions on zeolites.

These previous observations, taken together with the effects
of product concentrations and chemical treatments on the
contributions from extrinsic dehydrogenation sites, led us to
explore more direct probes of the presence and involvement of
organic residues as an extrinsic catalytic dehydrogenation
function. Figure 3a shows the results of an experiment in which
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Figure 3. (a) Measured rate constants of methane (solid square),
ethene (solid triangle), and propene (solid diamond) formation (per
H*, 748 K) on H-MFI-43 (0.6 kPa C;Hy, 17 s (mol H) m™3, 2.5 x
1073 m bed height). The dashed line at ~8 ks indicates a step-change
increase in co-fed H, from 0 to 20 kPa. The gray shaded region
represents the excess methane formed. (b) Excess methane removed
per unit cell (96 T-atoms) from H-MFI-43 during exposure to
propane (748 K) after a step-change increase in co-fed H, (0—20
kPa). Experiments performed under 0.6 kPa (solid square) or 2.2 kPa
(gray box solid) C;Hg and with catalyst bed heights of 2.5 X 1073
(closed) and 7.5 X 107 m (open) of H-MFI-43.

H-MFI-43 was first treated in H, (20 kPa, 803 K) and then
exposed to propane (0.6 kPa C;H, in He, 748 K) without co-
fed H, until constant propene formation rate constants were
achieved (~8 ks); these conditions also led to the formation of
the equimolar CH,/C,H, mixtures expected from protolytic
cracking. Then, H, (20 kPa) was added to the reactant stream
without any changes in propane pressure or residence time.
Propene formation rate constants decreased immediately upon
co-feeding H, (from 2.5 to 1.9 X 107° mol (mol H*)™ s™* (bar
C;H;)™'; Figure 3a) and then more gradually with time over
~5 ks to reach values (1.7 X 107 mol (mol H*)™ s7! (bar
C;Hg)™'; Figure 3a) that were similar to steady-state values
measured with 20 kPa H, co-feeds (Figure S5d, SI); in
contrast, ethene formation rate constants were unaffected by
H, co-feeds and did not vary with time. These data show that
H, inhibits an extrinsic function that mediates only
dehydrogenation events and which is not associated in its
formation or function with the protons that mediate protolytic
cracking reactions.

CH, formation rate constants, however, increased sharply
upon H, introduction (from 1.7 to 5.8 X 107> mol (mol H*)™
s~ (bar CyH,)™"; Figure 3a) and then decreased with time to
the same constant value obtained before H, introduction, at
which point it formed the equimolar CH,/C,H, ratios
expected from protolytic cracking. Similar experiments on H-
MFI-43 samples that attained constant rates after exposure to
propane at different pressures (0.6 or 2.2 kPa C;Hg) and for
different time-on-stream (2—75 ks) using packed beds of
different heights (2.5 or 7.5 mm; Figures $26 and S27, SI; data
on H-MOR-10 in Figure $28, SI) also led to the evolution of
excess CH, (other saturated products, such as ethane, were not
detected). The formation of excess amounts of CH, upon H,
introduction indicates that H, leads to the removal of some or
all reaction-derived or§anic residues deposited during reactions
in the absence of H, "

The excess amount of CH, formed upon H, introduction on
H-MFI-43 (Figure 3a, gray shaded region) was 0.14 CH, per
zeolite unit cell (2.3 X 107> mol CH, g"). Figure 3b shows the
amount of excess CH, formed (per unit cell) at various
propane exposure times and propane pressures before
introducing H, to inlet streams and on catalyst beds of
different heights. Longer beds (7.5 mm) formed smaller
amounts of excess CH, (0.07 vs 0.13 CH, per unit cell) than
shorter beds (2.5 mm) after exposure to 0.6 kPa CyHg for 8 ks
at the same gas linear velocity (2.6 X 107> m s™'), indicating
that carbon deposition does not occur uniformly throughout
catalyst beds. The formation of smaller amounts of excess CH,,
(per unit cell) on longer beds is consistent with the reactor
hydrodynamics characteristic of Péclet numbers of order
~10°-10", which preserve H,-deficient regions near the bed
inlet; such Hj-deficient regions therefore represent smaller
fractions of the packed beds for longer beds. As a result, the
deposition of carbonaceous residues occurs chromatographi-
cally at the front of catalyst beds where H,-deficient regions
prevail, similar to the axial gradients in coke content reported
along the H-FAU catalyst beds during propene reactions (723
K, 10 kPa C,H).*

Smaller amounts of CH, were evolved in analogous
experiments performed at higher C;Hj pressures (2.2 kPa)
but identical bed length and linear velocity (Figure 3b),
because the higher product H, pressures generated in situ led
to the more efficient hydrogenation of unsaturated inter-
mediates, thus mitigating the formation of carbonaceous
residues. After each constant propene formation rate was
attained for each C;Hg/H, reactant mixture, a subsequent
switch to pure H, also led to the transient evolution of excess
CH, (Figure S29, SI), albeit a significantly smaller amount (by
3 orders of magnitude) than was removed when C;Hg/H,
replaced C;Hg/He reactants. The evolution of excess CH, in
these experiments shows that minority amounts of organic
residues are replenished from alkane reactants and thus still
present on H-form zeolite surfaces even when H, is introduced
in inlet streams and that such residues were only fully removed
when propane was removed from inlet streams.

