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Abstract

Small Pt clusters within Na-[Fe]ZSM5-protected channels catalygdg@nd GHg dehydrogenation with unprecedented turnover rates
and catalyst stability. Alkene selectivities are greater than 97% at near-equilibrium alkane conversions. Mild oxidative treatments fully
restored initial catalytic rates and selectivities. Exchange sites in Na-[Fe]ZSM5 lead to well-dispersed Pt precursors and catalytic Pt clusters,
which reside within ZSM5 channels that inhibit the formation of large unreactive organic residues. The weak acidity of residual OH groups
in [Fe]ZSM5 minimizess-scission and oligomerization reactions, which lead to loss of alkene selectivity and to unreactive organic residues.
Thermodynamic constraints were removed by selective combustion asidg & coreactants. More than 90% of the @troduced was
used to form HO from H,, even when hydrocarbons were the predominant available reactants. EquivalemoOnts cofed with ¢Hg
reactants led instead to 5% selectivity for i combustion. Hydrocarbon combustion was the predominant reaction and the ¢ofesO
depleted before Ficould be formed and dehydrogenation approached equilibrium. Alkene yield enhancemerit$ @bove equilibrium
were achieved by selective;Hemoval using @ staging. These yield enhancements exceed those achieved with previously reported three-
stage reactor systems. The &taging approach reported here requires only one reactor and one catalytic composition; thus, it decreases
significantly process complexity and costy lemoval by selective combustion using @quires precise control of Qntroduction and
availability in order to avoid H depletion and high CO selectivities, which can lead to unreactive deposits and to catalyst deactivation during
alkane dehydrogenation.
0 2003 Elsevier Inc. All rights reserved.

1. Introduction cracking, hydrogenolysis, oligomerization, cyclization, and
aromatization, as well as the formation of unreactive carbon
The selective conversion of light alkanes to alkenes residues. PtAIOs is active in dehydrogenation reactions
provides an attractive route to useful chemicals [1]. Sev- [1,7], but deactivates rapidly via formation of unsaturated or-
eral alkane dehydrogenation processes [2—6] use supporteg@anic residues. Pt clusters supported oph| Si0,, ZrO,
Cr oxide catalysts. Recently developed dehydrogenation[7-9], L-zeolite [10], and MgAdO,4 [11] and modified with
processes are based on supported Pt catalysts [2—6]. Bott®n give lower cracking, isomerization, and coke formation
Pt and Cr catalysts deactivate rapidly and require frequentrates [1,12,13]. Sn and Pt appear to mix as small bimetallic
oxidative regenerations, which increase process complexityclusters [14], which are better dispersed and more stable than
and capital and operating costs. Alkene yields are often lim- Pt/y-Al203 [7], but GsHg dehydrogenation rates (30 kPa,
ited by thermodynamics and the resulting low conversions 792 K) still decrease rapidly during reaction.
introduce significant recycle and separation costs. High Hy concentrations limit alkene product yields by in-
Dehydrogenation catalysts must increase the rate of de-creasing the rate of the reverse reactions. In contrast, alkene
sired reactions while minimizing side reactions, such as yields are not thermodynamically limited in oxidative de-
hydrogenation reactions, because H-atoms formed in C-H
T comesondi o bond activation steps are directly removed a®©HAlkene
E?nzr:ifzzgréggsiggsgbcchem.berkeley'edu (E. Iglesia). yields in oxidative dehydrogenation reactions are limited,
1 permanent address: Central Technical Research Laboratory, NipponNOWever, by parallel and sequential oxidation reactions to
Oil Corporation, Yokohama 231-0815, Japan. form CO and CQ [15-21]. Thermodynamic constraints in
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alkane dehydrogenation can be removed by continuously re-2.2. Catalytic reaction rates and selectivities

moving H using membranes [22,23] or selective reactions

with coreactants, such as;(24,25]. The latter approach Reaction rates and selectivities were measured using a

differs mechanistically from oxidative dehydrogenation, be- packed-bed with plug-flow hydrodynamics and a gradient-

cause H reacts with Q after it desorbs, possibly on sites less recirculating reactor operated in either batch or semi-

different from those used in dehydrogenation steps. batch mode [28]. In plug-flow mode, rate data were ob-
Here, we report a novel alkane dehydrogenation catalysttained at 793 K, 25 kPagEig/He (Praxair, certified mixture),

prepared by exchange of small amounts of Pt (0.1 wt% Pt) and 4.1-78.7 mol §Hg/(g-atom Pts) space velocities. Cat-

onto Na-[Fe]ZSM5 [26]. These materials give hightG se-  alysts (0.03 g) were treated in 40%/Me (Airgas, UHP,

lectivity (> 97%), very high reaction rates, near-equilibrium 10 cn?/(g9) at 773 K before rate measurements.

alkene yields, and unprecedented stability. Deactivation rate  In recirculating mode, rates were measured faHg

constants are more than 10 times smaller than on previ-(5 0r 20 kPa, Praxair) at 723 K and fopKs (20 kPa, Scott

ously reported Pt-Sn catalysts [7]. Staged introductionof O SPecialty Gases, Inc.) at 773 K using the following proto-

coreactants during &8s and GHg dehydrogenation led to ~ €0IS:

selective combustion of Hproducts and to the substantial

removal of thermodynamic constraints. (i) Pure alkane reactants

(i) Staged feed modélkanes were introduced at the start
of each experiment and XO(Scott Specialty Gases,
99.999%) was added continuously using a 60-m quartz
2. Experimental methods capillary (HP, 0.25-mm diameter). ;0introduction
rates (0.053-0.28 mg(g-atom Pts)) were chosen ba-
. o sed on average Hformation rates during alkane re-
2.1. Catalyst synthesis and characterization actions (without @); they were controlled by varying
upstream capillary pressures; the aging protocols

Na-[Fe]ZSM5 was prepared using methods previously . used are described in Table 1. ,
described [27]. [Fe]ZSM5 was treated in flowing dry air (ii) Cofeed modeCsHg (20 kPa, Praxair, CP) and 20
(0.4 ci®/(gs) at 723 K for 15 h to remove organic tem- (4 kPa) (Scott Specialty Gases, Inc., 99.999%) were
plates used in its synthesis. This sample was exchanged concurrently added at the start of experiment.
three times with a NaN@solution (Fisher, Certified ACS,
> 98.0%, 0.5 liteyg-zeolite of a 2 gliter NaNO; solu-
tion) at 353 K for 15 h and then filtered and washed with
deionized water (2 litglg ZSM5) to obtain Na-[Fe]ZSM5.

