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considered to be current challenges . hasSisted dehydrogenation. For both C&nd [
N,O ODHP reactions, sigeant eorts have been devoted to developing redox-active/(€.g.
chromium, vanadate, iron, etc.), nonredox-type main group metal oxide (e.g., gr¢
gallium), and other transition metal/metal oxide catalysts (e.g., molybdenum, palf
platinum, rhodium, ruthenium, etc.), as well as zeolite-based catalysts with adjustable
base properties, unique pore structures, and topologies. Migalsmie shown promising &
performance in DHP, whereas the development of suitable catalysts has laggedSer SO
assisted ODHP. Recently, sicemit eorts have been focused on homogeneous and
heterogeneous ODHP using halogens (e,l,, B, etc.) and hydrogen halides (e.g., HCI
and HBr) for the development of facile processesHagrs@gnthesis. This Review aims to
provide a critical, comprehensive review of recent advances in oxidative dehydrogenation of propane with these soft oxidar
particularly highlighting the current state of understanding of the following factors: (i) relationships between composition, structure
and catalytic performance, (iigets of the support, acidity, and promoters, (iii) reaction pathway and mechanistic insights, and (iv)
the various roles of soft oxidants. Theoretical and computational insights toward understanding reaction mechanisms and cata
design principles are also covered. Future research opportunities are discussed in terms of catalyst design and synthesis, deacti
and regeneration, reaction mechanisms, and alternative approaches.

KEYWORDS:oxidative dehydrogenation of propane, soft oxidants, propane, propylene, carbon dioxide, nitrous oxide,
sulfur/halogen-containing compounds

1. INTRODUCTION overoxidation of olas to carbon oxides (GQresulting in

the ine cient use of the reactant and low process
selectivity® Most recently, hexagonal boron nitride (h-BN)
has emerged as an outstanding catalyst, f@OMP with

high GHg selectivity (e.g., 79% selectivity with 14ph C

& version at 49C) and well-suppressed overoxidatitm.

((jia e studies have mainly focused on low-temperaturé’ activity
gpd probing possible active sites and mechanisms, including
sSurface oxy-functionalization, peculiar kinetic features, and
jadical chemistry in the gas pfidSeDespite potential
advantages, concerns of processmability due to the
Riesence of Lexist and might impair practical implementa-

Propylene (gHg) is a crucial organic feedstock for a large
number of chemicals in the petrochemical industyever,
it is currently faced with a serious supplgideecause of the
rapid growth in market demand foHg derivatives. At
present, propylene is mainly produced by steam cracking
uid catalytic cracking (FCC) of naphtha, light diesel, an
other oil byproducts, as well as direct dehydrogenation
propane (DHPYJ. Yet, the dehydrogenation proces®rsu
from two inherent drawbacks: (i) the endothermicity-induce
thermodynamic limit forg8g conversion that demands high-
energy input and (ii) the rapid catalyst deactivation because
coke formatiofi.Alternatively, oxidative dehydrogenation of
propane (ODHP) is attractive because of its exothermicityieceived: September 11, 2020
which makes it free from the thermodynamic restraint at lowéteVvised: January 11, 2021
temperaturesPresently, oxygen {has been widely used as Published: February 4, 2021
an oxidant for ODHP. Though major progress has been made
by using redox-active transition metal oxide catalysts, such as
vanadiurh® and molybdenufithe presence of,@an cause
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Table 1. Reactions Involved in ODHP with Soft Oxidants and Corresponding Changes in Enthalpy and Gibbs Free Energy
(Calculated by HSC Chemistry)

CO, ODHP chemical equation Hosc (kJ mol?Y) Gysc (kJ mol?)
direct dehydrogenation of propane (DHP) CiHg CH¥ H, (2-1) 124 86
reverse water-gas shift (RWGS) CO,+H, Co HL (2-2) 41 29
CO, ODHP CHg+ CO, ChHiy CO HO (2-3) 164 115
dry reforming of propane (DRP) CHg+ 3CO, 6C® 4H (2-4) 621 383
reverse Boudouard reaction COo,+C 20 (2-5) 172 120
propane decomposition | CHg 3G 4H, (2-6) 104 23
propane decomposition II CHg CHy 28 2H, (2-7) 29 27
propane cracking CHg CHy CH, (2-8) 82 41
propylene decomposition CiHg 3G 3H, (2-9) 20 63
coke formation CHg+3CO, 2€ 2H, 2H0 40 (2-10) 359 201
0, ODHP CHg+ 120, CHe 2HO (2-11) 188 142
N,O ODHP chemical equation Hogc (kJ mol?) Gosc (kJ mol?)
N,O decomposition N,O Ni 1/20, (2-12) 82 104
N,O ODHP CHgt NO Cdg HO N, (2-13) 199 246
SO, /S,(H,S) ODHP chemical equation Hosc (kJ mol?) Gysc (kJ mol?)
SO, ODHP CHg+ 1/380, CyHg 1/3HS 2/3HD  (2-14) 55 22
H,S partial oxidation H,S+ 1/20, 1/23 H,0 (2-15) 157 155
S, ODHP CiHg+ 1/2S, CiHg HS (2-16) 39 13
H,S oxidation H,S+ 1/2SQ H® 3/2s (2-17) 73 45
halogen (¥)-promoted ODHP and oxyhalogenation chemical equation H,sc (k3 mol?) Gysc (kJ mol?)
Cl, dehydrogenation CHg+ Cl, CHHy 2HCI  (2-18) 60 104
Cl, regeneration 2HCI+ 1/20, Ck HLO (2-19) 57 38
Br, dehydrogenation CHg+ Br, CgHg 2HBr (2-20) 21 24
Br, regeneration 2HBr+ 1/20, Bx HLO (2-21) 138 119
I, dehydrogenation CiHg+ 1, CH% 2HI (2-22) 115 70
I, regeneration 2HI +1/20, 1+ HLO (2-23) 232 212
C4Hg oxychlorination CHg+ HCI+ 1/20, CH@ HO (2-24) 176 161
dehydrochlorination CHLI CHg HCI  (2-25) 58 18
C4Hg oxybromination CHg+ HBr+ 1/20, CHBr HO (2-26) 190 174
dehydrobromination CHABr CgHy HBr (2-27) 72 32
C,Hg oxyiodination CHg+ HI + 120, CH¥ HO (2-28) 195 179
dehydroiodination CH4 CH$ HI  (2-29) 78 37

tion>** To address this issue, an alternative approach is toarket demand and productivity and the continuously
introduce soft oxidants to replagg@ ODHP, such as GO increasing concerns of environmental burden motivate the
NO,, and S-containing compounds, as well as halogen/halidaeeed for developing alternative approaches using soft oxidants
Furthermore, the combination of these soft oxidants in ODHPRor sustainable chemical production. All of these factors
0 ers avenues to directly utilize them for chemical conversioecessitate a timely analysis and summary of the literature to
to reduce or mitigate acid-gas emissions, thereby addihmghlight current progress in catalyst development for alkane
environment-sustainability-energy eneo ODHP reac-  conversion utilizing soft oxiddrtsTherefore, the present
tions. For example, an approach pfréé CQ conversion  Review describes state-of-the-art catalysts that have been
through the ODHP process using renewable energy coutttveloped for the ODHP reaction with soft oxidants and
potentially help to reduce g@missions’ provides an overview of the relationship between catalyst
There have been several excellent reviews regarding ODEfposition, structure, and catalytic performance by extrap-
with CO, as an oxidait:® '® Most of them have olating the reported kinetic and characterization results. Major
concentrated on the feasibility of utilizing @©an oxidant  soft oxidants including GON,O, and S-containing
for multiple reactions but fewer focused on the details of theompounds, and halogen/halides are reviewed. Among
ODHP reaction. Also, there has been little covered regarditigese, C&/NO,-assisted ODHP reactions have been mostly
the development of catalysts for other soft oxidant-assisteidied, with sigriant eorts aimed at developing supported
ODHP. In addition, the growidgropylene gdpbetween metal oxide catalysts including redox-type transition metal
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Figure 1.Thermodynamic equilibrium plots. Equilibrium product amounts JoOD®IP (A) and S@ ODHP (B), along with temperatures.
Equilibrium calculations were performed using HSC Chemistry 6 software by utilizing a Gibbs free energy minimization algorithm. Conditions
C;H/CO, = 1/1, GH/SO, = 1/1, and ambient pressure.

oxides (e.g., chromium, vanadium, and”forf and main 2. THERMODYNAMIC ANALYSIS OF OXIDATIVE
group metal oxides with nonredox property (e.g., gallium). DEHYDROGENATION OF PROPANE WITH SOFT
Catalytic performance has been found to strongly depend on OXIDANTS

the dispersion of active species and the nature of the Support.2.1. Thermodynamic Analysis.2.1.1. C® ODHP.For

Based on the variation of these aspects, the roles ah@O the reaction between ¢@nd propane, as listedTiable 1

N,O also dier among catalysts®* isotope-labeling experiments reveal the presence of parallel-
In sharp contrast to G@nd NO, sulfur-assisted DHP and consecutive reaction networks consisting of direct dehydro-

o . genation €q 2-), reverse wategas shift €q 2-2, and
ODHP have not been well studied in the context of aCt'V%xidative dehydrogenation of propane with @@ 2-3.2°

sites, structu_re, comppsition, or_ reaction mechanism, de;pAtg is well-known, one major advantage,0DDHP is its
these soft oxidants being potential promoters for the reactiafermodynamic favorability due to its exothermieity2¢
Additionally, sulfur compounds, such # Hre a common  11).?° However, this advantage is no longer relevant in the
cocontaminant in natural gas.’ Therefore, signiant eort case of C® ODHP because all major reactions are
is needed to realize the feasibility of this chemistry. Recenfjidothermic. One of the roles of CB to shift the
catalytic oxychlorination over metal phosphate (e.g., Crp@duilibrium of the ODHP reactiorq( 2-3 to the product

. . side by consuming produced ¥a the RWGSe( 2-3,
and FeP@) and rare earth metal oxides/oxychlorides (e'g'therebg// resulting ir?e%hance;b%lg:conversioﬁ? Mei(lqnwhzixle,

CeQ, and EuOCI) has garnered more interest, as propylengy reforming of propane (DR&] 2-3 can also occur and
yields up to 55% have been achieved at°6000xy-  dominate in the same temperature raRggie A). DRP is
chlorination chemistry is found to be largely correlated witthermodynamically less restrained than dry reforming of
the ability of catalyst to oxidize HCI to molecular Cl ethane and methaffe.Of note, since the GOODHP
In the present Review, we start with a thermodynamitaction is a volume-increasing process, adding inert gas such
analysis of ODHP with various soft oxidants, then endeavor%? He and Nallows a further enhancement of the equilibrium
3

: . . . C.Hg conversionl? In relation to the eect of GHg/CO,
cover the progress in ODHP with each soft oxidant, wit atios, a high COpartial pressure leads to highaHC

emphasis on the following aspects: (i) the relationshipsnyersion, yet presents a detrimental impact 8 C
between composition, structure, and catalytic performanggoductior’” This stems from the existing competition
presenting the composition-induced molecular structure ahm@étween DRP and GOODHP. Therefore, it would be
active sites of catalysts in correlation with observed kinefi€sirable to kinetically inhibit DRP and improve ODHP,
behavior; (i) the inuence of the nature of the support and its Which becomes a ma'é)r challenge in designingne
acidity on the activity and selectivity; and (iii) mechanistié:ataIyStS for COODHP:

o i . ) ... Other side reactions, such as propane decomposition and
insights, using the relationship between catalyst Compos't'%'?acking as well as propylene decompositisn2(62-9

structure, and catalytic performance in conjunction Witkhow less thermodynamic restraint and can readily occur,
theoretical calculations to provide an overview of the workirgspecially at higher temperatures. Among them, propylene
principles of ODHP reactions for efient soft oxidants. In decompositione(g 2-9 is thermodynamically more favorable
addition, this Review underlines various rolesesedt soft  than propane decompositicer) (2-§.** Undoubtedly, these

oxidants in these reactions, such as shifting reaction equilibfgCtions have negative impacts on activity and selectivity to
the target product propylene at high temperatures in both

e . . t
reOX|d|z|hg catalystg,. removing _coke, serving as cocaFaIyst, SB%P and DHP. In addition, the decomposition reactions
possessing competitive adsorption agaldgtAperspective  gre one of the major causes of severe catalyst deactivation

on future research opportunities is also provided at the vefiyrough coking, with the extent varying depending on the
end. catalysts used. For example, the decomposition rezgtion (
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Figure 2.Thermodynamic equilibrium plots. Equilibrium conversion and yield of I-proghttelétdrogenation reaction (A) as a function
of temperature; equilibrium halide (HX) conversion (B) and halogen ye{(@)Xf halide oxidation along with temperatures. Conditions:
CsHg/halide = 2/0.5, GHg/l , = 1/1 (stoichiometric ratio, as shownTiable )}, and ambient pressure.

7) dominates and causes severe deactivation in the caseSgH,S) ODHP reaction can readily occur in the temper-
Fe Ce solid solution catalyStsyhile the cracking reaction ature range that has been examined in the literatur@%@00
(eqg 2-8 may occur on precious Pt catal .Coke °C). S can be regenerated through parti@ bkidation to
formation €q 2-1Dis one of the major causes of deactivationcomplete the reaction cycle. Inspired by the Claus Process in
of the catalysts for GOODHP®* This reaction is the industry? the use of SOhas been proposed to oxidize
endothermic and not a spontaneous reaction at room|,S for S recoverye 2-1), which does not pose a
temperature because of its highly positive Gibbs free energyermodynamic limiff@ble ). Despite the thermodynamic
However, it becomes Spontaneous starting mom’c_ (I-Q-,  feasibility of using molecular sulfur for ODHP, it presents
Guooc = 6.5 kd mof), resulting in catalyst deactivation in problems because of the temperature sensitivity of sulfur
turn. In addition, propane hydrogenofysSisand CQ polymorphs. To obtain reactive, diradical spegidsigh
methanatiofi are also reported side reactions during CO temperatures (i.e., 64800 °C) are require@** However,
ODHP reaction on derent catalysts, yet they are scarcelfhermal cracking ofs8; may occur at such high temper-
role of catalysts in kinetically controlling these side reactions. 1 4. Halogeng¢Promoted ODHP and Oxyhalogena-
The reverse Boudouard reactien -3 is a side reaction 5y Halogens have been known ascive promoters for
that has been extensively studied fop GDHP. Its  (yigative dehydrogenation of hydrocarBdfiss listed in
occurrence can aid coke removal, therefore inhibiting cokifg,,e 1 a halogen can react withHg by abstracting
and improving St"’.lk.’".@' This is considered one of the hydrogen to form hydrogen halidgg 2-182-2Q and2-22,
positive roles of utilizing G@s an oxidant and is discussed followed by regeneration of the halogen via oxidation with O

in detail insection 3.5.3 43
; . . (eqgs 2-192-21, and2-23.™ Cl,-promoted ODHP €q 2-13
2.1.2. MO ODHP.Nitrous oxide (BO) is also a soft is exothermic and spontaneous at room temperature;

oxidant that has been used widely in ODHP. Two parallq erefore, it is free from thermodynamic restraipt. Br

;en%ctlonzqarzeillg\;%l;eti,eu;icéu_gsén%{\g g ngﬁgsgggtit;ﬁ promoted ODHP is slightly endothermic but still spontaneous
2-13. 9’g5’36 As listed inTable 1 these reactions are A&t r00m temperaturexf 2-2). Despite such derence, the
exothermic and spontaneous at room temperature. Simi&ermodynamlc restraint s negh_glble, as 106k C

to O, ODHP, this reaction route is free of thermodynamicconverSIOn andH, yield can be achieved starting from 25
restraint. ' °C (not shown here). Derently, J-promoted ODHP is

21.3. ODHP in the Presence of Squur-Containinge”dOthermiC and not a spontaneous reaction at room

CompoundsSulfur-containing compounds can serve as eithdgMperature &g 2-23. As presented irrigure A, the

soft oxidants or promoters for ODHP reactions. i§@  conversion and yield start to increase28D °C, gradually

potential oxidant for the ODHP reactiam (2-1), but the rise with temperature, and ultimately reab0% at 1000

reaction is endothermic and not spontaneous at roomC: Although Glpromoted ODHP is more thermodynami-

temperature Table ).°"* In comparison to CO ODHP, cally favorable, th_e reaction is always fast and_ nons_elecnve

SO, ODHP requires less energy and becomes spontaneoud@pard the formation of propylene, and there is a risk of
300°C (i.e., Gypc= 2.1 kI mob), lower than that for ~ €xplosion under some condlt_l‘gn@n the o_ther _hand,z-l

CO, ODHP (i.e., Gyogc = 1.9 kJ mof). An alternative is promoted ODHP swers from limited recycling eiency of

to use Sas an oxidant, and it can be generated/regenerated @¥pensive,| hampering its industrial implementatioBy

situ with the introduction of /8 in the feed gas° In this contrast, Brpromoted ODHP is more feasible from a

reaction, HS partial oxidation to form iS the initial stepe( practical point of view, yet a higtHgBr ratio is necessary

2-19, followed by @Hg dehydrogenation to;Bg with S to avoid the formation of 2,2HGBr.*’ As reported, the

being reduced to43 (eq 2-15. Notably, the thermodynamic activity of the ODHP reaction in the presence of a halogen

restraint of S ODHP is lower than that of @ ODHP relies heavily on the ease with which the hydrogen halide is

(i.e., Gyizsc= 0.4KkJ moF). Considering the exothermicity oxidized back to the halogérs presented iRigure B and

and spontaneity of ,8 partial oxidationT@ble }, the 2C, clearly, HI oxidation is thermodynamically more favorable

2185 https://dx.doi.org/10.1021/acscatal.0c03999
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Figure 3.Thermodynamic equilibrium plots. Equilibriugd&onversion (A), §Hg yield (B), and C@SO, conversion (C) of DHP, SO
ODHP, and CQ ODHP as a function of temperatures. Conditiogi$/CO, = 1/1, CHg/SO, = 1/0.33, and 1 atm.

than the rest, rendering it an outstanding candidate among tB®HP shows no conversion between 25 and@@dd can
halogens in the case of the halo-dehydrogenation reactiononly occur at 300 °C and above, analogous to the DHP
An alternative is to integrate the functionalizationttf C reaction. Although it shows a slight enhancemenjHin C
and the regeneration of halogen-based compounds in one stepversion between300 and 80CC, the GHg yield of
via propane oxyhalogenation, followed by the formation @O, ODHP decreases in comparison to that of DHP. High
propylene through dehydrohalogenatiais @-242-29.484° temperatures can trigger both RWGS and DRP reactions
Dehydrohalogenation remgs energy input, but these because of their endothdcity, which promotes ;8
reactions possess no thermodynamic restraint as a wholecasversion. Yet, the initiation of these two reactions also

the total reaction is analogous tg ODHP in eq 2-11 results in production of more undesired CO as a carbona-
Besides, dehydrohalogenation becomes spontaneous at rme#dus product, in turn, reducing thelyield. As shown in
reaction temperatures, such as with HCI1a5 °C (i.e., Figure €, SQ ODHP also presents limited thermodynamic
Gi7sc = 2.0 kJ mol), with HBr at 275°C (i.e., G,7sc restraint, as it shows a similar, rapid increase jn SO
= 2.1 kJ mol), and with HI at ca. 30TC (i.e., Gsygc = conversion, reaching the highest value at a lower temperature