These experiments cannot directly discern the specific
nature of the reaction-derived extrinsic function for dehydro-
genation via hydrogen transfer. Any inquiries about their
structure would require fast quenching protocols that are
certain to change their composition and H-content. It is
evident, however, that their removal by H, as CH, decreases
the rates of propene formation without detectable changes in
the rates of ethene formation, via a reaction that occurs
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exclusively at proton sites. In fact, carbonaceous deposits have
been implicated as active structures in non-oxidative
dehydrogenation on VO,/ALO; (eg, ethylbenzene, '
butane,”” and cyclohexene53), and the edges of these
carbonaceous deposits have been L?roposed as plausible active
sites for alkane dehydrogenation.”® A plausible route for these

dehydrogenation events is shown in Scheme 1 and includes

Scheme 1. Plausible Prototypical Route for Propane
Dehydrogenation via Hydrogen Transfer at a Carbonaceous
Deposit (of Arbitrary Structure) That Can Subsequently
Desorb H-Atoms as H, to Complete a Dehydrogenation
Turnover

C3Hg

S
5

hydrogen transfer from propane to an unsaturated residue to
form a bound propyl radical or hydride transfer to form a
bound propoxide, which would then undergo p-hydrogen
abstraction to eliminate propene. The hydrogenated form of
these carbonaceous residues would then dehydrogenate to
desorb H, to complete a turnover, restoring its unsaturation
and thus its catalytic function. Similar observations of
hydrogen transfer between alkanes, alkenes, and carbonaceous
intermediates have been recognized during n-hexane cracking
on FAU zeolites (723 K) evidenced by concomitant changes in
H/C ratios of reaction products and coke content,”* albeit at

higher conversions (4—20%) than those used in this work
(<1%).

The extrinsic nature and reaction-derived origins of these
nonprotonic dehydrogenation sites are evident from their
negligible contributions during the earliest stages of exposure
of H-form zeolites to propane. The transient evolution of
propene formation rates appears to reflect concomitant
changes in the amount and composition of these organic
residues with time, in response to the prevalent chemical
potentials of carbon and hydrogen in the reacting mixtures.
Such changes influence, in turn, their ability to affect hydrogen
transfer reactions from alkanes and the desorption of H-atoms
as the H, co-products.

The gradual evolution of propene formation rates on H-
MFI-43 after different treatments in O, (5 kPa) and H, (10
kPa) is shown in Figure 4. An O, treatment (803 K, 2 h; Figure
4a) led to propene formation rate constants (748 K) that
decreased about 2-fold (from 3.0 to 1.7 X 107> mol (mol
H*)™' s7! (bar C;Hg)™") and reached constant values after
about 3 ks. A subsequent O, treatment (and He flush for 0.5 h
at 748 K) followed by the reintroduction of propane reactants
led to a lower initial rate constant (2.1 X 107> mol (mol H*)™*
s7! (bar C3Hg)™') and to a shorter transient (~0.5 ks)
approach to steady-state values, which were similar to those
attained before this second O, treatment (Figure 4b). After
these two successive O, treatments, H-MFI-43 was treated in
H, (803 K, 2 h) and then flushed with He (748 K, 0.5 h)
before reintroducing propane reactants (Figure 4c). The
transient evolution of propene formation rates resembled
that measured after the first O, treatment (Figure 4a), with the
propene formation rate constants decreasing (from 3.0 to 1.7 X
107 mol (mol H*)™' s7' (bar C,;Hg)™') over a similar
transient period (~3 ks) as after the initial O, treatment. These
data indicate that O, treatments do not fully remove the
organic residues that form on H-form zeolites during propane
reactions in the absence of co-fed H,; in contrast, H,
treatments at 803 K for 2 h are able to remove them (Figure
3; Figures S26 and S27, SI) and to restore H-MFI-43 to its
state before exposure to propane at reaction conditions.

Once steady-state propene formation rates have been
attained, subsequent transients in propene formation rates
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Figure 4. Transients in measured first-order ethene (solid triangle) and propene (solid diamond) formation rate constants (748 K, per H) on H-
MFI-43 following (a) first treatment in 5 kPa O,/He (803 K, 2 h) and He purge (748 K, 0.5 h), (b) second treatment in S kPa O,/He (803 K, 2 h)
and He purge (748 K, 0.5 h), and (c) treatment in 10 kPa H,/He (803 K, 2 h) and He purge (748 K, 0.5 h). The dashed line represents the initial
propene formation rate constant after the first O, treatment, and the dotted line represents the steady-state propene formation rate constant.
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are observed when inlet flow rates are changed to vary the bed
residence times. This is shown in Figure S (data collected on
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Figure 5. Measured first-order ethene (open diamond) and propene
(solid diamond) formation rate constants (748 K, per H*) on H-
MOR-10 as a function of time-on-stream, and their response to
changes in reactant site contact time (s (mol H*) (mol CyH,)™")
corresponding to (a) 43, (b) 99, (c) 29, and (d) 54