O staging intensities are defined agiBtroduction rates
divided by the corresponding rates required to consume all
H> formed during an equivalent &&free alkane dehydro-

) ) ) genation experiment, if ©molecules were introduced at a
Na-[Fe]ZSMS5 was treated in flowing dry alr.@cn?/(g.s)) uniform rate during staged-Gexperiments. A staging inten-
at 723 K for 15 .h in order to remove residual .nltrates. sity of unity corresponds to £addition rates of 0.16 mp{g-

Pt cations were introduced by ion exchange with 0.001 ;o Pts) for 20 kPa s reactants at 723 K, 0.050 maj-

M Pt(NH4)4(NOs3)2 (Johnson Matthey/Aesar) for 12 h at  giom pt s) for 5 kPa §Hg at 723 K, and 0.14 mg(g-atom
353 K. Exchanged samples were filtered, washed with Pts) for 20 kPa gHg at 773 K. These @introduction rates
deionized water, and treated in flowing dry air4@&nm?/ would lead to the ultimate consumption of alp lHroduced
(99) at 723 K for 12 h. Si, Fe, and Pt contents were mea- during each experiment, wherp@ used only to form HO
sured by atomic emission methods; they were 0.10 wt%. and when the amounts of alkenes andproduced are simi-
Pt and 0.44 wt% He&Si/Fe)at = 200}. Al was present in  |ar in O,-free and staged £experiments. Both assumptions
trace amounts (0.03 wt%). The fractional Pt dispersion represent approximations, but staging intensities remain a
was 0.95; it was obtained from the uptake of strongly useful descriptive measure ob@troduction rates.
chemisorbed hydrogen at 293 K, after samples were dried Reactants were introduced into the recirculating re-
in He (0.5 cn?/(g9) at 573 K for 1 h and reduced at 573 K actor volume (520 c®) after evacuation to< 0.1 Pa.

in Hy (0.5 cm?/(g9) for 2 h. A graphite gear pump was used to circulate reactor con-
Table 1
O, staging protocols during alkane dehydrogenation reactions on 0.1 wt% Pt/Na-[Fe]ZSM5 in a gradientless batch reactor
(a) 20 kPa GHg at 723 K Contact time (ks) 0-0.3 0.3-2.4 2.4-6.6
Oy introduction rate (mogl(g-atom Pts)) 0 0.23 0.14
(b) 5 kPa GHg at 723 K Contact time (ks) 0-0.3 0.3-6.2 -
Oy introduction rate (mogl(g-atom Pts)) 0 0.053 -
(c) 20 kPa GHg at 773 K Contact time (ks) 0-0.3 0.3-0.7 0.7-4.3

Oy introduction rate (mogl(g-atom Pts)) 0 0.28 0.14
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K ks

tents at> 2 cn®/s in order to ensure gradientless operation
/ g P C4Hs == CiHs —> CO,

(< 1% alkane conversion per pass). Catalysts were treated in

40% Hp/He (Airgas, UHP, 10 cdy(g9) at 773 K for 1 h be- k\ K1

fore reaction. During the initial stages of reaction (0.5-1.0 h) 2

alkene selectivities increased because of selective deactiva- CH,+ C,H,

tion of acid sites that formed;Gnd G products. Therefore, Ky Jj‘ K4

samples were exposed tozldg at 773 K and 18.6 mol C.H

CsHs/(g-atom Pt s) space velocity for 2 h in continuous flow 26

mode before batch or semibatch mode experiments in order Scheme 1. gHg reaction pathways on Pt/Na-[Fe]ZSM5.

to ensure steady-state catalytic rates and selectivities. Reac-

tant and product concentrations were measured by on—Iinefrom which forward rates can be obtained:

gas chromatography (Hewlett Packard, Model 5890) using

capillary (HP-1 methyl silicone column, 50 m, 320 um) and  rrywarg= rnet/ (1 — 7). (3)
packed (Supelco, 1000 Carboxen) columns and flame ion- i i
ization and thermal conductivity detectors. Samples were The effects of contact time of 4Eig dehydrogenation

collected using a valve located within the recirculation loop. 'at€S were described using the set of reactions shown in
Plug-flow reactor rates are reported as moles of reactantocheme 1. Rate and selectivity data were used to estimate

consumed or product formed per g-atom Pt-s. Product Con_each rate constant assuming pseudo-first-order kinetics for
centrations in recirculating modes are given as site yields forward reactions and thermodynamic relations for all re-

[(moles of reactant converted to a given prodyig)atom verse rate constants. The linear set of differential equations
P1)]; the slope of such plots gives reaction rates in terms was solved “Si,”g kpown met.hods [32]; aregression ana]ysis
similar to those used for flow reactor data. Hydrocarbon se- V&S used to minimize deviations between model predictions

lectivities are reported on a carbon basis as the percentage o?nd experimental data.
the converted reactant appearing as a given reaction product.

Oxygen selectivities are also reported fog Dtroduction
experiments; they are defined as the percentage ofle-O
troduced that is used fordtombustion to form HO or for ) i
hydrocarbon combustion to form GQCO and CQ) and 3.1. GHg dehydrogenation reactions on Pt/Na-[Fe]ZSM5