1.1 k3 mof). Di erent to halogen-promoted ODHP, the than CGQ ODHP. Combined with the above observations,
evolution of a halogen via halide oxidation should b&QO, ODHP is thermodynamically easier thar CIDHP,
suppressed during oxyhalogenation, especially in the g@#sng with limited thermodynamic restraint at low temper-
phase reaction, as it triggers undesired reaction pathgires (i.e., 2200 °C).
including polyhalogenation, coking, cracking, and combus-
tion>° In this context, H is less favorable among halides i3 5% |DATIVE DEHYDROGENATION OF PROPANE
oxyhalogenation of propane, whereas HCI is a better WITH CARBON DIOXIDE
candidate. This can also beented from the lower values
in the changes of enthalpy and Gibbs free eregie (). To verify the feasibility of GOODHP, early screening tests

2.2. Comparison between ODHP Reaction with were conducted on metal oxides that are active for DHP and
Various Soft Oxidants. For ODHP reactions with various O, ODHP, including transition metal oxides,{zeand
soft oxidants discussed abovg/NQO-assisted ODHP, as Cr,05) and main-group metal oxides {Ga ALO; and
well as Ghpromoted ODHP and oxyhalogenation, reactionsSiQ).”**> Among them, G&;,, FgO, and CjO, exhibit
are exothermic and spontaneous, leading to no thermodetivity, and the £ls yield decreases in the sequence of
namic limit. The remaining reactions including-/SO,- GaO; > Fg0; Cr,O; AlLO; > SiQ, none. For Si®
assisted and Bl ,-promoted ODHP reactions are endother- and AJOs-supported counterparts, @y performs better
mic, whereas the later reactions are thermodynamically mdéh@n the other two metal oxides in terms of bafHg C
favorable than the former ones if the halogen regeneratiéanversion and #8s yield and selectivityTéble 3.
reactions are taken into consideration. Betwegn &d@  Continuous eorts have been put forth to clarify the
SO-assisted ODHP reactions, the former reaction is the leasfationship of catalytic performance and essential factors for
favorable, as GGs both thermodynamically and chemically enhancements, primarily focusing on metal oxide dispersion
stable. (e.g., active site cayuration, redox properties, etc.) and the

Figure 3compares equilibriumyi; conversion and4Hg nature of the support (e.g., textural property, lage
yield for the cases of gOand SQ ODHP under their property, etc)?
respective stoichiometric ratio, as well as those of the directOf note, deactivation is rapid on individual metal oxides,
dehydrogenation reaction. As presentddginre 2, both especially on G2; ( 75% from 0.17 to 0.75 h on stream)
SO, and CQ ODHP exhibit higher £ conversion than and CsO; ( 78% within the same time rangefCarbon
exhibited for direct dehydrogenation, especially for SO deposition and reduction in active sites might be responsible
ODHP, which displays a rapid increasetity €onversion at  for such rapid deactivation, the dominance of which depends
low temperatures (i.e., 280 °C). Such prominence can on the nature of metal oxide, roles of, Céhd reaction

also be reected from the highestHf yield inFigure B, mechanisms. Hence, unraveling the deactivation mechanisms
demonstrating the promising role of 8©a soft oxidant for and seeking solutions for catalyst regeneration are another
selective g dehydrogenation to;84. By contrast, CO area that has been extensively studied. In addition, there are
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Table 2. Summary of Activity Performance of CrOx-Based and Reference Catalysts f@OEP Reaction

conversion (%) yield (%) selectivity (%)
catalyst temp’C) CsHg/CO, ratio GHg CO, C;sHg C;Hg C,Hg C,H, CH, ref

Cr,05% 650 1: 3.6 4.3 15 4.3 100 0 0 0 51
(Cr,03)d -ALO? 650 1:3.6 211 9.1 18.3 86.7 0 0 13.351
(Cr,04)4Ti0 ,2 650 1: 3.6 48 1.8 48 100 0 0 0 51
(Cr,05)/MCM-41* 650 1. 3.6 24.9 4.0 22.2 89.3 0 0 10.751
(Cr,02)5Zr0 2 650 1:3.6 46.5 24.7 35.4 76.1 0.3 0.3 23.61
(Cr,05)4Si0,2 650 1: 3.6 27.0 5.5 23.0 85.0 2.6 2.6 2451
(F&,04)4/Si0,™ 650 1:3.6 21.6 1.0 6.9 31.8 37.6 37.6 30.61
(Cr,05)5Si0,° 650 1: 3.6 27.0 55 23.0 85.0 2.6 2.6 12.61
(Cr203)5-K0.1/Si02b 650 1: 3.6 24.8 19.8 80.0 51
(Cr,02)5-Ko 4SIO,P 650 1:3.6 223 22.3 100.0 51
(Cr,04) 5K, 4SiO,° 650 1:3.6 31.3 28.6 91.2 51
(Cr,05) 5K 4SIO,° 650 1: 3.6 17.4 155 89.1 51
(Cr,05) 5K, 4SI0,° 650 1: 3.6 3.0 2.1 70.0 51
(Cr,04)s-Ni; 4SIO,P 650 1:3.6 16.2 15.6 16.2 100.0 0 0 0 51
(Cr,05)sLa /SiO,P 650 1:3.6 23.4 5.9 21.1 90.0 0 0 10.051
(Cr,04)5Fa JSiO,° 650 1: 3.6 20.5 7.2 20.5 100.0 0 0 0 51
Cry /SBA-T 550 1.5 33.2 4.6 29.2 87.9 2.9 3.3 5.9 54
Cr; /SBA-15 550 1.5 27.2 3.4 24.3 89.3 2.4 3.5 4.7 54
Cry /SiO-& 550 1.5 23.2 3.3 20.9 90.3 1.7 3.1 4.9 54
Cr, 4SiO,-p° 550 15 15.4 2.1 14.3 92.6 1.3 25 3.6 54
(Cry03)0.4Si0," 600 1:2 22 17.16 78 14 55
(Cr,0); ¢Sio,° 600 1:2 35 30.45 87 8 55
(Cry04)3 4SiO,° 600 1:2 42 36.54 87 7 55
(Cr,03)5 ¢SiO," 600 1:2 47 40.89 87 8 55
(Cr,04); 4SiO," 600 1:2 43 38.70 90 7 55
(Cry03)0.4Si0," 650 1:2 32 21.44 67 27 55
(Cr,03), ¢SiO,” 650 1:2 42 31.50 75 18 55
(Cr203)3£($i02d 650 1:2 58 43.50 75 18 55
(Cr,023)5 ¢Sio," 650 1:2 63 47.88 76 17 55
(Cr,04); 4SiO," 650 1:2 53 ca. 39.75 75 18 55
5%Cr-TUD-1 550 4:1 24 35 17 90 2 2 6 11

600 4:1 37 5.6 31 81 10 10 10 11
Cr,/SBA-15 600 1.1 10 5 9 90 56
NigsCr;/SBA-15 600 1:1 19 13 17 90 56
Cr,04Si0," 400 1:7 1.9 0 1.9 100 0 0 0 57

450 1.7 6.9 0.3 6.7 96.5 0 0 35 57

500 1.7 15.6 0.8 14.7 94.7 1.0 1.7 2.7 57

550 1.7 25.3 1.9 24.0 94.6 1.0 1.9 2.5 57
Cry /MCM-41-DHT? 550 1:5.6 28 26 92 58
Cr; /MCM-41-TIE® 550 1. 5.6 29 26 91 58
Cr1/SBA-f' 550 1:5 17.0 1.4 15.8 92.7 1.5 3.1 2.7 59
CrZ/SBA-f 550 1.5 25.7 2.8 23.2 90.4 2.2 3.2 4.2 59
Cr3/SBA—f' 550 1:5 30.5 4.0 27.1 88.7 2.8 3.2 5.3 59
CrJSBA-f 550 1.5 37.2 6.1 31.8 85.4 3.1 3.3 8.2 59
Cr7/SBA-f‘ 550 1.5 37.7 6.7 32.0 85.0 3.3 3.3 8.4 59
Crl({SBA-T 550 1.5 37.0 6.4 31.7 85.6 3.0 3.2 8.2 59
CrL:/SBA-i1 550 1:5 36.0 6.2 30.9 85.8 3.1 3.1 8.0 59
(Cry02),/Zr0, 550 1:2 30.7 16.7 54.5 0.92  6.5960
(Cry04), -ALOs 550 1:2 9.67 7.68 79.4 3.35 60
(Cr,02),/SiO, 550 1:2 19.1 14.7 76.7 2.83  1.9360
(Cr,05)/SBA-15 550 1:2 24.2 20.3 83.9 333 1.8260
c-Cy/t-Zr0,) 550 1:2.6 41 25.4 62 38 61
m-Cr/ t-2r0; 550 1:2.6 58 30.2 52 48 61
c-Cr15/t-ZrOZJ 550 1:2.6 59 325 55 45 61
m-Crd t-Zr0;} 550 1:2.6 58 33.1 57 43 61
Cr3.4SiO," 600 1:7 27.7 3.2 25.2 90.8 15 45 3.2 62
Cr,3.4SiO, (W/o CO,)~ 600 20.7 19.0 92.0 0.4 46 3.0 62
Crs JALLOSS 600 1.7 29.7 5.5 23.9 80.5 1.2 8.2 10.162
Cr3 JA1L,O; (W/o CO,)K 600 50.8 47.4 93.4 1.8 1.7 31 62
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Table 2. continued

conversion (%) yield (%) selectivity (%)
catalyst temp’C) CsHg/CO, ratio GHg CO, C;sHg C;Hg C,Hg C,H, CH, ref
Crg /Ga,03 600 1.7 49 33 68 63
600 39 28 72 63
CrgJMCM-41™ 550 1:5 40 6 34.9 88.5 3 2.5 6.2 64
Crg/MSU-X" 450 1:3 7.0 3.1 6.5 92.2 0 0 7.8 65
500 1:3 18.4 8.7 16.8 91.3 2.4 0.4 5.9 65
550 1:3 32.8 13.8 28.8 87.8 3.4 1.3 7.5 65
600 1.3 50.4 20.7 42.1 83.5 4.5 2.8 9.5 65
CrposSBA-1 500 1:5 12.9 1.3 11.8 91.7 1.8 2.3 4.1 66
550 1.5 26.7 3.4 24.1 90.2 2.0 3.5 4.3 66
600 1:5 39.4 6.2 34.1 86.6 2.3 6.0 5.1 66
650 1.5 55.2 9.9 42.3 76.7 2.8 12.8 7.7 66
Crs JACP 550 1:5 39.8 345 86.7 1.6 2.8 7.5 67
Cr0,/Si0," 496 1:1 4.9 1.1 3.9 79 68
Ry £ d0,/Si0 496 1:1 5.8 2.1 45 78 68
Ry, 7£Cr 0,/Si0, 7 496 11 7.0 3.1 5.8 82.5 68
RU, £ 0/Si0," 496 1:1 9.0 5.6 7.7 85 68
R, £r,d0,/Si04 496 11 6.4 7.9 4.5 70 68
Ru; ££1,40,/SiO, 496 1:1 45 11.5 1.8 39 68
Cry ,7MSU-% 600 1:1 44 38 86 69
Cry ,/MSU-X 600 11 36 30 84 69
Cry 4SiO-MVS 600 1:2 30.2 26 87.2 7.4 70
Cry4SiO,-MVS 600 1:2 43.9 37 85.1 7.4 70
Cr, {SIOF-MVS 600 1:2 47.3 39 83.2 7.8 70
Crs JSIO-MVS 600 1:2 85.1 69 80.8 7.6 70
Cr/SiO,rMVS’ 600 1:2 80.6 63 77.6 7.5 70
Cr7/MSS-I 600 1.4 55 13.3 45.1 82 71
Cr7/MSS-2 600 1. 4 71 15.3 55.7 79 71
Cr/MSS-3 600 1.4 48 10.5 41.4 86 71
Cr7/MSS—4 600 1.4 43 5.7 37.8 87 71
Cr,0; Zro,Y 550 1:2 33.6 28.4 84.6 0 0.5 14972
Cr,0; ZrO,110 550 1.2 44.3 37.3 84.3 0 0.5 15.272
Cr,0; ZrO,150 550 1.2 51.1 41.7 81.7 0 0.5 17.872
Cr,0; ZrO,-180 550 1:2 53.3 42.1 79.0 0 0.5 20.572
7Cr-Zro" 550 1:2 68 40.5 ca. 59.6 73
Cry25SI0> 600 1:2 38 4 31 81 7 11 0o 21
Cry5SIiQ> 600 1:2 50 9 37 75 8 9 05 21
Cr, ¢SIO* 600 1:2 62 16 45 73 8 8 28 21
Cr, ¢SIO 600 1:2 71 19 47 66 13 7 25 21
Cry25SiQY 600 1:2 57 32 56 11 19 03 21
CrysSIOY 600 1:2 70 37 53 15 18 1.2 21
Cr, ¢SIQY 600 1:2 77 35 46 9 18 36 21
Cr, 5SIOY 600 1:2 82 35 43 14 18 73 21
(Cr,02) Al LOF” 550 1:1 3.3 92.9 0.5 1.6 50 7475
(Cr,05)fAC* 550 11 9.3 93.6 1.3 2.1 3.0 7475
(Cr,05)4/Si0,” 550 1:1 9.1 94.0 1.8 1.6 2.6 7475
(Cr,05)5/AlLOA2 550 1:1 1.4 74,75
(Cr,05)5JAC?® 550 1:1 3.5 74,75
(Cr,05)4Si0,*2 550 1:1 6.1 74,75

3Values in the subscript are Cr loadings in weightvasiges in the subscript 0,05 and K represent loadings of Cr and K in weight basis,
respectivel§Cr loading is 3.4 wt. %. $Si®and Si@p are commercial silica materials from Sigma-Aldrich and®w@iGés in subscript are Cr
loadings<Cr and Ni loadings are 10 and 0.5 wiC¥doading was 0.92 wt. %. Data were collected at TOS €@r.bhding is 3.4 wt. %. DHT

and TIE represent the methods to prepare the catalysts and stand for direct hydrothermal synthesis and template-ion exchange, respecti
PValues in the subscript represent Cr loadings. Data were collected at TOS '€40nhiading is 2 wt. %Cr loading is 5 wt. %. m and ¢

stand for microwave-assisted hydrothermal method and conventional hydrothermal method, respectively. Data were collectetiGit TOS = 5 min.
loading is 3.4 wt. %. Data were collected at TOS =Orddading is 6.8 wt. 95Cr loading is 6.8 wt. %, and catalysts are prepared by incipient
wetness impregnation (IWI). Data were collected at TOS = BCrfOy loading is 5 wt. %Values in the subscript represent Cr/Si molar ratio.

PCr loading is 5 wt. ¥Values in the subscript of Ru and Cr stand for loadings of Ru and Cr, respectively. Data were collected at TOS = 50 min.
"Cr loading is 1.27 wt. %. Cr-MSU-x and Cr/MSU-x are prepare8iMy*JN pathway and IWI, respectiv@alues in the subscript represent

Cr loadings in wt. %. MVS stands for metal vapor syritekiading is xed at 7 wt. %. Data were collected at TO$0=min.“Catalyst is

prepared by coprecipitation method, and Cr loading is 10 wt. %. Data were collected at TOS\falL@snin.the subscript represent Cr
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Table 2. continued

loading in wt. %. Data were collected at TOS = 20'i@r.means the Cr content in the form of Cr/(Cr + Z®y£00, molar ratioc*Values in

the subscript represent Cr loading in wt. %. Data were collected at TOS = 2Gsrfed.i@the feed gas with thg¢HgCO,/CO at 5: 10: 1.
YCatalysts are prepared by hydrothermal treatment at temperatures (110, 150Chrdtdi86oprecipitation, and Cr loadings are 10 wt. %.
“Data were collected at TOS 30 min.*®ata were collected at TOS= 6 h.

other challenges to be addressed, such as the competitbemversion andsH8g selectivity, while (gD5), 4SiO, with a
adsorption between GGand GHgz and elusive reaction higher Cr loading leads to reductions in bdthbie 2.
mechanisms. Di use reectance UVvis results reveal the evolution of Cr
On the basis of the achievements in these areas, this secstmictures along with the loadings: (i) Cr(VI) is in the form of
mainly covers the progress in (i) developing fundamentahono-, di-, and polychromates for all fresh catalysts and (ii)
understanding of the relationship between catalyst compoS8ik(lll) only exists in the form of (Cr,O3) at higher Cr
tion, structure, and activity with representative redox-activeadings (i.e., 3.0 wt. %). The prominent activity on
and nonredox metal oxide catalysts (i.e., loading-depend¢@t,0)s/SiO, correlates to well-dispersed mono- and
evolution of active sites during reaction, support/promotedichromates; yet high Cr loadings give rise to the formation
nature), (ii) catalyst deactivation and regeneration, and (iiipf extended polychromate structures that are less active.
the roles of C®in a ecting reaction paths, modifying catalyst Redox CycleAs shown inFigure 4 there exists a clear
surfaces, and coke removal. correlation of gHg yield with the number of redox sites,
3.1. Redox-Type Catalysts3.1.1. Chromium (Cr)-Based corroborating the important role of redox Cr species in
Catalysts. 3.1.1.1. Identation of Active Cr Sites and assuring high £ yield in CQ ODHPZ?* However, the
Redox Cycles. Cr Content-Dependent Evolution of Cr Sitegedox cycles are not unambiguously established. There are two
For supported Cr catalysts, the generation and dispersionmofjor types of redox cycles that have been proposed, namely,
Cr species at lower oxidation states (i.8%Q€#) are of  Cr®* Cr**/Cr?*and CF* Cr?". The former redox cycle is
importance in attaining highHg yield in CQ ODHP, the proposed on MCM-41-F{gure % TUD-1-}* and AJOs-
structural evolution of which relies heavily on Cr coverage asdpported Cr cataly§ts®? while the latter is known on Ni-
textural properties of the suppoftable 3summarizes the promoted® (Figure $and unpromoted Crg8i0,.°’ On the
basis of these supported Cr catalysts, one can postulate a
Table 3. Monolayer Surface Coverages of Supported Metapotential correlation of the nature of the support with Cr

Oxide Catalysts (atoms nr'i)78'79 reducibility, as well as with Cr loading-dependent dispersion.
_ _ Major progress has been made in unveiling the later
e L 1205 S0 correlation. However, the supporea has been scarcely
Re 2.3 2.4 3.3 0.54 studied.
Cr 4.0 6.6 9.3 0.6 On Cr-MCM-41 with high Cr dispersion, {ghables the
Mo 4.6 4.6 4.3 4.6 0.3 completion of the redox cycle by reoxidizing the reduced
w 4.0 4.2 4.0 3.0 0.1 Cr(ll)O g to Cr(VI)Oy, though the oxidation eiency is not
v 7.3 7.9 6.8 8.4 0.7 comparable to Q(Figure %.°° In contrast, Michorczyk et al.
Nb 4.8 5.8 5.8 0.3 reported a redox cycle ofCr Cr?* on CrQ/SiO, below a
Reproduced with the permission fror&€Copyright 1996 Elsevier monolayer Cr coverage (0.34 Cr finseeTable 3.°’ As
B.V shown inTable 2 C;Hg conversion increases with the rise of

reaction temperatures, angHg selectivity is higher than

surface density of commonly used redox-active metal oxid4. Meanwhile, G@onversion is evident, yet the values are
on supports. On Sjupported Cr catalysts, the loading- not comparable to those ofHg conversion. In situ dise
dependent evolution of Cr species follows the sequence r6f ectance spectroscopy (DRS) spectra reveal that the
grafted ¥  dispersed €t oxide microcrystalline € reoxidation of Cf to Cr** (eq 3-) hardly occurs during
crystalline -Cr,0; with increasing Cr loadiffy. -Cr,0; regeneration, even if the catalyst is exposed to an excess of
is the most thermodynamically stable chromium oxide pha$eQ.. Hence, the redox-property scenario,indDHP (i.e.,
yet inactive for catalysis because of its high resistance G6* Cr¥/Cr#) is unlikely replicated in GOODHP (eq
reduction and oxidatiGh. Generally, a monolayer Cr 3-2. Given their capability to catalyze both DHP and RWGS
coverage is the threshold for the optimal Cr-dependerigactions; CrO, might take part in the reaction through the
activity. Below monolayer coverage, i @ield usually  redox cycle of €  Cr** with H,, formed via RWG®( 3-
increases with an increase in Cr content. but beyond th@, as the reducing agent, followed by reoxidatior?'ofoCr
threshold, the excess redox Cr species cannot be attached With by CO; (eq 3-3. Of note, such a case might only happen
the support so that unstable Cr species may decomposehelow a monolayer coverage, because the migratioi of Cr

nonredox crystallineCr,O, particles with no activity.An species to form stable,Os clusters is slow, giving rise to the
analogous monolayéhreshold is also kﬁn70wn for supported further reduction of € Cr**.
VO, catalysts for the OODHP reaction. CLO. + 3CO,= 2CrO+ 30 )

The variation of Cr structures is also sensitive to Cr 2 3 OZ < (3-1)
loadings, which can determine the activity. Botavina et al. haveCrzo3 + 150= 2CrQ (3-2)

prepared a series of,QySiO, catalysts with a wide range of

Cr loadings (0.57.5 wt. %) and have attained comparable 3+ S _ +

activity to that required by industrial processes (e.g., Cr'C + Hp= Cr'+ HO (3-3)
conversion 50% and ole  90%)>° (Cr,05)¢/SiO, (5 ot o6

wt. % Cr loading) exhibits the best performancesiy C Cr+ CO,= C + @© (3-4)
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Figure 4.Variation of propylene yield with hydrogen consumption (proportional to number of Cr redox species) foerssneZaQdbased
catalysts in CO ODHP. Hydrogen consumption was calculated per catalysts weight baSeePomxtperiments. Sample notationgSBA-

1(imp), Cr/SBA-15, CFSiO,-a (silica support from Aldrich), ang/8iO,-p (silica support from Polish Chemical Reagents) catalysts obtained
by impregnation; GEBA-1(syn) prepared by Cr incorporation during SBA-1 synthesis.darthehe values in the brackets indicate total Cr
content in the catalysts. Reproduced with permission fragh @efpyright 2020 Elsevier B.V.