H-MOR-10) for rates measured in the absence of co-fed
products. Step changes that increased or decreased the
residence times led to a gradual decrease or increase,
respectively, in propene formation rate constants (748 K)
over 10—20 ks (Figure 5); in contrast, ethene formation rate
constants remained constant with time and unaffected by the
residence time. Changes to inlet flow rates cause changes to
bed residence time and in turn to product pressures, which
influence prevalent carbon and hydrogen chemical potentials
in reacting mixtures. Such changes also influence linear fluid
velocities and thus Péclet numbers, leading to different extents
of back-mixing and to differences in the prevalent axial
gradients of carbon and hydrogen chemical potentials. These
different carbon and hydrogen chemical potentials would cause
organic residues to evolve in composition, thus influencing
their ability to catalyze dehydrogenation turnovers.

We conclude that the transient evolution in propene
formation rates observed upon changes in residence time
(Figure S) reflects such a compositional evolution of these
unsaturated surface organic residues; they retain a memory of
the hydrogen and carbon chemical potential history from the
previous steady state and change their composition with time
in response to new hydrogen and carbon chemical potentials in
the reacting mixture. The inhibition of propene formation
turnovers by products on these carbonaceous active sites
cannot arise from the strong adsorption of products (alkenes,
H,), which would have resulted in much faster changes in
propene formation rate constants in response to changes in
residence time. Such inhibition reflects instead changes in the
reactivity of carbonaceous active sites in response to the
effective hydrogen and carbon chemical potentials. Sufficiently
high chemical potentials of hydrogen relative to carbon would
increase the degree of saturation in organic residues that would
limit their ability to abstract H-atoms from reactant alkanes,
and sufficiently low hydrogen chemical potentials would
increase the degree of unsaturation in organic residues that
would limit their ability to desorb H,.

These data clearly demonstrate that the initial transient
propene formation rates when acidic zeolites are contacted
with H,-free propane reactants reflect the formation of
unsaturated organic residues; they also show that such extrinsic

sites vary in number and/or reactivity in response to the
reaction environment. Changes in bed residence time and the
resulting changes in the prevalent H, and propene concen-
trations influence dehydrogenation rates (Figure S; Figure S22,
SI) through changes in the number and the H-content (and
thus the reactivity) of the organic residues that act as the
extrinsic dehydrogenation function. These parallel pathways,
catalyzed by intrinsic (protons) and extrinsic (organic
residues) functions, contribute in an additive manner to
measured propene formation rates, while cracking occurs
exclusively on protons. Their relative contributions depend on
the reaction environment, on the history of use for each
sample, and even on axial dispersion effects; these dispersion
effects depend sensitively on details such as bed length,
aggregate size, and linear fluid velocities that are seldom
considered, controlled, or reported as part of the protocols
used to measure catalytic data.

Measured dehydrogenation barriers reflect additive con-
tributions from two functions with very different kinetic
parameters and disparate sensitivities to product concen-
trations, even under nominally “differential” conditions. Not
surprisingly, the resulting inconsistent reports of dehydrogen-
ation rates and activation barriers have brought forth
widespread confusion and significant discord, and myriad
hypotheses about their origins. Next, we illustrate some of the
ubiquitous pitfalls inherent in rate measurements at conditions
typically used to determine the rates and kinetic parameters for
monomolecular dehydrogenation and cracking on H-form
zeolites.”*>~>°

3.4. Monomolecular Dehydrogenation Barriers and
Corruptions Induced by Extrinsic Reaction-Derived
Active Sites. Measured activation barriers for propane
cracking (150—164 kJ mol™'; Table 2) and dehydrogenation
(189-210 kJ mol™'; Table 2) obtained from initial rates on
zeolites in their H-form pretreated in H, and with H, present
in the inlet stream are consistent with protolytic pathways at
H* sites, given that carbonium-ion-like transition states for
these parallel pathways differ in energy in a manner
proportional to the difference in the ensemble-averaged proton
affinity of the C—C and C—H bonds in gaseous propane (25—
40 &J mol™).***” Such H, pretreatments and the presence of
added H, represent atypical situations in the practice of
protolytic alkane activation.”** ¢