3. Resultsand discussion

the stoichiometric amount of 4. in a packed-bed plug-flow reactor
Lund and co-workers [29] previously described a math- . o
ematical analogy betweerphemoval during dehydrogena- CsHg dehydrogenation rates and selectivities were mea-

tion reactions in batch and flow membrane reactors. A sim- Sured on 0.1 wt% Pt/Na-[Fe]ZSMS5 catalyst at 793 K, 25 kPa
ilar analysis supports a rigorous mathematical analogy be-C3Hs, and 4.1-78.7 mol §Hs/(g-atom Pts) space velocity

tween semibatch reactors with continuousféed and plug- in a plug-flow reactor (Table 2). Thg eqqilibrium Co'nversion
flow reactors with multiple axial injection points (or,©  ©f CsHa to C3Hs under these conditions is 36%. This cat-

permeable walls) [30]. Thus, the continuousi@troduction ~ @lyst led to near-equilibrium £Hg yields (35%) with 97%

experiments described here provide a rigorous description of C3He Selectivity, and a net £Hg formation turnover rate of

the effects of @ introduction along tubular dehydrogenation  1-4 Mol GHg/(g-atom Pts) at 4.1 mol £Fg/(g-atom Pts)

reactors. space velocity. These net rates are similar to those reported
The influence of reverse reactions on measured alkane de{1-1 Mol GHs/(g-atom Pts)) at 792 K and slightly lower

hydrogenation rates must be taken into account, especially asPace velocitigs (3.5 mol4Blg/(g-atom Pts)) on 0.35 wt%
the reaction approaches equilibrium, in order to determine Pt=Sn#-Al20s; these previously reported rates, however,

kinetically relevant forward reaction rates. The approach to decreased rapidly with timeo on stream [7]. MeasurgH&
equilibrium () depends on thermodynamic data and on the formation rates on 0.1 wt%. Pt/Na-[Fe]ZSM5 decreased

prevalent pressures of reactants and products: with increasing residence time (Table 2, Fig. 1), as the dehy-
drogenation reaction approached equilibrium. The effects of

CsHg — C3Hg + Ho, residence time on forward reaction rates, obtained from the

[ Pesti ] P, 1 measured net rates using Eq. (3), are much weaker (Fig. 1);
n= X . 1) they merely reflect gHg depletion by reaction and the ob-

[ Pegts ] Keo served first-order dependence of forward dehydrogenation

The equilibrium constankeg was obtained from literature  rates on GHg pressure.
data [31]. The value of1 — n) represents the fractional dis- C3He selectivities decreased slightly with increasing
tance from equilibrium. Net reaction rates can then be rigor- residence time, because hydrogenolysis and cracking re-
ously expressed as mained far from equilibrium as dehydrogenation reactions

approached equilibrium with increasing residence time.
Tnet= rforward(1 — 1), (2) Even at GHg conversions near equilibriua~ 35%), CsHg
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Table 2
C3Hg dehydrogenation turnover rates and product distribution in a packed-bed plug-flow reactor [793 K, 2fgPhalance He, 0.1 wt% Pt/Na-[Fe]ZSM5]
Space velocity (mol gHg/(g-atom Pts)) 4.1 8.1 16.2 315 78.7
C3Hg conversion (%) 35.5 33.7 31.2 27.4 18.9
Carbon selectivity (%)
CHgy 0.68 0.42 0.18 0.14 0.10
CoHg 0.13 0.07 0.05 0.05 0.05
CoHg 1.32 0.65 0.34 0.24 0.14
CsHeg 96.9 98.2 98.9 99.2 99.6
Others(Cy4y) 0.97 0.65 0.53 0.37 0.07
Molar ratio of (GHg4/CoHg) 0.10 0.11 0.13 0.18 0.31
Molar ratio of (GH4/CoHg) at equilibrium 0.080 0.082 0.088 0.10 0.14
n(C3Hg — C3Hg + H>) 0.91 0.83 0.70 0.52 0.23
Net G3Hg formation turnover rate 1.42 2.67 5.00 8.55 14.8
(mol/(g-atom Pts))
Forward GHg formation turnover rate 15.7 16.0 16.7 17.8 19.2
(mol/(g-atom Pts}}
@ Calculated from net rate angusing Eq. (3).
25 40 100 aad 100
[ r Bl Aot -AeA-
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0 01 0.2 03 Fig. 2. Forward GHg formation rates and §Hg selectivities during gHg
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Fig. 1. GGHg conversion and net and forwargBg formation rates during
C3Hg dehydrogenation reactions in a packed-bed plug-flow reactor [793 K,
25 kPa GHg, 4.1-78.7 mol @GHg/(g-atom Pts), balance He, 0.1 wt%
Pt/Na-[Fe]ZSM5].

dehydrogenation reactions [793 K, 25 kPgHg, 18.6 mol GHg/(g-atom
Pts), balance He, 0.1 wt% Pt/Na-[Fe]ZSM5, packed-bed flow reactor].
*Calculated using Eg. (3) from the net rates on the 0.35 wt%. Pt-Sn/
y-Alo03 at 30 kPa GHg, 3.5 mol GHg/(g-atom Pts), and 792 K reported

in [7].

and 18.6 mol GHg/(g-atom Pts) space velocity for 160 h

selectivities were very high (97%), as also found on Pt— in a packed-bed flow reactor (Fig. 2).3lds selectivi-

Snk-Al203 (95-98%) [7]. GH4/CoHs ratios were higher

ties increased sharply during initial contact with reactants

than thermodynamic values and decreased with increasing(~ 100 ks) and then gradually at longer times (98.3 to

residence time (Table 2); these data indicate thatg@orms
via hydrogenation of €H4 formed in primary cracking reac-
tions. Direct formation of @Hg via hydrogenolysis of gHg

99.8%), until other products became nearly undetectable
(Fig. 2); these findings appear to reflect the selective de-
activation of acid sites responsible for cracking reactions.

was not detected, consistent with the structure sensitivity of Concurrently, net dehydrogenation rates decreased from 5.9
these reactions and the low turnover rates reported on highlyto 2.7 mol GHg/(g-atom Pts) over- 160 h, correspond-

dispersed Pt clusters [33]. Only traces gfCg aromatics

ing to a decrease in forward reaction rate from 16.7 to

(< 1% selectivity) were detected, suggesting that residual 3.0 mol GHg/(g-atom Pts) (Fig. 2). ShortersHreatments

acid sites (formed during reduction of exchanged Pt cations) (1 h) before reaction led to incomplete reduction of Pt/Na-
are relatively inactive in oligomerization and cyclization [Fe]ZSM5 and to a gradual initial increase in dehydrogena-
reactions, because of their weak acidity in [Fe]ZSM5 or tion rates as reduction continued during initial contact with
their rapid deactivation during the early stages of reaction CzHg reactants.

(Table 2). In contrast, such chain growth and cyclization re-
actions are very fast durings@g reactions on H-[Al]ZSM5
and cation-exchanged H-[Al]ZSM5 [34,35].