+ Oxidative sites: CrO,/CrO,4 —> Oxidative pathway
+ Non-oxidative sites: CrO, —> Non-oxidative pathway

' cro, | C;He+ H,0

)i

C3Hg C;3Hg + H,

:
il

Cr-MCM-41 Cr-Ni/SiO,
co, co
‘ ‘ CJHQ ‘ '
C4Hg + H,0 C,H,

Figure 5.Proposed redox and nonredox reaction pathways and their relationship with Cr active,si@BHPQD supported Cr catalysts.
Reproduced with the permission fronbgefCopyright 2012 Elsevier B.V. Proposed redox cycles of Cr sites on Cr-MCM-4NigaDgr
for CO, ODHP were adapted on from réfsand 81 and ref56, respectively.
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Comprehensive reaction paths have been proposed byOrdered, Mesoporous Silica (MCM-41, MSU-x, SBA-15/
incorporating both redox and nonredox 3ités. illustrated ~ SBA-1, and TUD-Bs mentioned above, the redox properties
in Figure 5the oxidized CrQand reduced CrQ, sites are  and appropriate dispersion of Cr species on the surface are
proposed as the major active sites responsible;Hgr C important for C@Q ODHP. To achieve high activity and
dehydrogenation. Generally, thglCyield increases with selectivity, introducing mesoporous silica as a supe@t o
the concentration of Erspecies, indicative of their crucial avenues to tune these factors. The materials that have been
role as precursors to form active species. At the initial stageplored include MCM-41, MSU-x, SBA-15/SBA-1, and
the reduction of &f species leads to the generation 6 Cr  TUD-1.
Cr** species (i.e., CtQ), which triggers the;H4 formation MCM-41, a typical mesoporous molecular sieve, features
through a nonoxidative pathway. Also, the nonretfcsit€s well-ordered channels, controllable uniform pore si2é (2
(CrO,), formed through ér oxide agglomeration, may nm), and large surface area, and can be incorporated by
contribute to the nonoxidative pathway, though inssgniy. heteroatoms, such as Cr, into the wall substitufingngi
Alternatively, the presence of ,CEontributes to the forming isolated active cenfér®irect hydrothermal syn-
completion of the redox cycle, namely,,CrOCrQO, 4, thesis (DHT) and template-ion exchange (TIE) methods are
enabling gHg formation through the oxidative pathway. Thee ective in tuning the locations and coordination environ-
presence of a redox cycle can boost jteohbumption via ments of the incorporated metal catiéri§.Wang et al. have
RWGS and therefore promotgigformation by shifting the prepared Cr-incorporated MCM-41 catalysts by both DHT
equilibrium of the ODHP to the product side. and TIE methods, and found elient Cr species in the
3.1.1.2. Eects of SupportThe nature of the support is calcined fornm& DHT results in monochromate species on
important in aecting the dispersion and evolution of Crthe wall surface of MCM-41, while TIE produces a large
species, therefore determining the intrinsic activity. Amorguantity of polychromate species other than monochromate.
support materials, metal oxides have been widely used, sucBespite such dérences, both catalysts are reduced frfm Cr
ALO,, ZrO,, CeQ, TiO,, and SiQ For better Cr dispersion, to Cr** oxide clusters during reaction, which explains their
ordered, mesoporous materials, such as SBA-1/SBA-l&ifalogous activity and selectivitgb{e 3. X-ray absorption
MCM-41, and carbon-based supports with tunable surfa@Q€ANES and EXAFS) spectroscopic measurements reveal the
functional groups are also promising candidates. To clarify theduction of Cr(VI)Q in tetrahedral coordination in the
support eect, the following aspects have been exploredprmed monochromate species to Cr(§lp@tahedra during
including (i) metalsupport interaction, (ii) acidase the reaction, in which Cr(VI)Ois more active than
properties in the adsorption and activation of reactan€r(ll)0 2% CO, enables the completion of the redox
molecules, and (iii) textural properties and their correlatiooycle by participating in the reoxidation of Cr(§IXo
with dispersion of Cr species and mass transfer. Cr(V1)O,in Cr-MCM-41 Figure %. In a later work, Piotr et
Metal Oxides.In an early work led by Ge et al., the al. have also found prominent activity and selectivity on
prominent activity of @Dy/SiO, has been commed via MCM-41-supported CrCatalysts with optimal Cr loading at
screening tests on jO, Cr04/SiO,, CrOs -ALOs, 6.8 wt. % (able 3.5 Similarly, well-dispersed Cr species play
Cr%03/Zr02, Cr,O4/TiO, and C304/MCM-41 (Table a pivotal role in promoting the catalytic performance; yet
2).>! Relatively weak metalpport interaction appears to di erently, a redox cycle ofCr Cr*is proposedHigure
benet C;H formation, such as Si¥J In the presence of 5), analogous to the scenario reported by Yun°2@at
CO,, the partially oxidized £x, surface and the boundaries Ohishi et af’
of C@Og and SiQ, are responsible for the improveti C MSU-x features high surface area (5000 m g * and
yield”*”® Although high C©conversion can be achieved on 3 5 nm pore size) and 3D wormlike channels, which can
the ZrQ-supported counterpart, its strong basicity leads tpotentially improve the dispersion of Cr species and facilitate
lower C%HG selectivity but higher selectivity toward CO andthe di usion of reagent molectii@&or these reasons, Liu et

CH,.>*%%* Competitive adsorption between,GBd GHg al. have prepared Cr-MSU-x catalysts with a wide range of Cr
occurs on supports with amphoteric property, suehlgs;, loadings (i.e., 120 wt. %) for CQ ODHPS> C;H,4

leading to decreased catalytic performanedlg 3, conversion reaches the highest at Cr = 5 wt. % &C550
especially at higher ¢Qartial pressurés’> MCM-41- (Table 2. At 600°C, GHg conversion is as high as 50%, and
supported Cr catalysts exhibit comparable activity to the SiOC;Hg selectivity is 83.5%. A Cr loading-dependent trans-
supported counterpart, which is associated with its orderéormation of Cr sites has been evident in the calcined
mesoporous structure with large surface area and paatalysts, such as Cr(VI) in monochromat¥(VI) in di/
volume’* Such Erominence is also evident on SBA-15 anttichromates crystalline/amorphousCr,0;. The trade-o
SBA-1 Table 2.>* The ordered mesoporous structure andbetween active Cr(VI) andCr,0; with elevated Cr loading
large surface area not only helps to improve Cr surface densigtermines the optimized Cr loading at 5 wt. %, and

but also the dispersion of thé'Qipecies, thereby betiieg coordinatively unsaturated Cr(lll) ions are active sites
C;Hg formation. responsible for dehydrogenation.
Because of the high activity of,@zain CO, ODHP A comparative study, led by Zhang etrals that a SBA-

(discussed irection 3.2)1it has been applied as support for 15-supported Cr catalyst exerts better catalytic performance
Cr catalysts with expectation of synergistict.eMichorczyk  and stability than -ALO;, SiO, and ZrQ-supported

et al. have prepared,0y -GaO5 with various loadings for counterparts for COODHP (Table 3.°© Such prominent

CO, ODHP®® The CQO-promoting eect is observed on activity and coking resistance are associated with the
Crsd -GaO; at temperatures higher thaB70°C (Table preservation of active Cr(lll) species in the presence of
2). Adding Cr neutralizes the acid sites-@g0s, leadingto  CO,, weak metakupport interactions, and the high surface
coking resistance through a,@@uced reverse Boudouard area of the support. Similarly, SBA-1 is also a promising
reaction. candidate not only because of its high surface area, narrowed
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pore size, and 3D channels but also due to its characteristicAlkali Metal OxidesBecause of their basic property, alkali
cubic mesoporous phase, which is mechanically more statnetal oxides have been widely used as promoters for CO
than materials with hexagonal mesoptteshis is valuable  adsorption and activation in Clydrogenation reactiotis.
for industrial applications where catalyst shaping processes@eeet al. have prepared K—Promotgd)gmioz with various
necessary. Michorczyk et al. have prepared Cr-SBA-1 catallsteadings for CO ODHP?>* The addition of K results in
via a direct synthesis method using cetyltrimethylammoniuthe reduction of g conversion in comparison to
bromide (CTAB), ammonium dichromate, and tetraethylunpromoted GO4/SiO,, though a higher ;84 selectivity
orthosilicate as surfactant, Cr precursor, and Si sourde,obtainedTable 3. According to characterization results, K
respectivel}’. The as-prepared catalysts present characteristldition modies the GO, surface by decreasing its redox
3D pore structures, though the incorporation of Cr results ipotential and surface acidity, resulting in the dropHp C
limited perturbation of the structural order. The catalyticconversion. Similar impacts are evident on Li-/Na-promoted
performance varies depending on the Cr/Si molar ratios ar@,04/SiO, catalysts, except that the stability $f;Gield
reaches optimal performance at Cr/Si = 0l@4l¢ 2. The can be improved by K.IR results show that a substantial
same group has also continued their work by exploring the @art of protons in hydroxyl groups on the surface,0§/Cr
loading-dependent evolution of Cr species on Cr/SBA-8iO, are replaced by alkali metal ions, the loss of which
catalysts? Incipient wetness impregnation (IWI1) is used to accounts for the drop in activity on promoted catalysts.
prepare the catalysts because this allows a higher density dfransition Metals (Ru and NRu is a potential promoter
active sites, while preserving the pore structuf&. Cr because of its high activity in {@drogenatioff:® Jin et
dispersed Cf, and crystalline-Cr,0; have been observed al. have prepared Ru-promotesDg8iO, and claried the
on Cr/SBA-15 catalysts in the calcined form, with Cr loadingu loading-dependent reactivity in ,CODHP®® C;Hgq
increasing from 1 to 15 wt. %%Gspecies in the form of conversion presents a volcano-like trend that maximizes at
mono- and dichromates present in all catalysts, regardlesRof = 1 wt. % with almost doubledHg conversion and
Cr loadings; Cf species exist at Cr loading below 7 wt. %;improved GHg selectivity in comparison to the unpromoted
inactive -Cr,0O5 species can be detected at a Cr loadinggounterpart Table 3. A proper amount of Ru plays an
higher than 5 wt. %. As comparedle 2 the catalytic  important role in optimizing activity and selectivity because it
performance reaches maximum at Cr = 7 wt. % and baredgn balance the RWGS angH{reforming.
changes with elevated Cr loadings, which is associated witiNi is also a potential candidate because of its activity in
the dominance of inactiveCr,O; species. Similarly, activity CO, activation for C@ reforming reactiof%’’ and
performance is a function of well-dispers8dCEt" sites ~ RWGS?® *°° Yun et al. have prepared Ni-promoted,CrO
and the redox cycle, the formation of which stems from th8BA-15 catalysts for C@DHP?>° In the calcined form,
rapid reduction of €t species upon contact witgHG. NiO and CrQ distribute in the vicinity of one another, and
To better disperse Cy@pecies and facilitate mass transfethe presence of Ni caneat the Cr species by converting
within the pores, TUD-1, with high surface area and uniguthem to nickel chromate. The Ni-promoted catalyst outper-
3D mesoporous network structure, has been introduced #®ms the unpromoted counterpart in both activity and
support* To ascertain the formation of Gr@ith small, stability [Table 3. Particularly, C©Oconversion has been
uniform crystals, a microwave irradiation method is used &igni cantly improved. The major role of Ni is to facilitate
prepare the catalysts. 5%Cr/TUD-1 exhibits highdg C CO, dissociation to CO and an adsorbé&dn®xt to the Ni
conversion at 24% and @Hg selectivity at 90% at 550  site, which can subsequently regenerdte/i€reoxidation.
°C (Table 3, while good stability at 8 h on stream is 3.1.1.4. Innovation in Preparation Method3ispersion
observed on 7%Cr/TUD-1. High catalytic performance can bend types of €f species in the calcined catalysts are crucial in
attributed to the unique 3D mesoporous structure enablindetermining the catalytic performance, and can be generally
the encapsulation of Cr@articles with high dispersion. tuned by pH, ligand ect, and surfactant. Synthetic
Activated Carbons (AC#Cs are also promising support approaches include 4™)I° pathway? metal vapor syn-
materials because of their high surface area and abundtmsis metho®, and solgel method® E orts are also
surface oxygen functional groups (OFGs) with tunable aciddevoted to improving selectivity while preserving activity of
base properties. Kumswvski et al. have introduced HNO CrO/ZrO, catalysts, as they present outstandigty C
activated AC with high surface area support for Cr catalystenversion and.fHg yield, though CHis dominant ¢ection
and obtained optimal catalytic performance at Cr = 5 wt. %.1.1.7. Synthetic methods revolve around tuning the surface
(Table 2.°7 Carbonyl and carboxyl species, known ascid base properties, crystalline structure, and textural
respective basic and acid OFGs on the surface of AC, gmoperties. Developed synthetic approaches include hydro-
identi ed as additional active sites in the reaction. Theithermal method5and acid base pai@.®1
gradual reduction with time on stream (TOS) is linked with (N°M™)° Pathway Driven by Electrostatic Driving Force.

the fast deactivation other than coking. Dispersion of € species and crystallite size are sensitive to
3.1.1.3. Eects of PromoterCO, has been proposed to pH during the syntheSiSAt pH < 2, Cr species are present
participate in the redox cycles ot Cr Cr**%“ or CP* in the forms of tri- and tetrachromates ;Qgf and

Cr%*,2%8991 however, its oxidation potential is rather weakCr,0,4 , respectively), which are highly polymerized and
Besides, CQs quite inert and not easily activated by,€YO  susceptible to forming inactive crystalli@e,05; at 2 < pH

The addition of @in the reactants as a co-feed with G43 < 6, the formation of smaller Cr anions, such as dichromate
been initially proposed to overcome these issues, yet tt@r,0,? ), is favored, leading to better Cr dispersion; at pH >
selectivity drops.An alternative is to introduce promoters to 8, isolated CrQ is stable but hardly leads to high activity for
facilitate C@ activation on the @D; catalysts and to CO, ODHP. To obtain highly dispersed Cr species with
improve its oxidizing ability for selective and stable perforndesired types, Baek et al. have introduced®d™\’

ance. pathway to prepare MSU-x-supported Cr catalysts at pH =
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4, in which Nis a nonionic poly(ethylene oxide) surfactant,crystallites through fast nucleatfoffhe incorporation of

M™ is the metal cation, antli$ an electrically neutral silica microwave results in the formation of smaller tetragonal
precursor, and the assembly process of metal cations is drize®, crystallite. At lower Cr content (i.e., 5 wt. %), m-Cr/
by electrostatic contf8l.Chromium(lll) acetate hydroxide ZrO,, prepared by the microwave-assisted hydrothermal
((CH4CO,),Cry(OH),) is used to oer both C#* cations and  method, displays higher activity igHL conversion and
electrostatic driving force, as well as helping to disperse tGgHg yield than c-Cr/ZrQ prepared by a conventional
precursor molecules through the stegcteof ligands. The hydrothermal method, but lowefHg selectivity, as well as
as-prepared catalysts present a mesopore structure resemlidister deactivatio ¢ble 2. Wu et al. have investigated the
3D wormhole-like holes with high surface areas (e.g., 73@emperature @cts of hydrothermal treatment on the catalytic
903 nt g %), pore volumes (e.g., 0.7103 crd g ), and performance on CZr bimetallic oxides, and obtained
narrow pore size (e.g., 349% nm). Optimal catalytic optimal activitg and selectivity on the catalyst treated at 180
performance is achieved at Cr = 1.27 wt. %, which al$€ (Table 2.7 At this temperature, more *Cispecies, a
outperforms the catalyst prepared by IWI with the same Qurecursor of active species’/Cr?* species, are formed,
loading Table 2. The H-TPR proles reveal the presence of leading to the substantially enhanced activity with well-
isolated and polymeric®species in the calcined catalysts, retained high selectivity.

which are designated &sard and “soft Cr®* species, Acid Base PairThe “acid base pdirconcept is a self-
respectively, based on their reducibility. S¥fispecies are  adjusted process that has been widely used to prepare
crucial to achieve high catalytic performance, while hamidered, mesoporous multimetal oXitfés,which the pH of
species have a negative impact on activity. During thbke desired sobel reaction is adjusted by a self-generated
reaction, these soft %rspecies-derived coordinatively reaction medium between two or more inorganic species with
unsaturated €rspecies promote RWGS an#igformation the correct acidify® Xie et al. have prepared Cr oxide-
through the redox cycle of®Cr Cr". modi ed mesoporous ZgQCr-ZrO,) via the acidbase pair