Figure 6 shows steady-state ethene and propene formation
rates on H-form zeolites (without co-fed products) in the
semi-logarithmic form appropriate for Arrhenius-type rate
dependences. The corresponding activation energies and
entropies are reported in Table 3. Measured cracking
activation energies (153—169 kJ mol™'; Table 3) are similar
to those previously attributed to protolytic cracking (150—164
kJ mol™"; Table 2) on the four most Al-dense samples (H-
MFI-17, H-MFI-43, H-MOR-10, H-CHA-16). Measured
cracking activation energies were lower on the most Al-dilute
sample (H-MFI-140, 143 kJ mol™; Table 3) that contains the
highest density of H'-free voids (Table 1) and thus extrinsic
carbonaceous deposits, which appear to generate minority
amounts of ethene that become detectable when proton sites
are essentially absent. In contrast, dehydrogenation activation
energies differed significantly among these samples (67—214 kJ
mol™!; Table 3), with some zeolites exhibiting deviations from
Arrhenius-type behavior (Figure 6), in line with the literature
discord about measured dehydrogenation barriers on H-form
zeolites (65—202 kJ mol™').”**7*°
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Figure 6. Arrhenius plots for steady-state (a) ethene and (b) propene
formation rates on H-MFI-17 (solid diamond), H-MFI-43 (solid
square), H-MFI-140 (solid circle), H-MOR-10 (solid up triangle),
and H-CHA-16 (solid down triangle). Rates are collected from 718 to
778 K at propane pressures of 0.6—2.2 kPa.

On all samples (except H-MFI-140), the measured
activation entropies for propane cracking (—103 to —82 J
mol™ K') are similar to the values reported previously for
propane cracking on H-form zeolites by Gounder and Iglesia
(=109 to —89 J mol™" K™").” Propane adsorption at protons
present within MFI voids results in significant entropy losses
(=102 to —82 J mol™' K™'), as estimated by the experiment
using microcalorimetry and gravimetry’>”° and as also
calculated using statistical mechanics treatments for mobile
adsorbates (—100 to —70 J mol™' K~1).°® Entropic gains are
negligible when adsorbed propane subsequently forms its
cracking transition state, according to statistical mechanics
estimates of the entropy associated with the one-dimensional
rotational degrees of freedom about the C—C bond being
cleaved in propane that is accessed by product C, and C,
molecular fragments in the (C—C—H)"* carbonium-ion-like
transition state."' These net changes in entropy upon propane
adsorption and subsequent formation of the relevant cracking
transition state are consistent with the measured activation
entropies of about —100 J mol™ K™* (Table 3).

Carbonium-ion-like transition states for propane dehydro-
genation occur later along their reaction coordinates than for
propane cracking and are more loosely bound and product-
like.”” Consequently, protolytic dehydrogenation activation
entropies are less negative than for cracking. Indeed, the
measured activation entropies for dehydrogenation (—3S to
—26 J mol™" K™'; Table 3) are less negative than for cracking
on all samples that showed higher measured barriers for
dehydrogenation than for cracking (H-MFI-17, H-MOR-10,
H-CHA-16; Table 3), as expected from the exclusive

involvement of protolytic alkane activation in such samples.
In contrast, the measured dehydrogenation activation en-
tropies (—140 to —210 J mol™" K™') are significantly more
negative than for cracking on samples (H-MFI-43, H-MFI-
140; Table 3) that also showed dehydrogenation barriers much
lower than expected for protolytic reactions at H* sites. Such
aberrantly low values of measured dehydrogenation activation
entropies have been noted previously™ and serve to diagnose
the presence of non-protonic functions and reflect both the
incorrect normalization of dehydrogenation rates by proton
sites and the non-carbonium-ion-like nature of the transition
states.

These data show that the evolution of the reaction-derived
extrinsic active sites in number and composition influences
dehydrogenation rates and their temperature dependence;
such extrinsic sites lead to significant contributions to
measured rates, which tend to obscure the contributions
from monomolecular proton-catalyzed events and to do so to
different extents with changes in the reaction temperature.
Such effects account for the prevalent literature discord, but
contributions from extrinsic sites cannot be retroactively
extracted from such data because the number and structure
of extrinsic sites depend on the reaction environment
(temperature, reactant, and product concentrations), on the
temporal and thermal history of the samples, and even on how
axial mixing effects influence product concentrations along the
catalyst bed. These are important details that are seldom
reported with the detail required for such a forensic analysis.

Measured dehydrogenation activation energies and entropies
(Table 3) from steady-state rate data also systematically
decrease with increasing Si/Al ratio on H-MFI zeolites.
Measured barriers on H-MFI-17, H-MOR-10, and H-CHA-
16 were similar with H, co-feeds (189—210 kJ mol ™, Table 2)
and without H, co-feeds (202—214 kJ mol™"). In contrast, the
measured barriers on H-MFI-43 and H-MFI-140 were lower
without co-fed products (67—125 kJ mol™") than with H, co-
feeds at initial time-on-stream (193—200 kJ mol™"), which are
conditions that suppress the extrinsic functions. These data
indicate that the contributions from extrinsic reaction-derived
active functions to dehydrogenation rates increase proportion-
ally with the fraction of siliceous regions within zeolites and
become essentially undetectable on proton-dense zeolites (Si/
Al of ~10—16; Table 3).