C3Hg dehydrogenation rates were measured after H
treatment for 3 h on 0.1 wt% Pt/Na-[Fe]ZSM5 at 793 K

Deactivation rates were much lower on 0.1 wt% Pt/Na-
[Fe]ZSM5 at 793 K than on 0.35 wt% Pt—$nAl,03, on
which net GHg formation rate decreased by a factor of
about2in~ 10 h at 792 K [7]. In order to measure deactiva-
tion rate constants rigorously, forward reaction rates were es-
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timated on 0.1 wt% Pt/Na-[Fe]ZSM5 using the data reported [38]. C3Hg reactions on 0.6 wt% Pt—-Ga/MgAD, at 878 K,
here and on 0.35 wt% Pt—Sn/Al,O3 using reported net 78 kPa, and 0.80 mol 4Eig/(g-atom Pts) space velocity
rates [7] and Eq. (3). Deactivation rate constants decreaseded to~ 30% conversion and 97-98% K5 selectivity, but
rapidly during the early stages of reaction on both catalysts deactivation rate constants- 0.05 h~1) were also much
(Fig. 2), apparently because alkene and acid site concentrahigher than on Pt/Na-[Fe]ZSM5.
tions decreased as deactivation occurred. First-order deac- Pt clusters on silicalite (pure silica ZSM5) also catalyze
tivation constants then reached constant values (Fig. 2) ofalkane dehydrogenation with high selectivity [39], but re-
0.008 hr! on Pt/Na-[Fe]ZSM5 (80—600 ks) and 0.11on action rates are much lower than on Pt/Na-[Fe]ZSM5, ap-
Pt-Sny -Al»,03 (618 ks). These rate constants correspond parently because the absence of exchange sites in silicalite
to mean lives ¢; defined as the time required for the rate to leads to low dispersion of Pt precursors and crystallites. De-
reache ! of its initial value) of~ 125 h on Pt/Na-[Fe]ZSM5  activation rates are much lower than on P#®¢ and the
and~ 9 h on Pt—Sn/-Al>03. The isomorphic substitution  addition of Zn increases rates, selectivity, and stability [40].
of AI®t by Fét in ZSM5 leads to weaker acidity [36], CsHg reactions on 0.5 wt% Pt/Zn/silicalite at 828 K and
while the presence of small Pt clusters within protected 10- 0.7 mol GHg/(g-atom Pts) space velocity led to 25-27%
ring channels leads, in turn, to low hydrogenolysis turnover CgHg conversion with 99% gHg selectivity; deactivation
rates and to constrained environments that preclude transi+ate constantg~ 0.01 h~1) are slightly higher than reported
tion states required to form large organic structures. Thesehere on 0.1 wt% Pt/Na-[Fe]ZSM5, which gives higheiHg
combined effects led to lower rates of oligomerization, cy- yields (35%) at higher space velocities (4.1 maHg/(g-
clization, and aromatization and to an apparent decrease inatom Pts) and lower temperatures (793 K) than these state-
the rate of formation of unreactive organic residues respon- of-the-art Pt-based silicalite materials.
sible for deactivation on Pt/Na[Fe]ZSM5 catalysts.

After C3zHg reactions for 160 h, Pt/Na-[Fe]ZSM5 was 3.3. Effects of Hremoval by staged £introduction in a
treated in a flowing 40% piin He (10 cn¥/(gs)) mixture at gradientless batch reactor
773 K for 2 h. This treatment did not recover or even influ-
ence dehydrogenation rates, indicating that organic residues Thermodynamic constraints imposed by increasing H
responsible for deactivation do not react with Bit reac- concentrations as alkane conversion increases prevent the
tion temperatures. Treatment in 1%/8e (10 cn?/(g9) use of these active and stable catalysts at even lower temper-
at 723 K for 2 h and re-reduction of the catalyst in a flow- atures or higher conversions. In principle, these constraints
ing 40% H in He (10 cn¥/(g9) mixture at 773 K for can be removed by reactions that consumeaH it forms.
2 h, however, led to initial forward 4Hg dehydrogenation  In practice, this requires that coreactants interact selectively
rates (16.1 mol gHg/(g-atom Pt s)), very similar to those on  with Hy, without significant depletion of hydrocarbon re-
fresh catalysts (16.7 mol4Elg/(g-atom Pts)). Deactivation  actants or products. For example; Eombustion with @
rate constant€d.009 1) and GHg selectivities (99.6% af-  effectively removes bl but the combustion of the predom-
ter 50 h) were nearly identical to those on fresh catalysts inant alkanes and alkenes must be much slower than the
(0.008 i1, 99.4%). We conclude that oxidative treatments desired combustion of 3 H, combustion selectivity should
remove organic residues without any sintering or migration be favored when @is not available before His formed
of Pt clusters. The deposition of organic residues is respon-or after b is depleted. The concurrent introduction of O

sible for the slow deactivation observed duringHg dehy- and alkanes in the reactant stream can lead to significant
drogenation on Pt/Na-[Fe]ZSM5; such residues can be fully hydrocarbon combustion before lHecomes available from
removed, however, using mild oxidative treatments. dehydrogenation reactions. Here, we explore the kinetic and

thermodynamic consequences of staging the introduction of
3.2. Comparison of Pt/Na-[Fe]ZSM5 with previously O2 coreactants as alkane conversion proceeds gnbeH
reported alkane dehydrogenation catalysts comes available for reaction with,O

Previous studies of staging during gHg dehydrocy-

Pt and Pt—Sn species on nonacidic supports, such aslodimerization reactions on cation-exchanged H-[Al]ZSM5
MgAI 04, lead to lower cracking and oligomerization rates [41] led to significant increases in aromatic yields over
and to slower deactivation than similar active structures those achieved with puresBg reactants. Staging intensi-
supported ony-Al,03 or Si0, [11,37]. GHg dehydro- ties above stoichiometric values led to lowep @actant
genation on 0.5 wt% Pt-Sn/Mg#D, at 823 K, 39 kPa, efficiencies without significant additional improvements in
and a space velocity of 9 mol 38g/(g-atom Pts) led  aromatic yields beyond those obtained at staging intensities

to 93-97% GHg selectivity and 11-12% £Hg conver- near unity [41]. Therefore, £introduction rates correspond-
sion [11]. Deactivation rate constants obtained from for- ing to overall staging intensities near unity were chosen
ward reaction rate€).05 h~1) were lower than on Pt—Spf initially for C3Hg and GHg reactions on 0.1 wt% Pt/Na-