Metal Vapor Synthesis Methoflhe metal vapor synthesis pathway® The as-prepared bimetallic oxides feature meso-
(MVS) method enables the co-condensation of metal vapgorous structures resembling 3D wormholes. The crystalline
with the vapor of weakly stabilizing organic ligands during tieructure of Zr@shifts from a monoclinic to tetragonal, then
preparation, the well-deed organometallic species or to disordered crystals with the increased Cr content, which in
solvent-stabilized metal clusters are formed, which farn aects the dispersion of Cr species. 7Cy-gré€sents
conducive to prepare supported metal catalysts on a widere abundant well-dispersefi Gpecies and isolated®Cr
range of organic and inorganic support matéfiafs. On species, which are precursors for the formation of aétive Cr
Cr-based catalysts, this method allows high Cr dispersion ex@R" species during reaction, thereby leading to the highest
at quite high loadings, particularly useful for the support witimitial activity and selectivityable 3.
limited surface area. Botavina et al. have prepared,Cr/SiO 3.1.1.5. Deactivation and Regenerati@uoke deposition
catalysts by the MVS method with a wide range of Cand reduction of active sites are major reasons for deactivation
loadings, namely, 0.28 wt. %° An optimal Cr loading is  of Cr-based catalysts. Coking is relatively easier to reverse by
obtained at 6.0 wt. %Tdble 3, at which both @Hg reoxidation; moreover, the presence of €& help to
conversion andH; yield have been substantially increasedemove coke in situ through a reverse Boudouard reaction or
by 1.8- and 1.7-fold, respectively, in comparison §g4Cr  to inhibit the coking proce'SsRegeneration in air or G@t
Si0,, while the reduction of;84 selectivity is merely 7.3%. high temperatures (i.e., 58%0 °C) is widely applied,

Sol Gel MethodWang et al. have prepared ECdoped through which most of the activity and selectivity are usually
mesoporous silica sphere (Cr/MSS) catalysts by one-potcoverable. For example, regeneration at €0°C for 5
synthesis via a sglel method, and systematically investigateanin can completely restore the activity of &ZrO,, and
the in uence of adding active precursors on the morphologguch recovery is repeatable after 4 éydhéserently, using
pore structure, and active species, as well as their correlai@®®, as a regeneration oxidant only allows a complete
with catalytic performanCeGenerally, all synthetic proce- recovery in the second cycle, beyond which, however, it
dures entail therst step of preparing a surfactant solutioncannot prevent the catalyst from further deactivation.
(CTAB and triethanolamine, TEAHand the second step of Alternatively, co-feeding, @ CO, ODHP can promote
adding a Si source. The catalysts are categorized into ththe removal of coke during the reaction, but it is accompanied
groups, namely, MSS-1, MSS-2, and MSS-3, representiiyga drastic decrease igHg selectivity and L£C; ole n
adding the Cr precursor in thist step, second step, and after selectivity”
the second step, respectively. For Cr/MSS-2, adding the CrBy contrast, a complete recovery of active sites is rather
precursor concurrently with the Si source exerts well-dispersdthllenging yet is still achievable if a proper method is used to
Cr species on the micelle-silica walls with the gradugrepare well-dispersed Cr species. As aforemengiectezh(
generation of silica walls, and no Cr species enter the cdel.1.), Baek et al. have introduced 4\R)I° pathway to
of the silica sphere. Such a feature results in high dispersiompdpare MSU-x-supported Cr catalysts with highly dispersed
Cr species with more isolated chromates, enhanced medi@nspecie$’ The activity can be completely recovered under
acid sites, and well-retained pore structure of the silica sphesiemple oxidation in air at 68C, retaining its repeatability
Therefore, Cr/IMSS-2 exhibits the highegis&onversion  after 6 cycles.

and GHg yield, with slightly lower;8; selectivity among From a practical point of view, increasing Cr loading while
three catalysts, and also outperforms the benchmark Cr/M§8eserving high dispersion is necessary to attain comparable
4, prepared by IWIT@ble 2. catalytic performance that meets industrial requirements.

Hydrothermal MethodOQliveira et al. have prepared Cr/ However, the formation of inactive crystallif@r,O; is
ZrO, via a microwave-assisted hydrothermal method, a facilegvitable at higher Cr loadings, the presence of which limits
time-e cient method to prepare oxides with smallerthe activity and is also detrimental to stability. To overcome
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this issue, Botavina et al. have prepared highly dispersed Gmreversible degradation of the pore structure after multiple
SiQ, catalysts by direct one-pot hydrothermal synth&sis. cycles leads to decreased selectivity gpSBA-T° An
following the procedure of MCM-41 synthesis, the aseption to preserve the unique pore structure is to control the
prepared catalysts exhibit MCM-41-type mesoporous structute loading at a lower level, however, this sastihe activity.

with high surface area (6A®00 M g %). Long-term tests  Choosing proper synthetic methods to prepare catalysts
demonstrate better stability of £1SiO, in C3Hg conversion  provides solutions to overcome this issue. Michorczyk et al.
after 900 min on stream in the joint presence ¢fa@®Q have prepared Cr/SBA-1 catalyst by°RMllompared to the
(Figure @), but accompanied by a lowgkgyield than the  Cr-SBA-1 prepared by direct synthesis method, the pore
structure of IWI-prepared catalysts is preserved to a larger

@A) Blg, degree, sigrgantly alleviating the irreversible deactivation
2 caused by pore collapse.
_ o 3.1.2. Vanadium(V)-Based Catalysts. 3.1.2.1. Idatitin
£ & 40 of Active V Sites and Redox Cydl®, is another redox-
£ £ active metal oxide that has been extensively studied in the
- = w0l O, ODHP reaction, and the overoxidation still impairs the
. e ort to achieve high ;8¢ selectivity. Early attempts have
0000 460 600 800 1000 6 200 480 660 830 1000 tried to neutralize the sites for overoxidation on vanadate
time, [min] time [min] catalysts. Adding GOn the feed gas of 84O, is a

) . . romising approach, as it enables a decrease of surface
Figure 6.Changes of conversion (A) and ield (B P . -
vegrsus reactiongtime d%r?ng ODHP an(d )DHP fa?cgons zc(z,n) Cr mo!ecular OXygen Species that account for oyerom_dau_on by
Si0, catalystT = 600°C, GHSV = 200 H) in the as-prepared state tunin 71%gsorpt|ordesorpt|on equilibria on basic oxidizing
(open symbols) and after reaction and subsequent treatmgat in O sites.”"

600°C for 6 h (solid symbols: after&runs): (a) GHg: N, = 15: Similar to CrQ) catalytic performance of ydepends on
85 (green curve; solid symbol: after 5 runs), (b)GCO,: N, = its structure, dispersion, and interaction with the sdpport.
15: 30: 55 (blue curve; solid symbol: after 8 runs), ). ©,: N, Depending on the ratio of metal loading and surface area of

= 15: 3: 82 (red curves; solid symbols: after 5 runs), andHd) C  support, four types of \V@pecies are present during reaction,
CO,: Oy Np = 15: 30: 3: 52 (orange curves; solid symbols: after §n¢clyding monovanadate, oligomeric vanadate, polyvanadate,
g‘“s)i gep_roducfedcr\:wth_the permission frorIreCopyright 2016 54 O, crystallité *2°° Figure Tillustrates the evolution of

oyal Society of Chemistry. surface VQcon gurations as a function of surface V density

on VQ/AI,O; Monovanadate \(Gpecies are proposed as

other reaction conditionsigure 8). The improved stability ~active sites (se€able 3for monolayer surface density on
originates from the trade-between the reducedH yield ~ various metal oxide supports). The oxygen @ Wanadyl)
and increased,8, yield (Table J. Notably, a relatively well- groups of the monomeric Y€pecies are reported to account
retained yield is obtained under the condition of @@me  for propylene formatidn® As the vanadia surface density
(Figure ®). Spectroscopic studies (die reectance increases, oligomeric species appear to emerge and are
electronic spectroscopy and X-ray absorption near edgensidered more active for propylene synthesis than the
spectroscopy) reveal that the average oxidation state of MPnomeric speciésBulk 1OQ§lfavors overoxidation, thus

in CO, ODHP is 2+, which is lower than that (i.e3)dn  reducing GHg selectivity**®** Noteworthily, there is

the presence of co-fed,. Orhis is indicative of a lower another type of proposed active site at submonolayer V
probability of forming crystallineCr,O4 if CO, is the only coverages, in which the bridgingvsupport bond is critical
oxidant. Apparently, the combination of the soft oxidant COfor O, ODHP! Its strength appears to associate to the
and well-dispersed Cr species in the 3D pore structure wifADHP reaction kinetics, as evidenced from the variations in
high surface area iseetive in avoiding fast deactivation and apparent activation energy among vanadium catalysts
in prolonging the catalyst lifetime. supported on Nbg SiGQ, ALO; ZrO, CeQ, and TiQ.

As discussed isection 3.1.1.2he unique pore structure However, this scenario is scarcely reported jn @OHP.
and large surface area of mesoporous support materials af@esults of isothermal reduction conthat CQ cannot
e ective in coming the growth of Cr species andcéing reoxidize the catalyst completely §®:\but is capable of
dispersion and structure @fr species. However, the oxidizing YO; to V,0,”® Redox mechanisms have been
preservation of pore structure and porosity under reactiqroposed on the silsesquioxane cluster with an isctated V
conditions is challenging. Michorczyk et rad. that the O V3 pair via density functional theory (DFT) calculations

V,0;5

- monolayer

I I I
1.2 4.4 8-9

monolayer

V surface density / V nm-2

Figure 7.Schematic illustration of surface V density-dependegtiegional evolutions of Y@pecies on VAl O, catalysts™%°
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for the entire reaction network including, CODHP, DHP, (A)

and RWGS? As illustrated inFigure 8 V** plays an IntS o co.  cat

. . . . 4 (8
important role in the activation of the secondaryd C S oL, NP
bond of GHg (RDS) by hydrogen abstraction in both,CO oI Y\g 170 o7J” Y\q
ODHP and DHP routes. Yet the regeneration of active V sites 9 i’ s d i’ S

| |
di ers, in which ¥ can be reoxidized through the dissociative Oy % F RN
CO, adsorption, while the regeneration in DHP follows the %1 245
path of hydrogen migration from the bridge oxygefito V v
hydrogen migration from the vanadyl oxygeh (¥ H) to Int4 o~ |
bridge oxygen desorption of K In RWGS, ¥ sites are § 4 CO,-ODH d o, Intl
involved in H dissociation and water formation and
desorption. CQ dissociation also occurs on reducéd V ®
sites, reoxidizing®Vsites through oxygen abstraction. Of A
note, alternative redox cycles have also been known, such a "_°\V50\V3. "Zc: o ny
the \F*J[lz V# cycle on an oxidized diamond-supported VO °/i> 6% H=G
catalyst:

3.1.2.2. Eects of SupportMesoporous silica has been Int3 CHyy  ©
introduced as support to prepare,\@atalysts with high Int2
dispersion. However, these materials have long, isolated B
channels and ineient mass transfer, leading to low catalytic ( )
activity**® Therefore, mesoporous materials with short-range, N
ordered mesopores with highly dispersed sp@cies are Hag o 2 56 o b/
desired. Xue et al. have prepared homogeneous, mono- o %5‘ 5§ L /(1;'/' N
dispersed 3D dendritic mesoporous silica nanospheres (3D <t |
dendritic MSNSs) and used them as support for VO &9 9 >
catalysts'* The catalysts have been prepared via an oil CHag ¥ 152.;\
water biphase stratation reaction system that allows the Y 245 .
delicate control of monolayer coverage and prohibit \ DHP oA TR
agglomeration of V species @& The as-prepared catalyst ) $ L i i
displays higher 8¢ selectivity and comparablgHg v '
conversion in comparison to other catalyst3ainle 4 It e 202
Both conversion and selectivity can be completely recovered d 1’ <,5 § \ H=o &
after simple reoxidation in air. 76 no

Diamond is another form of carbon that can be a potential \\, \v;'b\v'
support candidate, because its surface can be functionalizec Sf '
with various surface oxygen functional groups (OFGs), such 8
as C O C ether type structures and © carbonyl type
structures, through oxidative treatment in acids {HNO (C) He
HCIO, H,0,, etc.) and oxidation in,0"**° Nakagawa et al. Qo4
have introduced oxidized commercial diamond as a support >
and conducted comparative studies amoregedt metal Cat 0/\40\ .
oxides and support materials for, GODHP** Cr and V $ b
oxides supported on diamond display better catalytic perform- Oy 7 & & o4
ance than other metal oxides, including Ga, Mn, and Fe oxides Y;
(Table 3. Of note, the diamond-supported ,VEatalyst lms”g/" W0 o /' \ms
outperforms ADs-, SiQ-, and activated carbon (AC)- O RWGS P/I“ (f\g
supported VQcatalysts in terms of Y®urface area-based S s L S
C;H¢ formation rates. T

3.1.2.3. Eects of PromoterVO,/SiO, possesses a lower 21 282
monolayer coverage of YO 3.3 V nm? compared to 05 N o, H-o_ &
more reactive oxide support materials suchs(Alr 8 V ;»QV,‘ l
nm ?).**" To enrich the surface YQ®pecies with mono- T 59
vanadate and improve their retention against compression to sk >\o/))' I Int7
form polymerized species or bul®/incorporating another & 4
metal component featuring a noninteracting natwes o
avenues to achieve this gﬁéf.ungsten oxide (Wg is
known to inuence the dispersion of YOn this
regard:*'%*° Ascoop et al. have,;8 introduced WiBto
VG,/SIO, catalysts for CpODHP The highest &e WGS (C) on silsesquioxane cluster with an isolate® W5*.
turnover frequency (TOF) is obtained at W/V = 0.1 molarGlbbs free energy barriers at 8D@re reported in kJ méhext to
ratio, while W/V = 0.6 achieves the highgslsGelectivity.  the reaction arrows. Underlined numbers correspond to the highest
The apparent activation energy (1247 kJ mof) appears  Gibbs free energy barriers of the catalytic cycle. Reproduced with the
to be independent of W/V molar ratios, demonstrating thapermission from r&f8. Copyright 2016 Elsevier B.V.

Flgure 8. Catalytic cycles for GOODHP (A), DHP (B), and
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Table 4. Summarized Activity Performance of MBased and Reference Catalysts for, CODHP

conversion (%) yield (%) selectivity (%)

catalyst temp°C) C3Hg/CO,, ratio GHg CO, C3Hg C3Hg C,Hg C,H, CH, ref
5% Cr/O diamond 600 1:5 19.7 11.8 59.9 7.3 7.3 5.4 112
V/O diamond 600 1:5 13.7 8.6 62.7 7.1 7.1 3.1 112
Ga/O diamond 600 1:5 9.1 3.4 37.7 13.0 13.0 3.9 112
Mn/O diamond 600 1.5 9.0 2.7 29.3 17.9 17.9 7.2 112
Fe/O diamond 600 1:5 6.6 1.6 23.8 13.1 13.1 4.1 112
O diamond 550 1:9 0.9 0.5 57.8 35.2 7.0 0.0 112
1% Cr/O diamond 550 1:9 1.6 0.9 53.9 20.5 4.7 20.9 112
3% Cr/O diamond 550 1:9 4.2 3.1 73.3 6.8 2.3 17.6 112
5% Cr/O diamond 550 1:9 4.0 3.5 86.8 7.8 2.9 2.5 112
10% Cr/O diamond 550 1:9 5.9 3.7 63.0 4.9 2.1 30.0 112
V5 sMSNS' 600 1: 4 19 16.9 89 114
V,IALLOSP 550 1: 3 6.72 3.28 6.50 96.7 30
Cr/AlLOL 550 1:3 5.18 1.32 4.65 89.8 30
Mog/Al ,O5° 550 1:3 2.19 0.40 211 96.3 30
W,/AlL,O° 550 1:3 0.55 0.10 0.50 90.9 30
V4Cr/AlL,O° 550 1:3 9.98 5.03 9.54 95.6 30
V,Mog/Al ,0° 550 1:3 10.08 3.34 9.74 96.6 30
VLWo/ALLOSP 550 1:3 9.85 3.40 9.56 97.1 30
V, 4SiO,° 600 1: 2 13.7 55 40.2 0.0 9.0 120
V, /Na-Sio° 600 1:2 3.4 0.0 0.0 85.5 8.2 120
Ve dSiO,° 600 1: 2 29.2 6.3 21.4 0.0 9.7 120
Ve dNa-Sio,° 600 1:2 2.2 0.0 86.2 86.2 8.3 120

3Number in the subscript represents V loading on weight basis. MSNS stands for mesoporous silic®Mambspserethe subscript
represent loading of metal oxide®g/Cr,0;, MoO;, and WQ) on weight basis. Activity data were collected at TOS N@rhbers in the
subscript represent V loading on weight basis.