3.5. Measurements of Propene Hydrogenation
Barriers at H* Sites and Predictions of Protolytic
Dehydrogenation Barriers from De Donder Relations.
The rate constants for stoichiometric chemical reactions in
their forward and reverse directions, when measured under
different reaction conditions that lie far away from equilibrium
on either side, are related by the equilibrium constant for the

Table 3. Measured Activation Energies and Entropies for Steady-State Propane Cracking and Dehydrogenation Measured

without Co-fed Products on H-Form Zeolites

H-MFI-17 H-MFI-43
Epessc” 154 153
ASpeasc” —89 —-100
Epneasn” 202 125
AS easp —27 —140

H-MFI-140 H-MOR-10 H-CHA-16
Cracking
143 169 164
—-122 —82 —103
Dehydrogenation
67 208 214
-210 -26 =35

“Units of k] mol™; uncertainty is +8 kJ mol™". “Units of ] mol™' K7 uncertainty is £10 J mol™ K™
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overall reaction, for systems in which sites are predominantly
bare and the same kinetically relevant step prevails in both
directions; such requirements are met for protolytic propane
dehydrogenation and propene hydrogenation rates on H-form
zeolites.”

Propene hydrogenation rates (748 K, per H") measured at
high H, pressures (>60 kPa) and large H,/C;H¢ molar ratios
(>1000) reflect exclusive contributions from proton-catalyzed
pathways because contributions from extrinsic active sites for
dehydrogenation (and for its reverse hydrogenation) are
suppressed by H,. Together with reversibility treatments
based on De Donder relations between chemical affinities for
elementary steps and their equilibrium and rate constants,”®
propene hydrogenation rates can be used to confirm that
propane dehydrogenation rates measured at the conditions of
the experiments reported in Section 3.1 indeed solely reflect
proton-catalyzed contributions and the high activation barriers
characteristic of such routes.

Measured propene hydrogenation rates (748 K, per H')
increased linearly with both C;Hg and H, pressures on H-form
zeolites (Figure S30, SI), consistent with the previous reports
at similar conditions (748 K, 1—4 kPa C;H, 10—100 kPa
H,).”® Such kinetic behavior indicates that protons remain
essentially bare at the conditions of catalysis, leading to the rate
equation

= kmeas,HPC3H6PH2 (2)

where ry is the propene hydrogenation rate and ki, is the
second-order hydrogenation rate constant. This equation also
shows that the kinetically relevant transition state for
hydrogenation contains the same number and type of atoms
as a propene and H, molecule and a H" site, as is also the case
for the transition state that mediates monomolecular
dehydrogenation (i.e, the same number and type of atoms
as in a propane molecule and a H* site). The essentially
uncovered nature of the protons during both dehydrogenation
and hydrogenation reactions and the requisite De Donder
relations lead to propane dehydrogenation and propene
hydrogenation rates with rate constant ratios that merely
reflect the equilibrium constant for the overall dehydrogen-
ation chemical reaction

k

meas,D

‘meas,H (3)

K, P
(K, is the reaction equilibrium constant; 1.723 kPa at 748 K).*®

The number and/or reactivity of the extrinsic carbonaceous
active sites are suppressed at the high H, pressures (>60 kPa)
and H,/C;H, molar ratios (>1000) used to measure propene
hydrogenation rates, as evident in k., iy values for H-MFI-17
that remained essentially invariant (within a factor of 1.2) with
time-on-stream at all reactant alkene and H, pressures and site
contact times (Figure S31, SI). The k., values (obtained by
regression of rate data to the functional form of eq 2) are
plotted on the abscissa of Figure 7; these values solely reflect
propene hydrogenation at H" sites. The dashed line in Figure 7
represents the predicted values of k,..p from propane
dehydrogenation reactions at H" sites, using measured kye.q1
values and K, in the manner dictated by eq 3. Values of kp,c.sp
measured on the same samples, but at different inlet propane
and H, pressures (Table 2), are plotted as closed symbols in
Figure 7; these values are identical, within the experimental
error, to those predicted from measured k., i values and eq 3,

8
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(/ 10 mol (mol H*)* ! (bar C4Hg)")
I

—
)

o
0=

0 50 100 150 200 250

(e}

Kmeas, n
(/ 10 mol (mol H*)"* s (bar C;H;)" (bar H,)")

Figure 7. Measured second-order rate constants for propene
hydrogenation and first-order rate constants for propane dehydrogen-
ation (748 K, per H*) on H-MFI-17 (solid diamond), H-MFI-43
(solid square), H-MFI-140 (solid circle), H-MOR-10 (solid up
triangle), and H-CHA-16 (solid down triangle) at initial time-on-
stream with H, co-feeds (closed symbols) and at steady-state in the
absence of co-fed products (open symbols). The dashed line
represents the k.,p values predicted from measured ki, values
and K, (0.017 bar)s8 using eq 3.

confirming that propane dehydrogenation rates measured at
initial time-on-stream on H-zeolites pretreated in H, and with
H, co-feeds solely reflect protolytic reactions. In contrast,
propane dehydrogenation rates measured on the same samples
at steady state but without co-fed H, (Figure S23, SI), after
normalization by propane pressure to estimate the values of
Kmeasps are plotted as open symbols in Figure 7; these values
are higher than those predicted from protolytic dehydrogen-
ation reactions at H' sites because they also contain additional
contributions from dehydrogenation reactions at the extrinsic
active sites that do not contribute to hydrogenation rates at the
H, pressures used for their measurements. Thus, the lower
activation energies for propane dehydrogenation estimated
from steady-state rate data (Figure 6) are corrupted by
additional contributions from lower barrier alkane H-transfer
pathways at the carbonaceous active sites.