Al,03(0.11 b1y [7], but much greater than reported here [Fe]ZSM5. G introduction rates that vary with time, so as
on Pt/Na-[Fe]ZSM5(0.008 h1). Pt-Ga/MgApO4 shows to more closely match the higher initiabHormation rates
greater rates, selectivity, and stability than Pt—Sn/M@Al and their ultimate decrease as conversion increases, ulti-
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Fig. 3. Effects of Q introduction on (a) GHg, (b) cracking products ({-Cy), and (c) carbon oxide (CQ site yields during @Hg dehydrogenation reactions
in a gradientless batch reactor [723 K, 20 kPgHg, cofeed: 4 kPa @or O, staging protocol: (1) 0-0.3 ks withoutO(2) 0.3—-2.4 ks 0.23 mg(g-atom Pts)
(3) 2.4-6.6 ks 0.14 mg(g-atom Pts), balance He, 0.1 wt% Pt/Na-[Fe]ZSM5].

mately led to more precise matching of @troduction and yield) to~ 1.7 x 10% mol C3Hg/g-atom Pt (29% yield) when
H, formation rates and they were used in all experiments O, was introduced at overall staging efficiencies of unity on
reported here. For g dehydrogenation, ®introduction Pt/Na-[Fe]ZSM5. GHg formation rates decreased with in-
protocols that maintain an overall staging intensity of unity creasing contact time during staging experiments (Fig. 3a),
were implemented by initially using purezBg for 0.3 ks as Kb was nearly depleted via reactions with @~ig. 4a).
in the batch recirculating reactors;;@vas then added at  This reflects higher deactivation rates as ddncentrations
0.23 moJ(g-atom Pts) between 0.3 and 2.4 ks and finally decrease and catalysts are exposed to higher concentra-
at 0.14 mof(g-atom Pts) from 2.4 to 6.6 ks (Table 1a). tions of CO and alkenes without the concurrent presence
Fig. 3 shows site yields for §Hs, C1—Cp, and carbon  of Ha. Such conditions favor larger and less reactive un-
oxide (CQ.) product yields during gHg dehydrogenation  saturated products and the formation of adsorbed carbon
at 723 K and 20 kPa Hg in a gradientless batch reactor. species via CO disproportionation reactions. These deacti-
Equilibrium GHg yields were quickly reached andsBg vation processes will be discussed in more detail in a later
(Fig. 3a) and H (Fig. 4a) site yields reached constant val- section. Cracking (&-Cp) rates were not influenced by the
ues ¢ 10° mol/g-atom Pt) after 2.4 ks. 4Hg formation presence of @coreactants or by the removal of kFig. 4b),
rates decreased with increasing contact time (Fig. 3a), be-because cracking reactions remained far from equilibrium
cause H accumulates as conversion increasesiridreases under all reaction conditions.
the rate of reverse reactions and can also inhibit forward de- CyH4/C2Hg molar ratios were higher than equilibrium

hydrogenation rates. values at all contact times with pureldg reactants and dur-
Higher GHg yields were achieved whenyQvas intro- ing O, staging (Table 3), indicating thatyB4 is formed in
duced gradually during reaction (Fig. 3a). MaximursHg primary cracking reactions of 4Elg; CyHg is formed via

site yields increased from 10° mol C3Hg/g-atom Pt (18% secondary hydrogenation of;84 and not via direct hy-
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Fig. 4. (a) Hydrogen concentrations and (b) total amounts of introdugedn@ residual @ concentrations during 4Hg dehydrogenation reactions in a
gradientless batch reactor [723 K, 20 kPgHg, cofeed: 4 kPa @or O, staging protocol: (1) 0-0.3 ks without;Q(2) 0.3-2.4 ks 0.23 mg(g-atom Pts),

(3) 2.4-6.6 ks 0.14 mg(g-atom Pts), balance He, 0.1 wt% Pt/Na-[Fe]ZSM5].

Table 3

Effects of G staging on ratios of §H4 to CoHg during GHg dehydrogenation reaction in a packed-bed flow reactor [723 K, 20 kPk,0O, staging
protocol: (1) 0-0.3 ks without & (2) 0.3-2.4 ks 0.23 mg(g-atom Pts), (3) 2.4—6.6 ks 0.14 nji@d-atom Pts), balance He, 0.1 wt% Pt/Na-[Fe]ZSM5]

O, staging intensity 0 0 0 1.0 1.0 1.0
Contact time (ks) 0.6 1.2 2.4 0.6 3.6 6.6
C3Hg conversion to hydrocarbons (%) 12,5 17.1 18.4 13.3 26.5 29.7
H» site yields (molg-atom Pt) 680 950 1000 580 390 85
Molar ratio of (GH4/CaHg) 0.26 0.16 0.091 0.28 0.38 0.75
Molar ratio of (GH4/CoHg) at equilibrium 0.12 0.089 0.083 0.17 0.26 0.75
1(CaHg + Hp — CoHg) 0.48 0.54 0.91 0.60 0.67 0.84

drogenolysis of gHg on Pt clusters. €Hs/CoHg ratios de- 100

creased with increasing contact time fog-fdee reactants, H\-\.\.

Igut mcreqsed during £staging, becau§e264 hydrogena- ao g0 . O, Staging intensity : 1.0

tion reactions depend onpHoncentrations. piconcentra- s

tions decreased with contact time in staging experiments ‘? -

but increased during reactions of purgHg reactants (Ta- '§ 60

ble 3). For both pure gHg reactants and staged, dntro- ]

duction experiments, the reaction equilibrium parameter S i

for CoH4 hydrogenation approached unity with increasing 240 4

contact time (Table 3). 3

The percentage of the converted Gsed for B com- g I

bustion reflects the relative reactivity and availability of,H & 020 7

alkanes, and alkenes for reactions with. ®ig. 4b shows I Co-feed

added and residual amounts of Quring GHsg reactions on RN S L

Pt/Na-[Fe]ZSM5 at 723 K. Residual @oncentrations are 0 J J ‘

very low (< 0.1 umol/cm®) throughout the entire conver- 0 5 10 15 20

sion and contact time range. Fig. 5 shows that 89—93% of the
added Q is used to combust H indicating that H removal
by O, is very selective when £coreactants are staged in a

Contact time (ks)