the WQ, addition only preserves Y@spersion rather than the order of > > > | so does the surface basicity. The
mediating active sites. Sandupatla et al. have carried ditial activity is dependent on the surface acid density and
comparative studies among,Gzt, MoO,, and WG maximizes on -GgO;. Both - and -GgO; contain
modifed VQ/AI,O; catalysts under a monolayer,VO tetrahedral Ga cations in the structure, on which the Lewis
coverag® The catalytic performance of monometallic oxideacid sites are coordinatively unsaturatéds@es. - and -
catalysts decreases in the order of V > Cr > Mo Mg Ga0; are constituted by octahedraf'Gavhich are more
4), and both Mo and W display poor activity. By sharpcoordinated with weaker acidity; the reconstruction from
contrast, the mixed oxide catalystdoy and V\W; exert octahedral to tetrahedral Ga cations might occur, generating
synergistic promoting exts on GHg conversion andHg surface Lewis acid sites. Suckerdnces in Lewis acidity
yield, especially for,\W;, while that synergy is absent for explain the activity trend. On the other hand, surface basic
V,Cr,. Characterization results imply that these metal oxidestes are too few for G@dsorption and activation, thereby
are noninteracting with one another in the mixed oxides, aneading to lower C{xonversion than.Hs. Nevertheless, the
both VQ, and CrQ are more readily reduced than Ma6d surface base site density shows the correlation with initial
WO,. Another reason for the less synergetict ®n \(Cr, activity, demonstrating its promotionatce in the initial
originates from the improved £@dsorption on more period of reaction. Combined with the weak reducibility of
reduced V and Cr sites, leading to, @@isoning’ To Ga0; (1 5 mol % of the fresh &&) and the presence of
alleviate C@poisoning, a relatively higher but propes CO Gd& and G& in catalysts (XPS), one can postulate that the
partial pressure is necessary to ensure more oxidized meggluction of Ga cations takes place and tseB#P but
species for the ODHP reaction. Na-promoted Sifiports only at the initial stage of the reaction. At the steady state,
have also been employed in an attempt to anchor moreaction is proposed to proceed via heterolytic dissociation on
monovanadate species with the surfac® $ia’.*?° Ga oxide without the redox cycle, which is discussed in
Characterization results con the improved surface V section 3.2.3
density, but along with the formation of inactive Na 3.2.2. Mixed Ga-Containing Oxide Catalysts.
metavanadate species that selectively produce CO insteadsafO; AlL,O; solid solutions are characteristic of unique
C;Hg (Table 3. surface acid properties and have shown promising reactivity in
3.2. Nonredox-Type Catalysts: Gallium (Ga). selective catalytic reduction (SCR) of,N@th hydro-
3.2.1. Identication of Active GgD; Polymorphs.To carbons?? ***Chen et al. have prepared mixeghza,0;s
establish the correlation between activity an®Ga (i.e.,x = 2, 5, and 8) oxides with high surface areas (e.g.,
polymorphs, Zheng et al. have evaluated the activiyl9 147 nf g %).>° These solid solution catalysts enable the
performance of-, -, -, and -GgO; polymorphs for changes of Ga ions between tetrahedral Ga(lV) and
CO, ODHP'!' - and -GgO; outperform the rest in;Hg octahedral Ga(VI) sites by tuning the Ga/Al ratios. The
conversion and sHg selectivity Table 9. Surface titration  proportion of Ga(lV) sites correlates to weak acid sites, as
experiments reveal that the surface acidity density decreaseshimwn inFigure @, implying the essential role of tetrahedral
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Table 5. Summarized Activity Performance of@aBased Catalysts and Reference Catalysts for ODHP

conversion (%) yield (%) selectivity (%)

catalyst temp°C) C;Hg/CO, ratio GHg CO, C3Hg C3Hg C,Hg CH, CH, ref
(F&,04)4/Si0,™ 600 1:5 2.6 1.9 715 19.7 8.8 52
(Fe,04) Al ,O2 600 15 3.8 2.9 76.9 12.2 109 52
(Cr,03)5/Si0* 600 1:5 6.9 5.8 84.0 9.0 6.7 52
(Cry02)0.6/SIO-A2 600 15 16.2 14.8 91.3 45 42 52
(Cr,04) JAlLOZ 600 1:5 12.7 10.7 84.4 5.9 9.8 52
(Ga05)4/Si0? 600 15 1.3 1.0 775 15.2 73 52
(Ga03)5/AlL O 600 1:5 5.4 5.3 90.8 25 6.7 52
-Ga0,° 500 1:2 41.3 38.53 93.3 53
GaALO, 500 1:2 51.7 47.36 91.6 53
GaAlO;:° 500 1:2 38.4 35.44 92.3 53
GaAlO; 500 1:2 22.8 21.64 94.9 53
-Gg0s° 500 1:2 16 4.3 14.24 89 0.0 7.4 34 121
-Ga05° 500 1:2 23 6.2 21.62 94 0.3 3.1 23 121
-G304° 500 1:2 21 4.4 18.06 86 0.0 7.9 54 121
-Gg0° 500 1:2 18 5.3 16.74 93 0.0 4.0 26 121
(Ga0,)4TiO 600 1:2 32 30 23.36 73 1.1 16 10 127
(Ga,05) Al O, 600 1: 2 26 5.2 24.44 94 0.4 3.8 29 127
(Ga03)5Zr0 600 1:2 30 29 19.50 65 4.2 17 14 127
(Ga05)¢/Si0* 600 1:2 6.4 3.1 5.89 92 0.3 48 31 127
(Ga02)sMgO? 600 1:2 43 4.2 1.25 29 28 33 10 127
Ga0; ALO; GM® 550 1:3 8.7 1.6 8.3 95.8 0.3 1.8 1.6 137
Ga0; ALO, CP° 550 1: 3 26.2 4.3 24.9 95.2 0.2 2.2 1.9 137
Ga0; ALO; HS® 550 1:3 35.2 8.4 33.4 95.1 0.2 2.1 2.0 137
Zro, 600 1:2 5.6 4.4 77.8 1.8 10.2 10.2 126
(Ga02)5Zr0 5 600 1:2 27.9 15.2 54.3 1.3 9.9 345 126
(Ga03)1¢Zr0 600 1:2 32.8 15.7 48.0 1.7 9.0 41.3 126
(Ga03)14Zr0 1 600 1: 2 38.6 17.5 45.4 3.8 9.2 41.6 126
(Ga03),¢Zr0 600 1:2 41.8 18.0 43.1 4.2 9.3 43.4 126
G0y 600 1:5 32.8 30.60 93.3 35 32 23
Ga0,; K19 600 15 18.6 17.13 92.1 4.0 39 23
-Ga0,° 500 1:2 5 4.6 92 133
-Ga0, S# 500 1:2 25 24 96 133
Ga0; ALOL(1/4)" 550 1:5 75 7.13 95 136
Ga0; ALO4/1)" 550 1:5 19 17.29 91 136
Ga0sm" 550 15 19 2.4 17.40 91.6 0.4 35 2.6 136
Ga04t" 550 1:5 22 19.58 89 136
Ga0; ALO,(1/4)! 550 15 7 6.79 97 136
Ga0; ALO,4/1)! 550 1:5 12 11.52 96 136
Ga0zm 550 15 10 9.40 94 136
G0yt 550 15 1 0.85 85 136

BVvalues in the subscript are loading of metal oxides on weight J&¢&O1A was prepared by equilibrium adsorption method, while others
are prepared by impregnatfiata were collected at TOS = 0.2%¥ata were collected in the initial perfl@és,0, loading was 5 wt. % for all
supported catalysts. Activity data were collected at TOS = DDatainvere collected at TOS = 1 h. GM: Grinding mixture. CP: Coprecipitation
method. HS: Hydrothermal synthesislues in the subscript are loading @O the mixed oxide catalysts. Catalysts were prepared by
coprecipitation metho8Ga0; was prepared by thermal decomposition of G498,0. K was loaded by impregnation, with K/Ga = 0.03
mol mol ~. " -Gg0, was prepared by thermal decomposition of G}¢98,0. The sucrose/G@; molecular ratio of-GgO; S4 was 4.

Data were collected at TOS = 8Data were collected at TOS = 0.28Dlata were collected at TOS = 3.75 h.

surface G4 sites in creating the surface acidityAlgy s benchmark -Gg0O3, which is attributed to the improved
oxide exhibits the best catalytic performance among all solldsorption of ¢Hs on Ga Al catalysts, as evidenced from
solution catalysts, and far outperforms the benchmark transient responses of pulsgd &Gdsorption.

Ga0; in CHg conversionTable §. Furthermore, a positive Mixed GaD; ZrO, oxides have also been prepared by a
correlation of surface area-based weak acid site density vaitiprecipitation method for GGDDHP?° The as-prepared
initial C;Hg conversion is evident Figure 8. Combined  catalysts present higher surface areas (e.§9 849 ?)

with the fact that Brgnsted acid sites are absent in the$igan the bare ZrQ(e.g., 19 rhg 1). Characterization results
catalysts, these tetrahedral surfaéesies in the form of  con rm the homogeneous mixing of Ga with Zr in the oxides
AP* O G&* are weak Lewis acid sites that account fowith strong interactions, as well as the monotonic increase in
dehydrogenatio reaction$®®> The GaO; AlLO,; solid Lewis acid sites with the increase in Ga content in the oxides.
solution catalysts also exhibit better stability than th&hese features can be e@eted from enhanced;H;
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Figure 9.Correlation of weak acid site amount and percentage of Ga(IV) (A) and surface acidic density versus coRyasiba®mhGor
GaAlyy ,O45 catalysts for COODHP. Weak and medium-strong acid sites are qubhtised on the peaks at 1280 and 400527 °C,
respectively, from NH'PD pro les. Reproduced with the permission frofa3aCopyright 2008 Elsevier B.V.

(A) Ho CoHy (B)
| | 50
Gar* — 0% - Mr* + CgHy Gar — 0% - M Eq. 3-5
(M= Ga, Al, Si, Ti, Zr, or Mg) [ Jowp
H  CiHy HoH T [ co,-0DHP
| | | |
ca — 0 - e FO2 o — 02w+ g Eq. 3-6 40 - —
H o He
| | ° —
Ga** — 0% - M —— Gax* — 0% - M* + H, Eq. 3-7 S 30+ L —
Ho He S i
I S —
Gaw — 07 - M* + CO, — Gax* — O% - M¥* + H,0 + CO Eq. 3-8 o
L2040 L
H CgH T,
T
Lo ©
Gax* — 0% - M + CgHg — Gax* — 0% - v+ Eq. 3-9 10
H CyHy* H o H ] - - s —
| | | |
Gax — 0% - M* + H'S === Gax* — O% - M* + C,H,;*S" Eq. 3-10 0
L L)
. . 02 \O? 02 02 o0
C;H/*S=——= C;Hs + H'S Eq. 3-11 03“ oﬁ\P"" 03\1’ o'z,\s 04“\

G G G G2 G

Figure 10.(A) Proposed heterolytic dissociation mechanism on gallium oxide catalyst©DHFOand the conjugatedeet gallium oxide
and proton in promoting DHP activity, wherein S represents the catalyst5(@@pGamparison of §Hg conversion for DHP and GO
ODHP on various supported. Ga catalysts. Data in panel B were adapted frala tef

conversion and ;8¢ yield (Table . However, the £Hg acid base properties, adsorption properties, and metal
selectivity is not comparable to,@&a Al,O; solid solution  support interactiont$’ TiO,-, ZrO,-, and AJOs-supported
catalysts under isoconversional conditibaisi€ 5. Gg0; catalysts display higher activity than MgO- and SiO

3.2.3. Eects of SupportThe nature of the support and its supported counterparts, again corroborating the crucial role of
interaction with gallium oxide are crucial to manipulate thacid sites on G@; for C;Hg dehydrogenationT@ble j.
reactivity, and can be eeted in the derences in H Ga04/MgO shows the lowest activity and selectivity toward
adsorption capacities and abigse propertiés’ Early C;Hg production due to the strong basicity of MgO, which
e orts have been put forth to modify the alsase properties  not only neutralizes the acid sites ogOgaut also favors
of GgO; catalysts by introducing alkali metal oxides such a0, adsorption over £ A similar negative impact on
K.2® However, the incorporated K covers the acid sites oactivity is also evident for the Li-promoted MgO calt&lyst.
Gag0,, exerting a negative impact on both conversion and Since these catalysts show no reduction behavior as
selectivity Table J evidenced from HTPR proles, the @Hg formation on

Xu et al. have systematically investigated the summtrt e GaO5; should not proceed through redox mechanisms but
by using TiQ ALO; ZrO, SiGQ, and MgO as support rather by following the heterolytic dissociation pathway.
materials in DHP and GADOHP, and studied the aspects of Detailed steps in the absence and presence,ch<@ell as
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Table 6. Activity Performance of Zeolite-Supported Catalysts foy QDHP

conversion (%) yield (%) selectivity (%)

catalyst temp°C) C;Hg/CO, ratio GHsg CO, C3Hg C3Hg C,Hg CH, CH, ref
CrysSiBeta 550 1:5 11.0 0.6 10.1 94.7 1.5 3.6 2.82
Cry SiBeta 550 1:5 17.6 1.2 16.0 90.8 14 45 3.22
Cr, SiBeta 550 1: 5 24.8 4.0 21.6 87.1 24 4.2 6.22
Crs SiBeta 550 1:5 27.6 55 233 84.4 2.8 4.0 8.82
Cr; SiBeta 550 1: 5 33.3 7.0 27.2 81.6 3.7 4.0 10.22
Cr, AlBeta 550 1:5 45 0.8 2.0 45.1 8.0 25 21.922
5% Gg)4/HZSM-5 (700F 600 1: 2 42 3 22.5 54 141
5% GaDyHZSM-5° 600 1:2 8.7 6.3 72.3 134 105 3.8 144
Ga04/P-HZSM-5(0.5% 600 1:2 13.0 7.0 55.6 8.3 9.6 34 144
Ga04/P-HZSM-5(1.0y 600 1: 2 17.6 10.1 57.3 6.2 11.8 4.3 144
Ga04/P-HZSM-5(1.5% 600 1:2 223 12.0 56.4 5.3 13.9 5.2 144
Ga04/P-HZSM-5(2.0 600 1: 2 18.4 9.4 51.3 0.1 14.0 5.5 144
3% CrQ/silicate- 600 1:1 35 3.2 92 6 0 2 147
CrO/H[B]MFI © 600 1:1 22.1 20.1 91 2 5 2 147
CrO/H[B]MFI-st© 600 1:1 15.7 14.6 93 1 5 1 147
5% ZnO/HZSM-5(60 600 1:2 27.2 16.9 62.3 0.3 10.7 5.7 143
ZnO/HZSM-5(120§" 600 1: 2 37.0 20.5 55.4 0.4 12.0 6.3 143
ZnO/HZSM-5(160§" 600 1:2 415 25.8 62.1 0.3 7.6 4.7 143
ZnO/HZSM-5(201§' 600 1:2 29.2 18.0 61.8 0.2 9.5 5.0 143
ZnO/HZSM-5(242§' 600 1:2 17.9 11.3 63.0 0.2 13.0 6.3 143
5% ZnO/HZSM-5 600 1:2 7.1 24 33.7 16.5 8.8 3.4 142
ZnO/HZSM-5(600§ 600 1: 2 25.6 19.0 74.3 0.1 8.3 4.5 142
ZnO/HZSM-5(650§ 600 1:2 30.9 20.3 65.6 0.2 7.8 4.3 142
ZnO/HZSM-5(700§ 600 1: 2 19.8 14.8 74.7 0.1 8.1 4.3 142
5% Ga0yHZSM-48(130§ 600 1:2 48.2 22.0 45.6 0.2 10.5 2.8 149
5% Ga0yHZSM-48(160§ 600 1:2 34.3 19.3 56.4 0.2 9.3 2.8 149
5% Ga0yHZSM-48(220§ 600 1: 2 9.1 7.9 87.0 0.0 8.8 4.3 149
5% Ga0yHZSM-5(150) 600 1:2 55.3 20.1 36.5 0.3 10.8 3.0 149
5% Ga0y/HZSM-5(200) 600 1: 2 45.7 21.6 47.1 0.3 11.5 3.0 149

3Data was read frongures with TOS =40 h.PData was collected at TOS = 50 h. The value in the parentheses represents the weight percentage
of P.Data was collected at TOS = Sbata was collected at TOS = 30 h. The value in the parentheses is Si/Al m@ataatias collected at

TOS = 30 h. The value in the parentheses represents the temperature in steamindDesatwastollected at TOS = 10 h. The value in the
parentheses is Si/Al molar ratio.

the conjugated ect of gallium oxide and the proton on detrimental to gHg selectivity Table 9, as it is known with

DHP, are illustrated iRigure 18.*?° For GHjg heterolytic
dissociation (egs 3-6 and 3-7Figure 1pin DHP, eq 3-6

(Figure 1pproceeds slowly and is, therefore, proposed as therea.

high aromatization eiency->°
3.2.4. Explorations to Prepare awith High Surface
-Ga05 is the most active among all ,Ga

RDS. The presence of acid sites can facilitate eqs 3-10 ang@lymorphs, yet its surface area (e.g.,%3@ ¥nlimits its

11 (Figure 1) providing an alternative to promoteHg
formation by bypassing eq 3Fég(ire 1D Such a reaction
path likely occurs in the cases of 7i@rO-, and AIOs-

overall activity. For the DHP reaction, various methods have
been developed to tune the textural properties,0f,Gach
as the nanocasting technique using mesoporous carbon as a

supported G&®, catalysts with abundant acid sites. Forhard templaté* and the urea-based hydrothermal method

CO, ODHP, dissociative chemisorbedftdm eqs 3-6 and
3-10 Figure 1P can be removed through eq 3-8 (i.e.,
RWGS), as well as eq Figure 1 On GaO,/TiO ,, eq 3-

8 is faster than eq 3-Figure 10 More produced His
consumed through RWGS, therefore, saymly boosting

using polyethylene glycol as a soft template ‘&gdine
former method enables a sigant increase in surface area up
to 307 i g ¢, but it is tedious and time-consuming; the latter
one exerts limited accessible ar@® (1t g 3).

Wu et al. have demonstrated a method to synthesize

C;Hg formation by shifting the equilibrium because of themesoporous @@; with high surface area using a water-

weak adsorption of,HEq 3-7 Figure 1Dis fast and still a
dominant reaction for the cases gDA| ZrO,-, and MgO-
supported catalysts. Therefore, thg-@Gmoting eect on
these catalysts is absétigj(re 18). The promoting ect is
not evident on G®4/SiO, either, resulting from its poor
activity in RWGSHjgure 1B). The absence of the O
promoting eect is also reported for &g AlL,O; solid
solution catalysts.Another drawback of E&&/TiO , is that
the presence of abundant reduced Ga the surface is

2199

soluble, ecofriendly sucrose as a nonsurfactant téfmggate.
increasing the sucrosefGamolar ratio, the surface area of
as-prepared-GaO, can be varied in the range of 88 nt
g L. Among the catalystsGgO; S4 (sucrose/G@; molar
ratio = 4) exhibits the highest catalytic performance,
outperforms the thermal decomposition-prepat®dO;
(Table 9. Furthermore, nearly 90% initial activity can
recovered after regeneration, which surpasses the
( 74%) reported by Zheng etdl.

and

be
value
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To prepare G&; with high surface area and mesophaseloading on Cr-SiBeta catalysts under the same reaction
other soft templating approaches have been undéifaken. conditions, and are all higher than those on Cr-AlBeta. This
However, these are rather challenging because the yieldiEonstrates that a high concentration of strong acid prefers
surfactantGaO; mesophase often collapses during thermaC;Hg cracking, thus sigaantly promoting the formation of
treatment, resulting in poorly ordered mesoporoyS; Ga C,Hg CH, and CH.
with low surface area. A nanocasting technique using a hard.3.1.2. Steaming Treatmefa-loaded HZSM-5 catalysts
template, on the other hand, provides avenues to improve thecome a potential candidate for, GODHP because of
heat tolerance, which uses a well-ordered, mesoporagir reported high actiyitin aromatization of light
structured matrix as a hard template, such as siliceous (epgwa ns™*® The reaction is proposed to follow a bifunctional
SBA-15, KIT-6) or carbonaceous (e.g., CMK-3) materialgnechanism, in which 8 accounts for catalyzing propane
Michorczyk et al. have used SBA-15 as a hard template dehydrogenation to light alkenes, while Brgnsted acid sites are
prepare mesoporous ;Ogm and mixed G&; Al,O responsible for subsequent oligomerization of light alkenes
oxides (Ga/Al = 4/1 and 1/4) by the nanocasting metflod. and the cyclization of;CCy alkene$?® To transfer this
The as-prepared catalysts feature (i) high surface area, ran@iaghlyst into CO ODHP, treatments are necessary to
from 231 to 322 fng *, wherein the mixed oxide catalysts eliminate the acid sites or weaken their strength on HZSM-
even show higher surface area tha@i@a, (i) uniform 5 py dealumination. Xu et al. have carried out dealumination
mesopores in the range ofld nm, and (iii) characteristic oy HzSM-5 zeolite (Si/Al = 60) by steaming treatments at
pore architectures analogous to SBA-15 (hexagonal StrUCtU@}nperatures (i.e., 60800 °C), followed by loading G2
As listed inTable 5 GgOz-m and Gg0; ALO4(4/1) show 5 |w|'“! NH, TPD results indicate that the number of
comparable initial 8 conversion and ;8¢ selectivity as  a¢ig sites monotonically decreases with the rise of steaming
the benchmark G@s;-t, which is produced by thermal temperature. The dealumination not only enables the
decomposition of precursors. Notably, the nanocastingqction of the acid sites on HZSM-5, but it also weakens
technique-prepared catalysts exert better stability, and rﬁg interaction between ©a and HZSM-5, resulting in an

surpasls Ithfe benchmlark Z«fﬁt at JOS = 3'75_ h’_ additional decease in the number of acid sites. As proposed in
particularly for G&; Al,O5(1/4). A short regeneration in i 19 CcO, ODHP proceeds through a heterolytic

air can help G&;-m almost completely recover its activity. di o . - :
. . ssociation reaction pathway on the gallium oxide catalysts.
Alternatively, Xiao et al. have preparg@Lal,0; (GA) The presence of strong acid sites on HZSM-5 can facilitate