3.6. Extrinsic Dehydrogenation Sites: Their Role in
Discrepancies in Reported Turnover Rates and Activa-
tion Barriers and a “Prescription” for Isolating Proton-
Catalyzed Dehydrogenation Rates. The initial decrease in
dehydrogenation rates during reactions on H-form zeolites
treated in O, (Figure 4a; Figure S21, SI) has also been
reported for n-butane dehydrogenation (773—803 K) on H-
MFI and H-FAU.””*** In these studies, dehydrogenation
rates reached constant values at shorter times when H-FAU
was treated with NH,OH to dissolve non-framework Al
species, but cracking rates were unaffected by such treatments,
leading to the proposal that such extraframework Al species
selectively catalyze dehydrogenation before being covered by
hydrogen.”>*” Yet, butane dehydrogenation rates decreased to
similar extents (about S-fold) from initial to steady-state values
on both samples, suggesting that the NH,OH treatments of H-
FAU did not change the number of non-protolytic active sites.
The transient decay of dehydrogenation rates to their constant
values became longer with decreasing bed residence time, >
however, consistent with the transient changes in dehydrogen-
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ation rates with residence time reported here (Figure S22, SI).
Such residence time effects may account for the different
transient dehydrogenation rates observed on H-FAU zeolites
before and after NH,OH treatments.”” These authors
proposed a non-protonic Al site that is intrinsic to the parent
aluminosilicate material and its strong titration by H, that
would be unexpected at the high temperatures (>773 K) and
low H, pressures (<1 kPa) typical of protolytic activation, as
the source of transient decay in alkane dehydrogenation rates
at initial time-on-stream before reaching steady-state rates
through protolytic reactions.

The role of extraframework Al as an additional dehydrogen-
ation function and its full titration by H,,”> however, are
inconsistent with propene formation rates from propane/H,
mixtures that depend on time-on-stream when 20 kPa H, is
present in the inlet stream (Figures S4—S8, SI); these co-fed
H, pressures are much higher than product H, pressures (<1
kPa) formed from protolytic propane reactions. The previous
proposal that non-protolytic active sites are fully inhibited
during steady-state dehydrogenation rate measurements seems
consistent with their reported first-order dependence on alkane
pressure and the absence of product inhibition,”* but
contradicts our findings of the strong inhibition by products
of steady-state rates (Figure $23, SI), as well as the excess CH,
evolved after propane is removed from mixed C;Hg/H,
reactant streams (Figure S29, SI), which provide compelling
evidence for the presence and involvement of organic residues
as active sites. The non-equimolar amounts of H, and n-butane
dehydrogenation products (butenes, butadienes) measured in
reactor effluents during the initial time-on-stream reported
previously” would also be consistent with the formation of
carbonaceous deposits during the transient approach to steady
state. Such deposits can undergo changes in composition (to
change their H/C ratios) in response to the prevalent fluid-
phase chemical potentials, which may also account for previous
findings that H, forms for a period of time after n-butane was
removed from the inlet stream on H-MFL*

Thus, we interpret the initial transient decrease in
dehydrogenation rates after O, pretreatments and in the
absence of co-fed H, (Figures 2a and 4a; Figure S21, SI) to
arise from the formation of organic residues>” that evolve in
composition as steady-state carbon and hydrogen chemical
potentials are attained, to forms that become less effective at
catalyzing alkane dehydrogenation. The more gradual increases
in dehydrogenation rates at initial time-on-stream with H,
pretreatments and co-feeds (Figures S4—S8, SI) appear to
reflect the slower buildup of unsaturated carbonaceous
deposits because the high hydrogen chemical potentials result
in hydrogenation of unsaturated organic residues.***" This
interpretation is consistent with our findings that the removal
of propane from propane/H, mixtures results in the removal of
unsaturated organic residues to restore H-form zeolites to their
states before propane exposure (Figure 4c). Thus, we conclude
that H, co-feeds mitigate the formation and reactivity of
carbonaceous deposits at initial time-on-stream, allowing for
measurement of protolytic reaction events.

The effects of bed residence time on n-butane dehydrogen-
ation rates for H-MFI zeolites have been previously attributed
to competitive binding of alkene products at protons.””**
Inhibition of dehydrogenation rates was also observed when n-
butane reactant streams contained added butenes, which
equilibrate over H* sites to a mixture of isomers.”® This
proposal led these authors to conclude that the intrinsic

reactivity of protons in these samples could be captured by
merely extrapolating dehydrogenation rates to zero residence
time to minimize the prevalent concentrations of alkene
products.”® Our data show that, in fact, such an extrapolation
to zero residence time leads to the strongest contributions
from extrinsic dehydrogenation sites because their reactivity is
inhibited significantly by the presence of H, and alkene
products, which exist at their lowest concentrations precisely at
such short bed residence times. The proposal of competitive
binding of alkene products at protons is also inconsistent with
n-butane cracking rates that remained invariant with bed
residence time and with co-fed butene pressures in the same
report.”® The subsequent study by Li and co-workers™® also
contradicts the proposal of competitive binding of alkenes at
protons,”® through the direct in situ spectroscopic observations
that neither the intensity nor the frequency of the acidic OH
infrared bands is affected by the same changes to longer bed
residence times that led to significantly lower dehydrogenation
rates (618—710 K). These authors accurately concluded that a
second active site, whose reactivity was inhibited by products,
led to additional dehydrogenation events; they did not,
however, provide any further insights into the nature or
properties of such sites.