Fig. 5. Hp combustion selectivities (% O-base) in cofeed and staged modes

manner that ensures thap lit available as QCOreactant:s during GHg dehydrogenation reactions in a gradientless batch reactor
enter the reacting mixture. These kombustion selectivi-  [723 k, 20 kPa GHg, cofeed: 4 kPa @ or O, staging protocol: (1)
ties are remarkable in view of the predominant presence of 0-0.3 ks without @, (2) 0.3-2.4 ks 0.23 mg{g-atom Pts), (3) 2.4-6.6 ks
hydrocarbons in the prevalent reacting mixtures. 0.14 mo(g-atom Pts), balance He, 0.1 wt% PtNa-[Fe]ZSM5].
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In order to determine the extent to which homogeneous bustion reactions of alkenes formed in dehydrogenation re-
reactions contribute to combustion pathways, the reactionactions.
products and unreactedzBs remaining after @Hg reac- O3 staging experiments were also carried out at lower ini-
tions on Pt/Na-[Fe]ZSM5 (17% conversion; 3.6 ks, 723 K) tial C3Hg pressures (5 kPa) and overall §laging intensities
were isolated, mixed with 1 kPaOand reacted in an empty  of unity (Table 5). The @ staging protocol is shown in Ta-
reactor at 723 K (0.7 cfhheated volume). CQformation ble 1b. Higher maximum §Hg yields were achieved with
and H combustion rates were compared at similarathd O3 staging at 5 kPa (40.5%) than at 20 kPa (28.8%), but the
O concentrations with those measured during catalytic de- ratios of these gHg yields to the corresponding equilibrium
hydrogenation reactions using the @troduction protocol yields were lower at 5 kPa4Eig (1.26) than at 20 kPa (1.58).
described in Table 1a. Catalytic G@rmation and H com- Fig. 6 shows that bicombustion selectivities were very sim-
bustion rates were much higher than homogeneous rateslar for these two reactant pressures (e.g., 89% at 20 kPa and
(Table 4), indicating that observed alkene angdddmbus- 87% at 5 kPa and 30% conversion).
tion rates during staged and cofeed €xperiments reflect
surface-catalyzed reactions. Homogeneous first-order com- 100

bustion rate constants were about 15 times greater4bigC " | m:20kPaCH at 723 K
than for GHg; taken together with the low initial COselec- O 95+ | ©: 5kPa CyHgat 723 K
tivity in catalytic staged experiments and its increase with & i N
contact time, these data suggest that,(d@rmed during Z %0 I a\‘.\*i.w
staging catalytic experiments arise predominately from com- § i ‘"\..\A 0\0\
o) C . S
o 857 g
Table 4 S - AA
C3Hg to CO; turnover rates on 1.0% Pt/Na-[Fe]ZSM5 and in an empty re- 2 80 L
actor [catalytic reaction: 723 K, 20 kPaBg, 0.23 moJ(g-atom Pts) G, 'g T 20 kP H.at 773 K
balance He, 1.0% Pt/Na-[Fe]ZSM5; homogeneous reaction: 723 K, reac- 8 L 0kPa CoHeat 773
tant and products after the catalytic reaction for 1 h (723 K, 20 kitdgC £ 75 ,
balance He), 1 kPa£) empty reactor] L
Pt/Na-[Fe]ZSM5 Homogeneous 70 - : ‘ :
Carbon oxide formation rate 300 4.6 0 10 20 30 40 50
13 -1
Hz(rgsxgﬁt’ijr?rates ) 660 73 C3Hg or CoHg reactant conversion
(moljcm?, 10-12 51 to hydrocarbons (%)
Residual trati v 9.0
e;;;;ﬁ% c;)g_c;e)n ration Fig. 6. H, combustion selectivities (% O-base) during alkane dehydrogena-
Residual Q’concentration % 24 tion reactions at @staging intensities of 1.0 using staging protocols shown

in Table 1 [20 kPa gHg and 5, 20 kPa gHg, 0.1 wt% Pt/Na-[Fe]ZSM5,

8
(mol/cm?®, 10°8) gradientless batch reactor].

Table 5
Comparison of dehydrogenation of light alkanes combined with selective hydrogen combustion [25] and with stigeb(tDis study)
Catalytic dehydrogenation with staged €@ed Three-stage dehydrogenation—selective
hydrogen combustion [25]
Catalysts: 0.1 wt% Pt/Na-[Fe]ZSM5 0.7 wt% Pt-Sn-ZSM5

(dehydrogenation sections)
10 wt% InyO3/ZrOp
(selective hydrogen combustion sections)

Reaction conditions

Temperature (K) 723 723 773 823 823
Reactant GHg C3Hg CoHg C3Hg C3Hg
Initial C3Hg (or CoHg) pressure (kPa) 20 5 20 101 101
Molar ratio of (introduced @/alkane) 0.14 0.20 0.10 0.06 0.12
C3Hg (or CoHg) conversion (% C) 30.5 43.2 20.4 30 35
C3Hg (or CoHy) selectivity (% C) 94.6 93.8 93.0 99 96
CO; selectivity (% C) 24 3.0 5.0 1 4
H» combustion selectivity (% O) 89.2 85.3 80.3 - -
C3Hg (or CoHy) yield (mol/g-atom Pt) 1600 590 1100 - -
(% C) 28.8 40.5 18.9 30 33
C3Hg (or CoHy) yield at equilibrium 18.2 32.2 12.0 25 25
(%, calculated)
Ratio of GHg (or CoHy) yield to 1.58 1.26 1.58 1.2 1.3

C3Hg (or CyHy) yield at equilibrium
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Fig. 7. Effects of Q staging on (a) gHg, (b) CHy, and carbon oxide (CQ site yields during GHg dehydrogenation reactions in a gradientless batch reactor
[773 K, 20 kPa GHg, Oo staging protocol: (1) 0-0.3 ks withoub((2) 0.3-0.7 ks 0.28 mg(g-atom Pts), (3) 0.7—4.3 ks 0.14 njifd-atom Pts), balance He,

0.1 wt% Pt/Na-[Fe]ZSMS].