; A ! 2
catalyst.s with high surface area (|.e.,. 234 and 290, m . the conjugated ect of protons and gallium oxide, resulting in
res_pectlvely) by hyd3r7othermal synt_h¢5|s (HS). and COprec'%’romoted activity (eq 3-10 Figure 18). However, excess
tation method (CP)”" GA-HS exhibits the highesiHg acid sites on HZSM-5 can promote coke formation via

conversion and;H; selectivity Table . In addition to high ; o o ) oo )
surface area, the HS-prepared catalyst also features large (:698 n;eg';gtr']%g i?dsucgﬁ lZ?::;é{;?l:)s'quig:at%“ev?:g?gl. t'il'chere
oF’ P y

sizes and more tetrahedral Ga ions as Lewis acid sites, al
which give rise to the improved catalytic performance. befformance on @S/HZSM'E.’ trgated at 700 (Table_ 6
Zhu et al. eliminate the acid sites on boron-containing MFI

3.3. Zeolite-Supported Catalysts. As discussed in . :
section 3.1.1,.3he F?f::rture of the Zupport has a crucial rolezeollte-supported CyCeatalysts by steaming treatriight.

in a ecting metal dispersion and preserving redox Cr specig/H[B]MFl exhibits higher EHg conversion and 8,
therefore, it strongly inences catalytic performance ip CO  Sclectivity than the benchmark Crisilicatgdble §. The
ODHP. In addition to the aforementioned mesoporous silic§i€aming-treated catalyst, namely Cr/H[B]MFI-st, has com-
and various metal oxides, zeolites are also promising supptifaPle 6Hs selectivity, yet lower ;85 conversion.
materials because of their microporosity with large surfafgl@racterization results demonstrate that+the steaming
area, tunable acidity, and excellent thermostabBifiy. To tréatment results in the autoreduction of sorfilet€Cr**
selectively activate 8 bond rather than GC bond, the which is located at the_ |on—ex_change sites in the V|c[n|ty of
modi cation of acid sites is critical, especially the strong acRPron sites. As known in the I|te+raturé,+ Polychromate is
site€’2 Dealumination is widely used to eliminate the surfacess active for GOODHP than C¥" monochromate, though
acidity, and approaches include acid tre&fnaent steaming 1t still can catalyze the reacfiorThis explains the lower
treatments at temperatut&s*?> Weakening acidity is an Cconversion observed on Cr/H[B]MFI-st._ Noteworthily, Cr/
alternative to control the surface acidity and can be achievBBIMFI-st presents higher s conversion after TOS =

by tuning the Al amoulff and incorporating another 40 h, indicating its better stability than Cr/H[B]MFI.
element into the framework of zeolite to displace the original 3-3.2. Surface Acidity Weakenirigcreasing Si/Al ratios
strong Brensted acid sité$.Zeolites that have been is an option to weaken the acidity. HZSM-48 is also a

introduced as a support include Beta z&olHZSM-5** candidate of support material because of its medium pore size
and phosphorus-modid HZSM-5;** HZSM-48'*3*%¢ and and high Si/Al molar ratio, accompanied by weaker acidity
boron-containing MEf.’ compared to HZSM#53'° Ren et al. have prepared a

3.3.1. Dealumination. 3.3.1.1. Acid Treatmaunichorc- Ga04/HZSM-48 catalysts with the Si/Al ratios from 130 to
zyk et al. have prepared Cr-loaded Beta zeolite catalysts22, and performed comparative studies Wi@yBZSM-5
wet impregnation for GOODHP?? Acid sites of the for CO, ODHP*® HZSM-48 supported catalysts exhibit
tetraethylammonium Beta (TEABeta) support are eliminatebigher GHg selectivity than the HZSM-5 supported counter-
by dealumination with a nitric acid solution, resulting inpart and comparableH yield, but lower g conversion
SiBeta zeolite with Si/Al at 1000. For comparison, AlBeta {§able §. Despite high selectivity, .GgHZSM-48 has
prepared by simple calcination of TEABeta with a lower Si/Alorse stability than the HZSM-5-supported counterpart. This
ratio of 17. As listed ihable § C;Hg and CQ conversion  can be ascribed to weak-acid-induced side reactions, through
and GHg selectivity show an increase with an increase in Grhich the formed coke clogs the 2D channels. This is
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Table 7. Summarized Activity Performance of Other Transition Metal Catalysts for QQHP

conversion (%) yield (%) selectivity (%)
catalyst temp°C) C;H4/CO, ratio GHsg CO, C3Hg C3Hg C,Hg CH, CH, ref
FeO;? 600 1:5 8.2 7.6 925 3.8 3.7 154
(F&04)74 -ALO 600 1:5 2.3 1.9 83.6 8.3 81 154
(Fe,03)s JAC? 600 1:5 29.7 25.6 86.2 5.7 6.1 154
FeO; MgO-1G 600 1:5 3.0 2.2 73.7 15.2 11.2 154
FeO; MgO-3G* 600 1:5 3.0 25 83.2 9.9 6.9 154
Mo,C/SiO,P 500 11 1.1 1 92 35 2 159
670 1:1 20.0 11 55 25 16 159
Pd,° 550 1:1 0.4 3.2 0.18 44.4 27.4 (C) 155
Pt° 550 1:1 1.6 4.2 0.4 21.2 0.9 0 0.8 12
Ni,® 550 11 3 9.3 0.4 12.3 0.24 0 0.6 12
Ni® 550 1:1 9.6 32.8 0.3 2.9 0.05 0.06 2.1112
Fe’ 550 1:1 0.45 0.10 0.2 44.4 12
FePd,° 550 1:1 0.4 0.1 0.22 57.6 36.8 (C) 155
CoPd°© 550 1:1 2.8 8.4 0.71 25.2 8.1 (C) 155
NisPd© 550 1:1 5.3 17.6 0.59 11.2 0.8 (C) 155
FePt°© 550 1:1 1.1 2.6 0.3 32 0 1.6 1.3 12
CoPt,° 550 1:1 5.6 20.3 0.6 10.1 1.3 (Cy) 155
NisPt,© 550 1:1 11.6 39.4 0.3 2.8 0.1 0 0.83 12
NigPt*© 550 1:1 2.2 7.8 0.2 11 0 0.3 09 12
FeCo,°© 550 1:1 0.9 1.5 0.39 43.8 14.Q (C) 155
FeCo,° 550 1:1 0.27 0.23 0.15 57.1 17.3 ©) 155
FeNi,® 550 1:1 2.7 4 1.6 58.2 0 0.8 0.8 12
FeNiy© 550 1:1 7.4 26.9 0.22 2.9 0.7 (Cy 155
FeNig® 550 1:1 5.0 16.1 1.0 20.4 2.7 (C) 155
FeNi,© 550 1:1 3.4 10.9 0.83 225 4.1 (C) 155
CoNiy® 550 1:1 7.8 27.8 0.2 2.6 1.8 (Cy 155
CosNi,® 550 1:1 7.6 27.1 0.2 2.1 0.5 (Cy) 155
CosNig© 550 1:1 8.5 29.8 0.2 2.4 2.1 (Cy) 155
Ce0? 550 11 25 <1 1 40 29
Fe0,” 550 11 5 <1 1.1 22.5 29
Fg04/CeO,-phy’ 550 1:1 7 7 25 36 29
FeCeO“ 550 1:1 7 7 2.2 31 29
Fe L£Le0? 550 1:1 75 75 2.6 35 29
FaeCeO® 550 1:1 10 11 3.9 39 29
Fae0 550 1:1 17.5 24 8.2 47 29
FeLe0 550 1:1 22 28 9.9 45 29
CeZrAlQ® 500 1:1 3 2.5 82 171
Pd/Al,O° 500 1:1 8.7 5.6 64 171
Pd/ZrAlO,° 500 1:1 3.3 25 76 171
Pd/CeZrO,° 500 1:1 10.1 9.3 92 171
Pd/CeO,® 500 1:1 8 6.7 84 171
Pd/CeZrAIO° 500 1:1 9.5 8.8 93 171

#Fg0; loadings of E®4/ -ALO; and FgO4/AC are 7.1 and 5.0 wt. %, respectively; those@f PdgO-10 and F®; MgO-30 are 10 and 30

wt. %, respectivefMo,C/SiO, catalyst is formed from the original prepared,/8i0) catalyst (2 wt. % of MaJvia carburation upon contact

with GHg. “All catalysts are supported on commercial, (842 n? g !, Sigma-Aldrich). Catalysts are synthesized by atomic ratios
corresponding to a 1.67 wt. %Rsis; thus, the weight percent values,pFBdFe, Co, Co;, Ni;, and Nj are 0.91%, 0.48%, 1.43%, 0.5%,
1.5%, 0.5%, 1.5%, respectively. The nomenclature assigned by subscripts, siNihrasdhe fet there are three atoms of Fe for every atom
of Ni. Catalysts marked with an asterisk indicate that the sample was diluted to achieve cgtgpasatdamiConversion to;Re “FeOy/
Ce05-phy represents a physical mixture witdfeeO, = 1/20 molar ratio. Other F&€e solid solution catalysts are prepared by
coprecipitation; values in the subscript indicate the molar percentage of Fe overPe latadditsg is 5 wt. % for all catalysts. The composition
of CeZrQ is C@Lry Al O,. Data were collected at TOS =1 h.

re ected from the more serious degradation of pores oand the framework attached kbns are in proximity.
HZSM-48 after reaction than on HZSM-5. Therefore, the presence of protons from the zeolite framework
Di erently, Ren et al. tune the Si/Al molar ratio (i.e., 60 can facilitate the recovery of active sites, resulting in enhanced
242) of ZnO/HZSM-5 by varying the amount of Al source,activity. However, excess acid sites are detrimental to the
namely, NaAl§) during preparatidfi® As proposed, the activity and stability because of the catalyzed reactions to form
reaction proceeds through dissociative adsorptighl b coke. Therefore, an optimal Si/Al ratio is obtained at 160 with
Zn oxide sites and a subsequent one-step elimination the highest Hg yield (Table §. At TOS = 10 h, the g
produce H and GHg. This requires that both [ZIC;H-]* conversion drops from 68.3% to 50.2%. Regeneratign in O
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Figure 11 DFT calculated energy pies for the oxidative @& and C C bond scission pathways. (A) Bulk Fe-terminajiié{ Fel) surface,

(B) Pt-terminated NPt(111) surface, and (C) FeO/Ni(111) interface. Reproduced with the permission ffr@aegfright 2018 Springer
Nature.

twice can help to completely recover tkidgConversion.

Alternatively, dealumination of the ZnO/HZSM-5 catalystSC-treated catalyst exhibits the highgldt; @ield and GHg
has also been examined by a steaming treatment, and the 660version{able §.***

2202 https://dx.doi.org/10.1021/acscatal.0c03999
ACS Catal2021, 11, 21822234


https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig11&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03999?ref=pdf

ACS Catalysis pubs.acs.org/acscatalysis

Introducing phosphorus into HZSM-5 is another option toray absorption spectroscopy measurements (XANES and
displace the original strong Brgnsted acid sites by newlBXAFS) demonstrate that thes;Mi catalyst consists of
created weakened Brgnsted acid sites, as well as to imprmatallic Pt and Ni with the formation of Rt bimetallic
hydrothermal stability? Compared to the benchmark bonds, while the metallic Ni and oxidized Fe species present
Ga04/HZSM-5, the enhanced activity and yield are evidenan inserted oxygen through BEe Fe, as well as F®
(Table §; yet the GgO4/P-HZSM-5 catalysts fail to show bonds. Combined with DFT calculationsH@ond scission
comparable g conversion or £ yield to the steaming- is shown to be more thermodynamically favorable and
treated, P-free catalyst,G#HZSM-5(700). The created kinetically feasible than C bond scission on the bulk-
weak acid sites barely show any promotioaal en GHg terminated Fi(111) surface Kigure 1A), while Pt-
formation, while mainly on side reactions, thus leading t®rminated NPt(111) favors CC bond scissionF{gure
deactivation. Clearly, reducing the number of acid sites driB). Other identied interfacial active sites Pe Ni show
HZSM-5 is a more ective approach to boostHg competitiveness in thest step of CH and C C bond
dehydrogenation to;84 than weakening the acidity. scissions, whereas the following step di Gcission is

3.4. Other Transition Metal Catalysts.3.4.1. Fe-Based downhill in energy, while that of C scission is uphill in
Catalysts. 3.4.1.1. k& Catalysts.Fe oxide-based catalysts energy Figure 1C). These results corroborate the crucial
are potential candidates for LODHP as they have been roles of oxidized Fe and metallic Ni giproduction.
known to catalyze oxidative dehydrogenation of hydrocarbons3.4.1.3. FeCe Solid Solution Catalystnispired by the
such as ethylbenzene and isobut4ne> Michorczyk et al.  well-recognized characteristics of GeGmproving oxygen
have conducted screening tests on baf@; Feupported  mobility and oxygen storage capacity, Wang et al. report Fe-
FeO, (active carbon (AC) and-ALO,) catalysts, and doped Ce® solid solution catalysts for C@DHP?Z°
hydrotalcite-derived M§e oxides>* Among them, 8/ Among the catalysts with Fe/Ce ratios from 1 to 15%, both

AC outperforms the rest in bothHg conversion and-Hg activity (GHg conversion and g yield) and GHg
yield, along with comparablgHg selectivity to the bare selectivity are optimized at higher Fe/Ce rafie®l¢ 7.
FeO; (Table §. H,-TPR results demonstrate thgi0-AC Deactivation as a consequence of coking occurs at low Fe/Ce

exhibits improved reducibility, and its reduction proceedstios (i.e., <5%), while the FeGe@talysts with higher Fe/
through FgO5 FeO, FeO Fe. However, the Ce ratios (i.e., >5%) ser from CeQcrystal sintering and Fe
reducibility of F®4 -ALO; and hydrotalcite-derived Fe  migration to form nanosized crystals. Therefo@e®ehas

Mg catalysts is retarded due to the strong interaction betwedre optimal activity at Fe/Ce = 5 and exerts stable
Fe oxide with support. For example, loadi@ 6@ -ALO; performance for more than 20 h on stream.

leads to the formation of a spinel phase,BgAhich is 3.4.2. Mo-Based Catalysts: J@o Supported Mg is
hardly reduced; Fecations are reduced to’Fens which reported to be active for methane conversion to benzene, in
are strongly stabilized in the MgO matrix. Clearly, thevhich MgC is crucial in activating the B bond of
improved reducibility of & on AC accounts for the methane and subsequently forming €agments on the
obtained high catalytic performance among the catalystarfacé”®*°” Also, it is established as asative catalyst for
tested, and the redox cycle of Fe oxide likely plays a cruaiaidative dehydrogenation of ethane with.'€00n the

role in CQ ODHP. Noteworthily, the absence offfdm basis of thesendings, Solymosi et al. have prepareg SiO
the reaction excludes the occurrence of RWGS. Combinedpported MgC catalysts and evaluated their catalytic
with these observations, it is postulated that the reactigerformance in COODHP®° At low temperatures (i.e.,

proceeds through (i) 8 oxidation to GHg on lattice 500 °C), CO, adsorption is too weak to dissociate on
oxygen from E©®; or FgO, and (ii) reoxidation of reduced Mo,C, leading to poor activity at 5@, though a high {4
Fe oxide by the CGsoft oxidant. selectivity is attained’dble j. At high temperatures (i.e.,

3.4.1.2. FeNi Bimetallic CatalystsTo prepare cost- 670 °C), CO, can oxidize M€, resulting in enhanced
e ective, selective, and coke-resistant catalysts for COactivity, yet GHg selectivity is compromised because of the
ODHP, Gomez et al. have conducted screening tests thfermo-induced cracking tgH; (Table 7. Oxidation of
monometallic and bimetallic transition metals and attemptddo,C with CGQ, is proposed as the initial step to activate the
to establish a library to determine the inherent activity towarslo,C surface, through which the Mo oxycarbide is formed
either ODHP or DRP?® Transition metals that are active in with active oxygen to activate the methylerté Bond in
ODHP and dry reforming, as well ascient in coke  CzHg molecule$:®
resistance, were chosen, such as Fe, Ni/Co, and Pt/Pd. The3.4.3. Precious Metal Catalysts (Rh, Ru, Pt, andARd).
FeNi, catalysts favor the GAGDDHP path, and selectivity early work, led by Solymosi et al., shows t@4-ABiQ-,
can be manipulated by varying the Ni content; others ar€iO,-, and MgO-supported Rh catalysts have relatively low
active and selective for the DRP patible J. The same  C3Hg selectivity (i.e., 5&0%) in the DHP reaction at 550
group has continued to examine the competitive path850°C, along with the g conversion varying froni to
between C® ODHP and DRP at industrial operational 6%:°" In the presence of GOthe reaction pathway shifts
conditions over these catalystdMonometallic catalysts from DHP to dry reforming of propylene on the Rh catalyst,
exhibit low activity and selectivity towagtiproduction resulting in the dominance of CO ang with decreased
(Table . The combination of Fe and Ni substantially CsHg selectivity. Similar results are also evident on the Pt/
improves both activity and selectivity, while combining Ni andl,0, catalysf and supported Au cataly$tsCO and H
Pt favors dry reforming products with much higher conversidiecome the major products in the case of Ry/@e®Ru/
of both reactantsT@ble j. Clearly, there is a synergistic ZrO,, regardless of the rechility of these support
e ect on FgNi; (i.e., GH, yield = 1.6%) in comparison to material$®* Precious and noble metals are active i@ C
the simple sum of yields on the monometallic counterpadieavage and the dry reforming reaction, which make them
(e.g., 0.4% and 0.2% foy, Bind Fe respectively). In situ X- less suitable for catalyzing ,CODHP as a single active
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component. An option to use precious metals is to make themamoving surface deposited carbon via reverse Boudouard

an assistant component responsible for the regenerationrefction. These positiveeets are generally applicable to all

active sites. catalysts that have been developed but vary depending on the
Ceria proves to be aneetive catalyst for G@ssisted redox properties of the active metal oxides and the nature of

oxidative dehydrogenation of ethylbenzene to styrene, and the support. Negative impacts also exist, which are mainly

high activity is linked with its oxygen storage/release capacity ected in the competitive G@dsorption againstiT;.