Our studies confirm the presence of an extrinsic
dehydrogenation function, unrelated to protons, and consisting
of organic residues that depend, in number and reactivity, on
the carbon and hydrogen chemical potentials in the contacting
fluid phase at each point along the catalyst bed. These findings
and interpretations “prescribe” the protocols that are required
to isolate the contributions from proton-catalyzed dehydrogen-
ation pathways and the turnover rates and kinetic parameters
for such protolytic dehydrogenation routes. H-forms of zeolites
must be treated in H, (803 K, 101 kPa) to remove any
adventitious residues formed upon contact with ambient air
before use. Rates must be measured in the presence of
sufficient H, (>20 kPa) in the inlet reactant stream, so as to
remove (and/or suppress the formation or reactivity of) any
reaction-derived dehydrogenation sites. In situations where H,
is not co-fed, shorter catalyst beds, lower fluid linear velocities,
and higher reactant partial pressures will lead to lower Péclet
numbers and to higher extents of back-mixing in catalytic
packed beds. Such hydrodynamics minimizes axial gradients in
H, pressure and, in turn, mitigate the formation and reactivity
of the secondary active site, resulting in measured alkane
dehydrogenation rates that predominantly reflect protolytic
dehydrogenation events, as long as Péclet numbers are not so
low that they restrict mass transfer in fluid films external to
catalyst particles. Measurements of the reverse propene
hydrogenation reaction under conditions that suppress the
formation of carbonaceous active sites (H, > 60 kPa, H,/C,H,
> 1000), together with predictions from the De Donder
relations of non-equilibrium thermodynamics, should be used
to confirm that measured propane dehydrogenation rates
indeed reflect only contributions from protolytic reactions.

The broad range of dehydrogenation barriers reported here
for propane reactant streams without added H, (67-214 kJ
mol™'; Table 3) resemble those reported in previous studies
(65—202 kJ mol™),”**7*° indicative of the ubiquitous but
unrecognized contributions of reaction-derived extrinsic active
sites and how time-on-stream, product concentrations, and
flow hydrodynamics determine the contributions of such
extrinsic sites to measured rates. Only the highest measured
propane dehydrogenation barriers (~200 kJ mol™'; Table 2)
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reflect the true dynamics and energetics of proton-catalyzed
monomolecular dehydrogenation routes, a conclusion sup-
ported by the consistency of such dehydrogenation rates with
those of propene hydrogenation rates through their inter-
conversion thermodynamics (Figure 7); such values of
dehydrogenation barriers are higher than for proton-catalyzed
monomolecular cracking (by 25—40 kJ mol™') as expected
from the different proton affinities of C—H and C—C bonds in
propane and their relation to measured activation energies
using Born—Haber thermochemical cycles.”

Propane dehydrogenation barriers reported here and in
earlier studies indicate that barriers are much lower (by up to
100—150 k] mol™") on the organic residues that account for
the extrinsic function than on protons. Measured barriers
estimated from steady-state propane dehydrogenation rates in
the absence of co-fed H, decreased systematically from 202 to
67 kJ mol ™" with decreasing H" density (increasing Si/Al ratio)
among H-MFI zeolites and thus with increasing fractions of
proton-free voids in these samples. These observations also
rationalize the measurement of propane dehydrogenation
barriers on the same H-zeolite samples here (H-MFI-17 and
H-MOR-10; Table 3) and previously by Gounder and Iglesia’
at steady state but without co-fed products that are consistent
with protolytic dehydrogenation pathways (~200 kJ mol™"),
because more Al-dense frameworks have fewer proton-free
voids available to host unsaturated organic residues that would
subsequently contribute to measured dehydrogenation rates.
Taken together, these findings indicate that contributions to
measured dehydrogenation rates from carbonaceous deposits
become more pronounced at lower temperatures and at more
dilute Bronsted acid site densities.