CoHg dehydrogenation (20 kPa) was also studied at Oz was only available, and rapidly consumed in unselective

773 K on Pt/Na-[Fe]ZSM5 using the Ostaging proto-

col shown in Table 1c. A higher temperature was cho-

sen than that for gHg reactants because alkane reactivi-

hydrocarbon combustion reactions, whesHg conversions
were low and H was not yet available. As a result,,O
was consumed unselectively and it became unavailable to

ties and equilibrium alkene yields decrease with decreasingremove H as dehydrogenation reactions approached equi-

alkane chain size. {£Hg dehydrogenation data are shown in
Fig. 7 and Table 5. Equilibrium £, yields were quickly
reached { 2 ks) with O-free reactants at 773 K. 0
staging led to significantly higher yields.(1x 10° mol
CoHga/g-atom Pt, 19% eH,4 yield) than with Q-free re-
actants (068 x 10° mol CoHa/g-atom Pt, 12% 6Hy yield)
(Fig. 7a). The ratio of the experimental to equilibriurnHG
yields with &, staging was 1.58 (Table 5) sldombustion se-
lectivities at similar alkane conversion levels were lower for
CoHg at 773 K than for GHg at 723 K (Fig. 6). This is not
unexpected because; Hombustion typically shows lower

librium. Fig. 3a also shows thatsBlg formation rates were
much lower during cofeed experiments than in staged O
or Ox-free operating modes; this reflects deactivation events
favored at the high CO concentrations and lowddncen-
trations prevalent during the early stages gHg dehydro-
genation with Q cofeed, as discussed below.

Fig. 3c shows CQ site yields for stoichiometric staging
and cofeed experiments. In cofeed mode,Gfe yields ini-
tially increased rapidly with increasing contact time until O
was depleted and CCOcould no longer form. CQ forma-
tion rates and site yields were much higher witfHg—O»

activation energies than hydrocarbon combustion reactionsreactants than at the lower@oncentrations prevalent dur-
in homogeneous [42] and catalytic [43] systems. Thus, the ing staged @introduction. B combustion selectivities were

higher reaction temperatures used ifHg dehydrogenation

much lower (5-8%) in cofeed experiments than during sto-

reactions favor combustion of the predominant hydrocarbonichiometric @ staging (90%) as shown in Fig. 5. The low

species over competing reactions of less abundamhéle-
cules.

3.4. Comparison of @staging with cofeed strategies

CsHs dehydrogenation rates and selectivities during

H> combustion selectivities in cofeed experiments reflect
the substantial absence o ldt short contact times, during
which O, is abundant, and the depletion of @ia unse-
lective reactions before dehydrogenation approaches equi-
librium at longer contact times (Fig. 4b).

staged @ introduction were compared with those measured 3.5. Catalyst deactivation duringsElg dehydrogenation

when equivalent amounts of Qwvere introduced concur-
rently with GHg reactants. @ was introduced with gHg
(20 kPa) either initially (4 kPa) or continuously (Table 1a;

staging intensity of unity). In cofeed experiments, resid-

ual O, concentrations were initially very high, butbQvas

with Oy introduction

When H is removed selectively via reactions withp O
alkene yields are no longer constrained by thermodynamics;
as a result, they should increase monotonically with contact

consumed rapidly in hydrocarbon combustion reactions to time. Near-stoichiometric ®introduction rates, however,

form CO, and HO (Fig. 4b). @ became undetectable after
~ 0.6 ks contact times, at which poingBsg yields were still
low (2.5%) and far from equilibrium; in cofeed experiments,

led to asymptotic alkene yields as contact time increased
(Fig. 3a, Fig. 7a). These data do not reflect any effects of
reverse reactions, becausg Was continuously removed as
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reactant (staging intensity: 0) and (b) with staged ©(staging intensity= 1.0) [723 K, 20 kPa @Hg, O, staging protocol: (1) 0-0.3 ks without,QO
(2) 0.3-2.4 ks 0.23 mg(g-atom Pts), (3) 2.4-6.6 ks 0.14 nji(g-atom Pts), balance He, 0.1 wt% Pt/Na-[Fe]ZSM5].

1.2

contact time increased via reactions with @nd its con- After catalyst
centration remained very low. It is possible thazQHor I regeneration
CO, formed in combustion reactions, inhibit or poison active 1 i Aa (723 K in air)
sites, or that low K concentrations prevalent during staging o
experiments favor unsaturated carbonaceous residues thag 08 -
block access to active sites. These possibilities were exam-2
ined by comparing measured time yields with those pre-
dicted from thermodynamically consistent kinetic models of
C3Hg dehydrogenation reactions.

On Pt/Na-[Fe]ZSM5, gHg reactions include primary de-
hydrogenation to form gHg, primary cracking reactions
to form CH; and GH4 (Scheme 1), and secondary hydro-
genation of GH4 to form GHg. Initial CO, carbon selec- 02+
tivities (extrapolated to zero reactant conversion) are very e

. . ow reactor Batch reactor Flow reactor
low (< 0.1%), suggesting that COforms predominately 0 . ‘ ‘ ‘ ‘ . . . .
via combustion of @Hg and not directly from @Hg. Rate 0 2 4 &
constants for each nonoxidative step were estimated from re-
action rates and selectivities for pureH reactants. Fig. 8a
shows experimental and predicted concentrations 361C Fig. 9. Site accessibility factors for forwardsBg formation rate on
and G—C; products as a function of contact time. These 0.1 wt% Pt/Na-[Fe]ZSM5 [flow reactor: 723 K, 18.6 mokKg/(g-atom
parameters were then used to describe the results obtainegttas)i'n20 'fciic%fEEbbglaQZekgveJitﬁituct:or{Z?g%“ 274213kst 22% 'r‘npg('*@étgﬁ]
during G Stag'”g* for which CQ form_atlon rate constants Pts%, (%)p2.4—6.é ks 0.14' m-atom Pts), br;llancée He; .catalyst(‘:’regenera-
(k3) were estimated from COformation rates. Data and  tion: 723K, dry air, 2 h].
model predictions are shown in Fig. 8b for 20 kPgdg and
the staging protocol in Table 1azBs yields during Q stag-
ing were accurately described at short contact tirre2 ks), ) ] ]
but the kinetic model predicted highegids yields than ex-  Ucts O and CO, or the concomitant high alkght ratios
perimentally observed as contact time angHg conversion prevalent for reactions of ££1g—O, mixtures led to deacti-
increased. Measuredsee y|e|ds reached ||m|t|ng values as vation or to kinetic inhibition of active sites during358
conversion increases, while the model, which rigorously ac- dehydrogenation on Pt/Na-[Fe]ZSM5.
counts for all thermodynamic effects, predicts a monotonic The extent of this deactivation or kinetic inhibition was
increase in @He yields. This apparent decrease in forward described using a site accessibility factdr), defined as the
C3Hg dehydrogenation rates with increasing contact time re- ratio of the experimental forward rate to that predicted by the
flects a loss of catalytic sites, which does not occur with pure kinetic model at each contact time. Valuesdfare shown
CsHg reactants in batch reactors (Fig. 8a) or in long-term in Fig. 9 for GHg reactions at 723 K and an,Gstaging
flow experiments (Fig. 2). Thereforep(ts reaction prod-  efficiency of unity; they decrease from their initial value of