(OSC) in terms of creation and replenishment of oxygen 3.5.1. Oxidation State and Redox CydRedox-active

vacancie$”> *°® Adding ZrQ into CeQ endows the formed metal oxides can be reduced upon the contact yth 16

bimetallic oxides with more stabilized oxygen vacanciesmparison to the direct DHP reaction, a donation of oxygen

moreover, CQdissociation can occur on CeZihd lead  species in COcan help to maintain Cr at high oxidation

to a highly oxidized state of €&To improve the durability  states’3’* Despite the weak oxidizing potential, €&n

of such oxide combination,@ is used as the underlying take part in the reoxidation of Gr® complete the redox

support.”® Inspired by the functionalities of these compo-cycle, bending CHg dehydrogenation to;8. This positive

nents in mixed oxide catalysts, Nowicka et al. have preparetkt in the case of Cy®as already been discussezkirion

Pd catalysts supported on CeZrAl@ixed oxides with 3.1 Similarly, adding G@an change the redox properties of

various_compositions and evaluated their activity jn CO the V-based catalysts, such as the oxidation states. Takahara et

ODHP"* Screening tests clarify that the optimal compositioral. report that using G@s an oxidant results in the presence

and Pd loading are obtained on G&, Al O.-supported  of \P* rather than $¥/V3* in the direct DHP reactidr® In

Pd catalyst Table J; Pd/Cey,Zro.AlO, also displays DHP, the V OH sites adjacent to*W 3* are proposed as

long-term stability of 5 conversion from 40 to 140 h on acid sites on VQwhich are detrimental toH yield by

stream, along with a slight rise gfiGselectivity from 94% boosting the reaction of propylene to aromatic€O,

to 98%. As proposed iRigure 12 reactions on addition reduces the number of acid sites by changing the

oxidation state to®/ leading to a higher propylene yield by

f Non-oxidative dehydrogenation + RWGS |nh|b|t|ng aromatization.
co, CO+H,0 3.5.2. C@Promoting Eects in Shifting Reaction
oH Equilibrium of C® ODHP. Isotope-labeling experiments
-H: have been conducted by introducingirDthe feed with
CaHe C.H C;Hg and CQ, and revealed only 45% of the formed water

s
Mars van Krevelen

contains BO.“® This observation corms the existence of

_H, parallel-consecutive reaction networks consisting of ODHP,
*H, DHP, and RWGSFigure 13shows changes in theHg
2Ce0, Ce,0; + H;0 formation rate during switch-operation mode between DHP

and CQ ODHP on CrSiBeta and CrAlBeta catafysts.
Clearly, the C@promoting eect on GHg formation is only
do evident on the CrSiBeta catalyst, as evidenced from the
alternatingly highestlf; and H formation rates in CO
ODHP (Figure 13). This indicates that the ,Hormed

co, o through the DHP is consumed by reacting with, @ich
- shifts the reaction equilibrium of the ODHP to the product
Figure 12.Schematic illustration of reaction involved in the overalfide with a higher,8¢ formation rate. This G&promoting
CO, ODHP over Pd/CeZrAlQ catalysts. Reproduced with the € ect is also valid on other catalysts, such as Cr/HZSM-
permission from refl71 Copyright 2018 American Chemical 5*****3and Cr-SBA-% and Ga0s3 catalysts’**?regardless
Society. of redox properties.
It is noteworthy that the G&promoting eect is not
Cay ,ZroAl O, proceed through a combined Mars van universal and is ected by the nature of the support, such as
Krevelen (MvK) and RWGS mechanism linked by a commof@rAlBeta irFigure 1B. Combined with the low Si/Al ratio in
step. The lattice oxygen ions abstract H frgiia © form this catalyst, the stronger acidity might interfere in the CO
CsHg and HO. CO, takes part in the replenishment of the promoting eect by shifting the reaction pathwaysmong
consumed O species in both, &&r, Al O, and Pd sites, AlLOs-, activated carbon (AC)-, and S#Opported GO;
releasing CO as a byproduct. Of note, Pd only promotes tliatalysts for COODHP, Takahara et al. observe that the
oxidation activity of the redox sites*Ce Cé* in the CO,-promoting eect is only evident on £¥,/Si0,.”*”> The
catalyst rather than the secondary reaction, such as dmrrelation between COfHatio and GHg yield demon-
reforming of propylene. Therefore, its presence boosts ovesdtites that DHP and RWGS occur in the case,0/Cr
C;Hg conversion without saaing GHg selectivity. AlLO,, while the combination of DHP and DRP occurs on

3.5. Roles of CQ in CO, ODHP. Early work has Cr,04/SiO.,.
considered co-fed GQOmerely as a diluent and heating 3.5.3. Agent for Coke Removahe reverse Boudouard
medium, yet continuing studies unravel its other importarmeaction is an endothermic reaction, which likely happens in
roles’” Liu et al. have conducted DFT studies of, CO the temperature range that has been explored (i.e65800
ODHP over G#4(100) surface and suggested thgi;C  °C) for CO, ODHP. Pulse experiments have woerd that
forms via DHP in CO ODHP!’? Positive roles of GO little coke forms in the presence of,@® bulk GgO,
include (i) reoxidizing the reduced catalyst surface, (iifatalysts, and G@an serve as an agent to remove deposited
shifting the reaction equilibrium to the product side gf CO carbon through the reverse Boudouard reattrsimilar
ODHP by consuming the produceg\ih RWGS, and (ii) e ect on coke removal has also been observed on other

Pd

X
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Figure 13.Rate of GHg formation, H, and CO in GHg dehydrogenation in the presence {G®DH) and absence (PDH) of G@t 550°C
over Cp SiBeta (A) and GrAlBeta catalysts (B). Reproduced with the permission frath @fpyright 2020 Elsevier B.V.

catalyst systems, including;;(]!.}tSiOz,”'75 Cr/HZSM- instead of oxygen results in a sigmit increase in propylene
5144143 and Cr-MCM-41/3*"* Of note, CQ cannot  selectivity for many dirent catalysts, including iron-
completely prevent deactivation or completely eliminateontaining zeolites and vanadium-based caf#if/stS?
coke, but it can help to alleviate coke formation. While iron-based materials, such as Fe-ZSM-5, are found to be
CO,-derived coke may form through two conditions on Crthe catalysts that give the highgbt;@ield for ODHP using
sites: (i) CQ xation caused by reduced Cr species withN,O, other catalysts, including redox metal catalysts, such as
abundant H species at the surface and (ii) carbon chawanadium and molybdenum, have been studied as
growth and aromatization reaction triggered at high tempeyrell?’%*%? 185 However, despite the improved propylene
atures (i.e., >30C).”° The presence of G@onsumes the  selectivity, most of 9 ODHP catalysts reported to date
surface atomic H species, the concentration of which beconggsactivate quickly, mainly because of coke formation, making
too low to deoxygenate O species to form hydrocarbon N.O a currently less feasible oxidant than other soft oxidants,
species through © coupling chain growth or aromatization. sych as CI80 184186187 \Whjle an in depth study regarding
Clearly, not only can G@ontribute to the coke removal, but the rate of deactivation or deactivation mechanism has not
it can also inhibit coking, betieg the overall stability of Cr  pheen reported for molybdenum oxide catalysts, both
catalysts for COODHP. . vanadium- and iron-based catalysts are reported to deactivate
3.5.4. Competitive Adsorption between ;CGHg, and within several hours on stream. Therefore, improvement in
GHs. A negative role of Gdias also been reported on redox catalyst stability and clear understanding of deactivation
CrOy catalysts, in which the presence of BGhe feed gas  mechanisms remain challenges that need further study in
hampers the adsorptlo_n ofHg“" On the_ other hand, it e dehydrogenation of propane usigg.N
prevents the adsorption ofsHg and its subsequent 41 Metal Oxide Catalysts4.1.1. Vanadium Oxide

conversion into coké Therefore, an overall GPromoting ; Ay i ;
) . ! ' general, for vanadium catalysts, usjAgihstead of @in
e ect still predominates in the case of ,Cf@ HZSM-5- ODHP results in increased selectivity #1,6017+86 189

supported G®; catalysts with a non-redox property, the
reaction proceeds through a heterolytic dissociation mec
nism, in which gHg dissociates on acidase pairs in the
forms of H and GH-', respectivelyF{gure 18).*?’ As a

more acidic molecule thanHg, CO, adsorption on basic o : ; ;
sites will negatively impaceHg adsorption on G, 90% can be obtained with #Y catalyst when using@®

causing drop in activity. In particular, the negative impa(gts an oxidant, while th%gighest selectivity obtained ysing O

: . L ' s the oxidant is 78%.°" Furthermore, while selectivit
prevails at higher GQpartial pressures. Hence, a PTOPETtends to decrease agHg conversion increases, thisot is /
C;Hg/CO,, ratio is of importance for high dehydrogenation ’

8 Y much less pronounced whenONis used as the
ngvr:ge?eg% %E,TGP'SLZE;S the area where morerts oxidan11.7918518% As reported by Kondratenko et al., when

O, is used for ODHP, a decrease il Cselectivity from
75% to 50% is observed asHg conversion increases
4. OXIDATIVE DEHYDROGENATION OF PROPANE  f0m 294 to 10% using a 2.8% VSIO, catalyst® In
WITH NITROUS OXIDE contrast, when J®@ is used, a less sigr@nt decrease in
Another milder oxidant that is favored to reduce formation afelectivity is observed, falling frd®8% to 81%, for a similar
unwanted overoxidation is nitrous oxidg®)NUsing NO as change in gHg conversion.
an oxidant may be aneetive way to utilize,®, which is an Such improved 4§ selectivity using O is attributed to
acidic, strong greenhouse gas. Uspt® & an oxidant the lesser ability of,8 to oxidize reduced \(Gpecies. It is

For example, Baerns et al. show that acghiincrease in
2H; selectivity from 55% to 75% can be obtained by using

N,O instead of ©as an oxidant for 0.5% YOALO,. %8

Also, Dingerdissen et al. show th#tsGelectivity of up to

2205 https://dx.doi.org/10.1021/acscatal.0c03999
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observed in numerous reports thaj $fi@cies tend to be ina Table 9. Initial GHg Selectivity §CsHg)iniia) for V,0s,

more oxidized state when exposed tp t@an

N,O 20186188189 Yy vis measurements of a 9.5%,/VO

AlLO; catalyst in dierent gas mixtures, as showrignire 14

Kubelka-Munk
(=)
=

{cHJON,

300 400 500 600 700 800
A/ nm

Figure 14.UV vis DRS spectra of (9.5 wt. %)/-ALO; after

pretreatment in an AN, = 20/80 mixture at 500C and under

reaction conditions at the same temperatyg/@,/N , = 30/15/

55 and GHg/N ,O/N , = 30/30/40. Reproduced with the permission

from ref188 Copyright 2001 Elsevier B.V.

are one example that supports such a réfidhe intensity
of the two bands at 230 and 300 nm, indicating the presengg
of \P* species, decreases substantially whigrogidation is

performed with bO rather than @ This indicates that more
V°* cations are reduced whegHg oxidation is performed

with N,O than Q. Similarly, as shown irable § XPS

Table 8. Near Surface Composition Derived from Ex Situ
XPS Analysis of Derent Vanadium Oxides in Fresh State,

as Well as after ODHP with £and N,O at T= 500°C
(X(C3Hg) < 5%, X(O) < 10%, X(NO) < 10%)

near surface vanadium concentration from ex situ XPS

after @ ODHP after NO ODHP
CHg/O,/Ne  C;Hg/O,/Ne =  C3Hg/N,O/Ne =
catalyst fresh = 40/20/40 40/10/50 40/40/20
V,05  V°'(100%) V' (100%) V' (66%), V' Vo (58%),
(26%), V** (32%), V**
(8%) (10%)
VO, V5 (90%), V5 (100%) VP (47%), \F
V4 (10%) (37%), V*
(16%)
V,0;  V°*(83%), V5 (100%) V' (47%), \F*
V4 (17%) (44%), V*

(9%)

Reproduced with the permission from ¥@6Copyright 2007

Elsevier B.V

analysis of Y05, VO,, and \JO; catalysts after OODHP

also indicates that Y@pecies are much more reduced in

N,O than in Q.*%® Interestingly, as shownTiable 9 C;H,

selectivity tends to be higher as theg ¥f@cies are more
reduced. From such observations, it is proposed sthat C
selectivity is @&cted by surface reduction: the higher the

surface reduction, the higher the selectivity.

VO,, and L0, Catalysts T = 500°C, GHg/O ,/Ne = 40/
20/40, C;Hg/O ,/Ne = 40/10/50, C3Hg/N ,O/Ne = 40/40/
20)

initial GHg selectivity (%) KC:Hg)initia)
catalysts 20%,0 10% Q 40% NO
V.05 81 88 89
VO, 81 88
V04 75 89 92

Reproduced with the permission from 1@ Copyright 2007
Elsevier B.V.

date species is much more favored,invile the formation

of vanadyl oxygen species is more favored w@e®N the

basis of this observation, Sauer et al. assert that the
peroxovanadate site leads to consecugidg @idation,
while such a phenomena is more limited on the vanadyl
oxygen site, leading to higher selectivity sl @uring
ODHP’” More detailed discussion regarding progress in
theoretical studies is coveredeantion 6.2In the analysis of
ODHP on a VQIMCM-41 catalyst using electron para-
magnetic resonance (EPR), Bruckner et al. state that higher
activity and lower selectivity towagti£Owith O, than NO

are attributed to the formation of highly reactive electrophilic
species under,Owhile nucleophilic, less active ©ns

serve as reactants unde©ORP Their results indicate that
electrophilic ¥--O- (n = 4 or 5) species form when the
catalyst is pretreated with, Gkely through the dissociation

of adsorbed oxygen species. However, such species are not
observed after treatment with,O\ likely due to rapid
formation of @ oxide ions, which are not EPR-active.
Combining previous DFT results with their observation from
EPR, Kondratenko et al. propose that high activity and low
selectivity of g in ODHP using @ is likely due to
electrophilic ¥---O site formation, which is formed as a
result of decomposition of peroxovanadate siés;-Q, ,

as summarized Figure 15For QV** species, it is suggested
that QV°*--O,- forms upon the reoxidation to further react
with another Q/** or O\V°* to yield a V"--O- site.
Meanwhile for ODHP using,®, only less active?Oions

are formed through decomposition g®Nn QV3* sites.

Regarding the vanadium oxide species that are formed in

ODHP using @ and NO, Sauer et al. propose that the

formation of peroxovanadate species can be responsible fgjfure 15.Proposed pathways for reoxidation M0and QV4*

the decreased selectivity tiECwhen using ©7 In their

by O, (A) and N,O (B). Reproduced with the permission from ref

DFT analysis, it was reported that formation of peroxovanae. Copyright 2010 Elsevier B.V.
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DFT results have showed that the reoxidation gt O
species is not favored undefONso it is assumed only
O,V3" species can be reoxidized.

certain VQ loading, the selectivity towardHg tends to
decrease. On the basis of these observations, it is reported that
isolated VQ sites tend to be more selective towayds,C

Lastly, type of support and loading of vanadium oxide hav¢hile more polymerized YGpecies lead to drop in

been reported as additional factors &xtacatalytic activity
and GHj selectivity/9%91°° Baerns et al. report that silica-
supported VQ catalysts show highegHg selectivity than
alumina-supported catalysts, whetheorQN,O is used as
oxidant Figure 1k It is also noted that the;8g selectivity

Figure 16.Relationship between selectivity agidg@onversion
over V(2.7)/MCM-41 (squares) and V(2.9)/Si@ircles) at 475
°C (748 K) and V(1)/g-AlO; (triangles) at 450C (723 K): open
symbols for hD-containing mixtures and solid symbols for O
containing mixtures. Reproduced with the permission fra8nref
Copyright 2006 Elsevier B.V.

increases as the loading of, \li@reases, up to a certain

selectivity.

4.1.2. Molybdenum Oxides#dolybdenum catalysts also
show decreased;H; conversion and increasedHg
selectivity upon addition of,® during GHg dehydrogen-
ation?®4185191 193 For example, in their work on ODHP
using a NiMo@ catalyst, Ruiz et al. report an increase in
C;H; selectivity from 18.3% to 24.2%, along with a decrease
in CO, selectivity from 23.2% to 21.4%, occurs with a
decrease in g conversion from 14.6% to 12.4% with 300
ppm of NO in the feed ga8? Similar results are also evident
using a mixture of NiMgQand -ShO, catalyst®® In the
presence of 300 ppm ofQN an increase ingGg selectivity
from 34.6% to 37.5% and decreasejfify Conversion from
9.3% to 8.1% is observed. A decrease jrsél€ativity from
24.2% to 22.0% is evident as well. It should be noted that 300
ppm of NO has been co-fed with 10%i®all these reports.

In an eort to observe the surface species present after
performing ODHP with derent concentrations ofM as a
co-feed, XPS analysis has been performed on the catalysts,
with the results shown ifable 13°* From these studies,
while no M&* species are present in the absence,®f N
Mo°* species emerge after thgDNdopant is used in the
ODHP reaction. On the basis of this result, it was
hypothesized that the reduction of molybdenum is induced
by propane due to the weaker oxidation capabilityGof N
Surface sites of the NiMp@aterial are further studied by in
situ DRIFT spectroscopy. DRIFTS is conducted under 1%
N,O, 10% NO, and synthetic air over the NiMp€atalyst.

As shown inFigure 17 the intensity of the band at 1000

loading on the alumina, while it barely shows any change 60 . assigned as a Me@ibration band (Mo O),
selectivity for the silica-supported counterpart. On the basis@gcreases in the order of synthetic air >16% N 1%

such observations, it was hypothesized §Hga@sorption is

N,O. These results corroborate the prior observations from

more likely to occur on the exposed surface of the acidic XPS.

AlLO; support. The adsorbedHg might further transform to
CO,, thereby decreasingHg selectivity ° For weakly acidic
supports, like silica, adsorption gfi{does not occur well,

Combining the observations made from XPS and DRIFTS,
Ruiz et al. assert that while both oxygen a@dake able to
interact with the surface hydroxyl groups on the catalyst

so very small change in selectivity despite change in thgrface, O stabilizes molybdenum in a more reduced state
exposed support surface area. Apart from the exposed surfatenickel molybdate compared to molecular oXygén.

area of the support, the dispersion of $f@cies is another
factor that has a crucial impact on thgd;Cselectiv-

Furthermore, it was hypothesized tha© Nimits the
oxidation rate of the catalyst by adsorbing on the same

ity.} 79188189 |t has been observed in multiple reports thatvacancy that Owould adsorb, thereby inhibiting adsorption
regardless of the oxidant and support type used, aboveofa O, on the surface of the catalyst. Consequently, the

Table 10. XPS Analyses of Pure NiMoQCatalysts

fresh test TR test with 300 ppm ofoN test TXNO (1%, 5%, and 10%,®)
C 18.3 (284.8) 19.5 (284.8) 20.3 (284.9) 28.0 (285.0)
o 53.7 (530.4) 52.1 (530.4) 52.7 (530.6) 54.3 (530.1)
Mo 12 (232.4) 11.7 (232.6) 12.8 (232.7) 8.3 (232.5)
with M&®* 12 11.7 12.5 7.9
with Mc** 0.0 0.0 0.3 0.4
Ni 16.0 (855.6) 16.7 (855.7) 14.3 (855.8) 9.4 (855.7)
C/Mo 15 1.7 1.6 3.4
O/Mo 45 45 41 6.5
Ni/Mo 1.3 14 1.1 1.1

Reproduced with the permission froni 8&f Copyright 2003 Elsevier B?Results before and after TR and@Nests: atomic ratio. Binding
energies (in eV) are indicated in parentheses. TR represents the sample after 1 h yradet 10% 5. TXN,O represents the sample after
2 h under 1%, 2 h under 5%, and 2 h under L@pdibng with 10%48;. Reaction temperature was 20673 K) in both cases.
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oC+e O (4-2)

Of note, there is an optimum amount gdRkhat is benecial
for elevating the #g selectivity. It has been observed that,
when the concentration o, is too high, a decrease in
C;sHg selectivity is observed. On the basis of these
observations, it was hypothesized that there is an optimum
oxidation state for Mb species that allows for maximum
selectivity; if the extent of reduction is too high,ft@lucts
are favored, leading to decreasgti Gelectivity. Catalytic
performances of reported metal oxide catalysts are summar-
ized inTable 11

4.2. Zeolite-Based Catalysts.4.2.1. Metal-Modied
Zeolites. Di erent metal-containing zeolites, such as
MF|19,35,36,178180 183195 199 or BEA:E8’18 200201 have been
widely studied for the ,N-assisted ODHP reaction. In
particular, iron-containing ZSM-5 has been reported as one of

: 182183199202203
Figure 17Di erent DRIFTS spectra of nickel molybdate catalysts atthe most eeCt'_V e catalys_ﬁg. AN e"flrly work
455 °C (728 K) under dierent atmospheres, against the initial "éPorted that iron-containing ZSM-5, synthesized by steam
spectrum under helium: (A) synthetic air, (B) 1048, NC) 1% treatment of an isomorphously substituted zeolite framework,

N,O, and (D) helium ow. Reproduced with the permission from ref shows GHg conversion of 48%,® conversion of 96%, and

184 Copyright 2003 Elsevier B.V. CsHg selectivity of 45% at 453C.*%° %2 Further studies
show that Fe-ZSM-5 synthesized through solid-state ion
exchange or liquid exchange methods also deliver good
catalytic performance, showiggdZonversion between 20%

formation of electrophilic @r O, species would be limited,

resulting in the decrease in the secondary oxidatighlpf C and 60%. i, selectivity between 25% and 70%, ahig C

and higher gHg selectivity in return. The adsorbegON X )
would further dissociate t& Gspeciesdq 4-1landeq 4-3, %’(')e'5d2$§gf{3§g‘3gl4g‘;/fgg‘z%ﬁ 30% in the temperature range of 377

which can be responsible for the improvgtl Gelectivity
observed upon addition ofduring the ODHP reaction, as
O is known to lead to overoxidation products, while O
leads to selective oxidation prodtiéts.