The contributions to measured rates from proton-catalyzed
routes increase with increasing temperature relative to those
from the events mediated by extrinsic sites because of the
higher activation barriers for carbonium-ion-mediated routes.
As a result, temperature effects on rates can exhibit non-
Arrhenius behavior (Figure 6b) as also reported previously for
propane dehydrogenation on H-CHA® and specifically result
in systematically decreasing slopes (and thus measured
barriers) at lower temperatures as lower barrier dehydrogen-
ation pathways catalyzed by extrinsic sites become more
prevalent. This behavior has been previously attributed to new
types of intrinsic active functions formed via Bronsted acid site
dehydroxylation during high-temperature (1073 K) treatments
in inert environments; such dehydroxylation was proposed to
proceed through heterolytic dehydration and homolytic
dehydrogenation routes to form H,O and H,, respectively,
leaving behind trigonally coordinated Al sites or radical centers
at lattice oxygens.’’ MFI zeolites subject to such high-
temperature pretreatments and subsequent exposure to
naphthalene showed that UV—visible spectral features for
radical centers that were taken as evidence to support the
proposal for radical sites formed at lattice O atoms upon
Bronsted acid site dehydroxylation.”” These high-temperature
inert treatments resulted in measurements of low propane
dehydrogenation barriers on H-CHA zeolites (84—174 kJ
mol™')*’ but were not used here to reproduce these same low
barriers, which are instead attributed to contributions from
reaction-derived carbonaceous active sites. These high-temper-
ature inert treatments would also cause any carbonaceous
debris present to evolve H, and become even more
unsaturated, potentially leaving behind radical centers on

carbonaceous scaffolds that would participate in alkane
dehydrogenation, as proposed here.

Proton-catalyzed alkane dehydrogenation reactions on H-
form zeolites were originally reported by Haag and Dessau in
1984;63 since then, their kinetic details (reaction orders,
product inhibition, turnover rates, activation energies,
activation entropies) have proven challenging to replicate,
with each disparate result fueling a different speculation,
whether about the nature of the active function (e.g, non-
framework Al) or of the kinetically relevant steps for protolytic
pathways. Our body of work provides compelling evidence for
extrinsic (reaction-derived) unsaturated carbonaceous deposits
as the origin of non-protolytic alkane dehydrogenation
catalyzed in parallel to protolytic pathways on acidic zeolites,
without requiring the need to disavow the expected kinetic
behavior of proton sites.

4. CONCLUSIONS

Propane dehydrogenation rates measured on H-form zeolites
with co-fed H, and extrapolated to the time of initial contact
with reactants solely reflect protolytic dehydrogenation events,
as evidenced by relative barriers for cracking and dehydrogen-
ation that differ by the gas-phase proton affinities of the
reactant C—C and C—H bonds and by the strict first-order
dependence of rates on alkane pressure without any inhibition
effects by H, or propene products. Zeolites acquire an extrinsic
active site that forms during exposure to propane reactants and
their protolytic reaction products. Such extrinsic sites catalyze
propane dehydrogenation with much lower barriers than
protons and are inhibited by H, and propene products, but
they do not detectably contribute to cracking products,
allowing turnover rates of cracking reactions to serve as a
reporter of the state of proton sites during catalysis so long as
bimolecular cracking routes do not prevail. The conditions that
form extrinsic active sites are characterized by the essential
absence of H,, allowing samples to acquire a memory of their
sojourn at those conditions. The formation and reactivity of
extrinsic sites can be mitigated by high H, pressures and H,/
alkene ratios, conditions typically used to measure the rates of
its reverse reaction (propene hydrogenation), either by the
deliberate addition of H, to propane reactants or by increasing
the axial dispersion using beds with a small Péclet number.
Such protocols allow the uncorrupted measurements of the
rates and kinetic behavior of proton-catalyzed monomolecular
alkane dehydrogenation routes.

These extrinsic active sites do not influence propane
cracking rates, which at all conditions occur solely at acidic
protons. Such extrinsic active sites consist of unsaturated
organic residues with an intermediate affinity for H-atoms that
allows them to abstract H-atoms from alkanes and then evolve
them as H,; in doing so, they catalyze turnovers but adjust
their degree of unsaturation and their affinity for H-atoms in
response to the prevalent fluid-phase carbon and hydrogen
chemical potentials, via elementary steps that resemble
hydrogen transfer events. Such H-transfer processes between
bound species and gaseous alkanes and alkenes are ubiquitous
in zeolite acid catalysis. The findings reported herein provide
specific guidance for depositing, removing, or inhibiting the
reactivity of these extrinsic organocatalytic residues that
mediate hydrogen transfer reactions via routes that occur in
parallel with protolytic routes catalyzed by zeolitic protons.

Alkane dehydrogenation at extrinsic carbonaceous active
sites provides a unifying explanation for previous observations
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of non-protolytic dehydrogenation events on acidic zeolites,
including reports of product inhibition and measurements of
activation energies that vary over a wide range and appear to
be unrelated to the intrinsic properties of acidic zeolites.
Contributions from these reaction-derived sites become more
significant at lower temperatures and on zeolites with low H*
site densities, as well as in reactors with strong bed-scale
concentration gradients of reaction products that would
otherwise selectively inhibit the reactivity of the extrinsic
sites. These data and their interpretation illustrate how lab-
scale experimentation under non-differential conditions caused
by strong product inhibition leads to hydrodynamic
corruptions of kinetic data as a result of the extent of back-
mixing. Such artifacts cannot be detected or corrected from
literature data because of the dearth of details about reactor
configurations, extent of mixing, and sample history reported
when measuring, reporting, or interpreting data of purported
kinetic origin. This prevents the independent reproduction and
the retroactive interpretation of data, thus serving to propagate
conflicting reports and hypotheses.
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