Yy

O, Staging

intensity
A 0
B 10

06 T

04 +

Site accessibilt:

Contact time (ks)
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unity to~ 0.20 at 6.6 ks during experiments, but remain near in order to replenish lattice oxygen atoms as they reacted
unity at all contact times for pures€lg reactants. with Ho to form H,O. CzHg rates and selectivities were
Rate measurements in a flow reactor (723 K; 18.6 mol compared with those achieved when the middle stage was
CzHg/(g-atom Pts) space velocity) before and after semi- bypassed (Table 5). The three-stage process gave 36 C
batch Q staging experiments gave similar values &f yields with 99% GHg selectivity for an @/CsHg ratio of
(Fig. 9). These similar values indicate that loss of activity 0.06. Higher Q/CsHg ratios (0.12) gave slightly higher
was not caused by kinetic inhibition ob8g dehydrogena-  C3Hg yields (33%), but lower selectivities (96%). These
tion rates by HO or CO: combustion products, but by ir-  two O,/C3Hg ratios gave GHg yields about 1.2—1.3 greater
reversible titration of active sites. Treatment in dry air at than the equilibrium values attainable without Kemoval.
723 K for 2 h restored initial ¢Hg dehydrogenation rates,  These yield enhancements (1.2—1.3) are lower than those re-
suggesting that site blockage was caused by carbon depoported here at significantly lower temperatures using staged
sition via CO disproportionation or alkene oligomerization O, introduction (1.58) and a single-stage Pt/Na-[Fe]ZSM5
and aromatization reactions. These reactions are favored a%atalyst. Both this three-stage cyclic process [25] and our
catalysts are exposed to high alkene and CO concentrationging|e_stage system gave low C@electivities & 5%) and

without the concurrent presence of.H he recovery of cat-  pigh o, reactant efficiencies. Staging strategies, however,
alytic rates by oxidative treatments indicates that neither Pt o/ iq the cyclic operation required in multistage systems
sintering nor loss of ze.olite crystallinity are responsible for |, 1o using a single catalysts for selective combustion pf H
the observed deactivation. and dehydrogenation of alkanes; these features markedly de-
The effect of CO on deactivation rates was also probed by crease process complexity and costs. Stagsidt@pduction
adding CO (0.025 kPa) togBig reactants (20 kPa; 18.6 mol can be implemented using multiple injectors in large-scale

%;'?(/(gj;g;:/azg? rziagsnzgﬁfslt?gcgazem\:v w?gﬁf?r at packed-bed or fluid-bed reactors. It can also be achieved
' using ceramic membranes as reactor walls, which can ad-

with pure GHg reactants to @6 h~! when CO was added, ditionall ¢ bient ai
suggesting that CO disproportionation reactions are involved itionally separate pure £Irom ambient air.
in deactivation processes observed during cofeed experi-
ments and, to a lesser extent, duringstaging. These exper-
iments, however, overestimate the effects of CO in staged O 4. Conclusions
experiments because the catalyst bed is exposed to the enter-

ing reactant stream before any ean be formed in dehydro-
genation reactions. Also, staged @ddition led to higher
Cs+ selectivity (0.19% vs 0.075%; at 17% GHg con-
version), suggesting that lowerHoncentrations prevalent

High C3Hg dehydrogenation rates with high alkene selec-
tivities and yields and unprecedented catalyst stability were
achieved using Pt clusters residing within shape-selective

during O, staging favored oligomerization and aromatiza- channels in Na-[Fe]ZSM5. These materials provide anchor-

. i . . ing sites for Pt exchange, which lead to well-dispersed clus-
tion reactions, which can also lead to unreactive unsaturated . ) .
deposits. ters during subsequent reduction, and much weaker acid

Thus, precise control of Dintroduction rates and local sites than [AIJZSM5 materials. Deactivation rate constants

N 1 i -
H> concentrations is required in order to overcome ther- (~0.008 %) were much lower than 'or'1'preV|0u'st re
modynamic barriers in alkane dehydrogenation reactions,portEd dehydrogenation catalysts and initial reaction rates

because of the need to avoid site blocking favored by high and selectivity were recovered using mild oxidative treat-

alkene/H ratios and CO concentrations prevalentduring O Ments after 160 h on stream. Stagegl idtroduction led
staging. Optimum performance typically requires overall O  t© the combustion of biwith ~ 90% selectivity on these
staging intensities slightly below stoichiometric values and Catalysts, even when hydrocarbons were predominant com-
0, introduction rates that vary with reactor position in tubu- POnentsinreacting mixtures. Alkene yields higher than equi-
lar flow reactors or with contact time in semibatch reactors. librium by a factor of~ 1.6 were achieved for £4s and
C3Hg dehydrogenationat 773 and 723 K, respectively. These
3.6. Comparison of @staging with catalytic enhancement factors are significantly higher than previously
combustion reported with a more complex three-stage selectivedin-
bustion scheme. Cofeeding alkane~+®actant mixtures led
A previous study reported 4Elg dehydrogenation reac-  to the rapid combustion of hydrocarbons and to the depletion
tions coupled with K combustion in a three-stage process 0f Oz before H is formed and dehydrogenation reactions
designed to increasesBs yields above equilibrium val-  approach equilibrium. High ©concentrations lead to CO
ues [25]. In this scheme, the first and third stages containedformation and to i depletion, both of which favor the for-
0.7 wt% Pt—-Sn[AL]ZSM5 (2 g) and the intermediate stage mation of deactivating deposits. Thus, precise control of O
contained 10 wt% I503/ZrO, (0.1 g), which provided lat-  introduction location and rate is required in order to ensure
tice oxygen atoms for selective combustion of férmed that O reactants become available agislformed in dehy-
in the first stage. Air was introduced into the middle stage drogenation reactions.
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