The high-temperature steam pretreatment of iron-contain-
ing zeolites has a positiveed on the GHg yield and
selectivity, as this synthetic method produces extra-framework

& iron species that are more active than framework iron species
NO+e N O (4-1) for N,O ODHP!’881182 This pretreatment also enables

Table 11. Summarized Activity Performance of Various Vanadium and Molybdenum Oxides Catalysts

conversion (%) yield (%) selectivity (%)

catalyst temp°C) C3Hg/N ;0 ratio GHg CsHg C3Hg ref
0.5 wt % V@ -ALO, 450 1 1 70 188
4.6 wt % V@ -ALO, 450 1 1 92 188
2.7 wt % V@QMCM-41 500 1 2 93 189
2.7 wt % VQMCM-41 500 1 11 81 189
3.4 wt % V@QMCM-48 500 1 2.5 90 189
3.4 wt % VQIMCM-48 500 1 13 75 189
2.8 wt % VQ@Sio, 500 1 2 93 189
2.8 wt % VQ@SiO, 500 1 8 83 189
11.2 wt % VgMCM-41 500 1 2.5 87 189
11.2 wt % VgMCM-41 500 1 6 70 189
VO, 500 1 3 80 186
VO, 500 1 8 60 186
V,03 500 1 1 90 186
V,0,4 500 1 7 65 186
V05 500 1 1 87 186
V,05 500 1 4 70 186
NiMoO, 450 333 12.4 3.0 24.2 184
NiMoO, 450 10 13.5 2.6 19.2 184
NiMoO, 450 2 13.3 3.0 22.8 184
NiMoO, 450 1 12.7 3.2 25.2 184
NiMoO, and -ShO, 450 333 8.1 3.1 375 191
NiMoO,/[Si,V]-MCM-41 480 10 8.7 3.9 44.8 193
NiMoO//[Si,V]-MCM-41 480 2 9.4 3.6 38.2 193

At should be noted that for molybdenum oxides catalyStsya$ co-fed with 10%,.0
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Figure 18.(A) FT-IR spectra of NO adsorption on Fe-MFI-24G samples calcine@rahtdtemperatures. (Numbers at the end show
calcination temperatures in Kelvin.) Dotted line: Initial adsorption of NO. Solid line: Saturated adsorption of NO temperatures. (B) Propylene
yield in NO-mediated ODHP catalyzed by Fe-MFI-24G samples calcinedeait iémperatures. Reaction conditions: 7;8% 15% NO,

and He balance; GHSV= 15000 mt dn 1. Reproduced with the permission fron88efCopyright 2013 Elsevier B.V.

reduction in surface acidity, resulting in highgt; C (Fe-MFI-24G-873) to 80TC (Fe-MFI-24G-1073), while the
selectivity. Combined with characterization techniques, susamples calcined at 800 (Fe-MFI-24G-1073) antCo(ke-

as NH, TPD and XRD, studies report a sigant decrease MFI-24G-1173) show similar highesHg yields between

in the acid site concentration after high-temperature stea?7% and 30%. On the basis of this correlation between
pretreatment of Fe-ZSM-5, likely because of extensi@xposed active iron sites and the observed catalytic perform-
dealumination of the zeolite and concomitant decrease #ice, it is proposed that the isolateddreAl site is the

the density of Brgnsted acid sites’®’ Such pretreated active center responsible fogONnediated ODHP reac-
samples present a clear decrease in selectivity toward cipn.#*%

along with increased selectivity. Fu_rthe_r analyses with in sitg DRI_FTS and TPD reveal that
On iron containing ZSM-5, studies report thatGreAl reoxidation of the Fe O Al site with NO forms an O
species are likely active sites {@-Mediated ODHE**5° species, which is thermally stable and highly selective in the

Grunert et al. have used FT-IR analysis paired with NGRget reactioti®>> On the basis of such observations, the
adsorption to characterize the abundant Fe spegese( following mechanism is proposed:

18A) and catalytic evaluation of Fe-ZSM-Bjre 1B to F¢"+ NO N Fé& O (4-3)
support such hypothe$isOf note, FT-IR spectroscopy,

along with NO adsorption, is commonly used to characterize gt o F& © (4-4)
active sites for Fe-containing catalysts. For samples without N

calcination (Fe-MFI-24G), NO adsorption results in a broad Fé* 8+ NO F& @ N (4-5)
band at 1850 crh indicating mononitrosyl on ferrous ions in

the straight channels of ZSM-5. When samples are calcined aFe” G Fé%+ Q (4-6)
high temperatures, two strong bands at 1875 and 1890 cm L s .

are observed in the IR spectra. The band at 1875 cm F€ O+ GH Fé& GHW HO (4-7)
corresponds to the mononitrosyl species on extra-framework _ ,,  «

Fe&* O Al sites; the other band at 1890 tis assigned to Fé* O+ GH F& Cp KO (4-8)

the mononitrosyl species on isolated ferrous ions located ony the proposed mechanism, thé Fee* cycle operates on
sites of the ZSM-5 structure. The band observed at 1810 cmpe highly isolated extra-framework @eAl site to

is assigned to poly nitrosyl species on ferrous ion sites. Ascompose J0 to N, and G (eq 4-3eq 4-§ and forms
initial adsorption of NO on Fe-MFI-1173 results in thegg+ o specie$’® Zl%Since the direct reaction ofHg and
emergence of a band at 1875 %t is hypothesized that gaseous Oproduces CQ as the main products, it is
both bands at 1810 and 1875 tmome from the same hypothesized that8, reacts with the deposited €pecies
ferrous species, namely isolated extra-framewor® Fal to produce @Hg with a high selectivityeq 4-7. The GHg
species. Clearly, calcining Fe-MFI-24G samples leads to they further react with adsorbed t® form undesired CO
transformation of iron sites from isolated ions to isolatedpecies, as depictedein 4-8

extra-framework F® Al speciesFigure 1B shows the Despite its high initial catalytic performance, a major
C3Hjg yield during MO-mediated ODHP for samples calcined drawback of iron-containing zeolites is deactivation by coke,
at di erent temperatures. An increase igCyield is  which causes a rapid decreasefity @eld ®° *#3 A tapered
observed as the calcination temperature rises froffC 600 element oscillating microbalance (TEOM) coupled with GC

2209 https://dx.doi.org/10.1021/acscatal.0c03999
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Figure 19.Coke content (black triangle) angHgyield (open circle) versus time over ex- and c-Fe-silicate (A), ex-FeZSM-5 and ex-FeBEA (B),
and ex-H-ZSM-5 and ex-H-BEA (C). Conditions: 100 mbira@id 100 mbar JO in He,T = 450°C, WSHV = 400 000 mL hg ?, andP =
2 bar. Reproduced with the permission from&2fCopyright 2004 Elsevier B.V.

Table 12. Summarized Activity Performance of Various Framework Zeolites,@Gr®DHP

conversion (%) yield (%) selectivity (%)

catalyst temp°C) C3Hg/N 5,0 ratio GHg N,O CiHg C;3Hg ref
Fe-ZSM-5 (steam-activated) 450 1 48 96 45 182
Fe-ZSM-5 (solid-state ion exchange) 500 0.5 29 20 69 199
Co-BEA 400 0.5 2 3 2 90 200
Fe-BEA 400 1 30 55 8 201
CrSiBEA (0.2 wt % Cr) 400 0.67 0.4 82 18
CrSiBEA (1.0 wt % Cr) 400 0.67 1.8 71 18
CrSiBEA (3.4 wt % Cr) 400 0.67 2.9 63 18
Fe-FAU 475 0.5 25 17 63 36
Fe-BEA 475 0.5 18 7 42 36
Fe-MOR 475 0.5 5 1 18 36
Fe-FER 475 0.5 17 0 0 36
Fe-FAU 400 0.5 14 10 74 204
Fe-BEA 400 0.5 11 8 70 204
Fe-MOR 400 0.5 3 1 37 204
Fe-FER 400 0.5 3 1 23 204
Fe-AIPQ 525 0.5 14 30 212

analysis Higure 19 performed on MFI, BEA, and silicate a nice correlation, fexFe-ZSM-5 anéxH-ZSM-5, this is
catalysts is used to illustrate how zeolite catalysts deactivatesthe case. While the coke content is 4 to 5 times higher for
over time during ODHP reactitit. Of note, c- indicates  exFe-ZSM-5 thanexH-ZSM-5, similar (i yields are
calcined only, anek-indicates steam-activated samples afteobtained after 400 min on stream. On the basis of this
calcination; As presentedFigure 19 most catalysts show observation, Gallardo-Llamas and co-workers hypothesize that
their highest (Hg yields within the rst few minutes on the location of the coke is another important factor that
stream, and then deactivate rapidly withinrgi€20 min on  a ects the deactivation proc&ss®® Such a hypothesis is
stream. An excellent correlation between the increase in ca@tso supported by the work ofdzeRaméz et al., in which
formation and decrease igHg yield is observed, and based gallium-containing MFI zeolites exhibit higher coke formation
on such correlation it is hypothesized that coke formation than the corresponding aluminum-containing zeolite, yet still
responsible for deactivation of the catalysts during thehow a higher £ yield after 120 min on stream for the
reactiort®'®3 Among the dierent zeolites tested, steam ODHP reaction’® While such deactivated zeolite catalysts
activated Fe-ZSM-5, with abundant extra-framework iron sitegn be regenerated by treatment with air at elevated
presents the highest resistance to deactivation, and showeraperatures, it is reported that regenerated catalysts tend
C;H; vield above 20% up to 75 min on stream. Even after 40 deactivate much faster than the fresh ones, showing a sharp
min on stream, it is able to maintain @ Cyield of 8%, decrease in catalytic activity within a few minutes on
unlike other catalysts that deactivate almost completely. Itsgeant®¥839 Better understanding of catalyst deactivation
hypothesized that this elevated performance likely originai®sd improvement of catalyst stability still remain as challenge
from the absence of large cages in ZSM-5. Since the sizeafe cient utilization of pO for ODHP reactions.

the channel and intersections are similar, coke precursors aréhere have only been a few reports where other metal-
not trapped in intersections and are hypothesized to momontaining MFI catalysts such as cobalt or manganese have
e ectively diuse out. On the other hand, BEA zeolites havéeen tested for J0 ODHP°%** While it is reported that

large cavities with relatively small apertures in the framewobath cobalt- and manganese-containing ZSM-5 catalysts are
Such cavities may trap bulky organics, completely blocking flees active inJ® ODHP than iron-containing ZSM-5, there
access to active sites and causing rapid deactivation. Whiledahe insu cient data to deitively draw assertion. Further-
amount of coke formation and thg1gyield usually display more, stability or deactivation studies usyy BDHP on
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Figure 20.Various routes investigated in the past for propane conversion to propylene, including homogeneous reactions (red box) and catalys
assisted reactions (brown). Reaction conditions are shown for each route. Typically, reaction studies have been conducted at 1 atm.

such catalysts are still very scarce, thereby makinguit di assisted ODHP (LiX + £ Specically, oxychlorination

to evaluate their potential for this reaction at this stage. chemistry over CeQEuOX, and metal phosphate-based,
4.2.2. Eect of Zeolite Topologylhere have been reports such as CrPfcatalysts have shown good selectivity (up to

deploying other zeolite frameworks for th® NDDHP 95%) and conversion (up to 70% at 80Pin comparison to

reaction as well, including MOR, FAU, and conventional ODHf® *° Still, the olen selectivity is limited

BEA!836182200201204212 However, the catalytic performance because of the formation of @nd polyhalogenation

of most of these frameworks is inferior to the MFI zeolitegroducts. Continuous @ts have been put forth to obtain an

not only possessing lowerHg yield but also fast optimal propane oxyhalogenation catalyst, which should

deactivation. FAU and BEA zeolites are the frameworks th@thibit moderate redox properties so that it enables alkane

show relatively better performance and are close to the MRctivation but does not favor alkane overoxidation, combus-

based catalysts, with their highestsGields between 7% tjon, and evolution of Glwhile possessing fast dehydro-

and 179%°%°°* However, the BEA zeolites aufrom rapid  chlorination kinetics.

deactivation’®*°° Sobalik and co-workersid that GHe 5.1. Propane Dehydrogenation in the Presence of

yield decreases to 25% of its initial yield for iron-containingyifur-Based Feed.Thermal (or steam) cracking andd

BEA within 2 h on streaf?. Paez-Ramez et al. also report catalytic cracking (FCC) of hydrocarbons are the most

that a lab-synthesized Fe-BEA deactivates rapidly, showingngortant processes in the production ohslethe building

decrease by 90% of its initial yield within #se hour of  plocks of the chemical industry. To improve selectivity (i.e.,

reactior.”” MOR or FER frameworks are much less active ileduce hydrogenolysis or coke formation), sulfur-based

the NNO ODHP reaction, exhibiting very lowHg yields additives, such as dimethyl diel(DMDS) and HS, are

H 6,204 : ) " )
(ie., <2%. A summary of the catalytic performance ofgtten added as a dilute co-feed during the thermal cracking of
di erent zeolite catalysts is shownTdle 12 While Fe- hydrocarboris* 21¢ The role of sulfur as a promoter or

ZSM-5 has been extensively studied for this reaction becay§&nitor is well studied in the literature for hydrogenation
of its superior performance, studies of other frameworks g, -tiongl” 219 |n particular, sulfur has been found to

Stirl]l Iinf1ited. Morke eortls are needed Ito _explofre theat of g nhress the cracking of organic molecules on metal catalysts.
other iramework topologies on catalytic performance. Assuming the ability of sulfur to suppress the cracking

reactivity is stronger than its ability to poison the dehydrogen-
5. OXIDATIVE DEHYDROGENATION OF PROPANE  ation reactivity of metallic (or metal oxide) catalysts (Fe, Ni,
WITH SULFUR-/HALOGEN-CONTAINING Cu, Co, Zn Mn, Mo), sulfur compounds can be good

COMPOUNDS promoters for enhancing the dehydrogenation perform-

Alternate oxidants, such as sulfur or halogen-based oxidaBREE”™” *** Typically, the eect of sulfur on the catalytic
have shown promising results to selectively dehydrogen&f@pane dehydrogenation has been studied in one of the
propane to propylene. For example, co-feeding sulff@llowing categoriesigure 2J} namely, (i) in situ catalyst
compounds, such asH $, and S@ can improve propylene s_ql dat]on (in the presence 0§%) bu_tuln the absence 95,0
yield. Using SQas an oxidant may be areetive way to (i) mixture of HS + G, or (i) SO, and (iv)
utilize SQ@, which is an acidic gas. However, the GOHP SN o
pathway results in low propylene because of the formation of9.1.1. HS-Catalyzed DHP/ODHbeveral patents highlight
CO, products over bulk metal oxide catalysts. Subsequentije merits of adding ;B during the uncatalyzed propane
the use of a soft oxidant, such asnStead of oxygen can dehydrogenatioi?**° For example, the addition ofSHin
reduce the overoxidation of propane oves.ZrQdeally, it ~ the reactant stream doubles thelCyield to 31% at 815
would be desirable to kinetically inhibit the formation of’C.%*°Further, Resasco et al. demonstrate that the,G§/Al
byproducts, such as £Svhich is a major challenge in treated with dimethyl sulfoxide (DMSO), exhibits improved
designing ecient catalysts for, ODHP?*® In the future,  selectivity and decreased coke formation during isobutane
developing a structuractivity relationship will be an dehydrogenatidri’ Similarly, the selectivity ofHG on Pt/
important step toward rational catalyst design inehis MgALO, is signicantly improved from 47% to 95% without
Selective activation of;Hz can also be achieved via changing its activity when,S4(425 ppm) is co-fed, thus
halogen-mediated pathways, such as (i) dehydrogenation wétstablishing a promotingeet>*® On the basis of CO-
molecular halogens,jX(ii) oxidative dehydrogenation in the chemisorption and Bader charge analysis, Wang et al. explain
presence of halogen,(XO,), (iii) propane oxyhalogenation that the improved selectivity in the presence®fidHdue to
via halides (HX + §), and (iv) molten metal halide salts the electron transfer from adsorbed sulfur species to Pt atoms,
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Table 13. Sulfur Compound Mediated Propane Dehydrogenation

catalyst temp°C) feed composition [residence time in s] conversion (%) 3Hg $@lectivity (%) ref
13 V/IALO; 700 O: H,S: GHg = 1: 2: 4 [0.005 s] 53.7 56.5 40
20 Fe/A}O; 560 GHg: SO N, = 30: 1: 19 25 80 227
AlLO, 750 GHg S =6: 1 94 87.5 231
Al,O, 650 GHg: H,S: SQ: He = 1: 0.2: 0.5: 3 76 47 42
Fe/SiQ, 593 GHg COS =1: 3 66 95 229
AlLO, 550 GHg S=1:1 40 50 230
Co Mo/Al,O; 450 GHg S N, =1:1.5: 7.5 98 95 232
Zr0, 550 GHg S =1:3.7 8.1 85.7 213
TiO, 550 GHg S =1: 3.7 7.6 79.6 213
Cr,0, 550 GHg S =1:3.7 7.2 68.5 213
Co0, 550 GHg S, =1: 3.7 4.7 78.0 213
MoS, 550 GHg $=1:3.7 5.4 53.2 213
Pds 550 Hg S, =1: 3.7 7.9 38.2 213
LiCl/KCl/MnCl , 705 GHg: H,S: O He = 1: 2: 1: 10 94 64 39
-ALO; 640 GHg = 10, S@ = 10, He = 80 [1 s] 50.6 35.9 242
Sio, 640 GHg = 10, S@ = 10, He = 80 [10 s] 71.7 56.8 242
FeOs; 640 GHg = 10, S@ = 10, He = 80 [25 s] 233 14.3 242
PbO 640 GHg = 10, S@ = 10, He = 80 [20 9] 25 12 242
Bi,O3 640 GHg = 10, S@ = 10, He = 80 [20 s] 3.0 11.3 242
Ga0, 600 GHg = 10, S@ = 10, He = 80 [5 s] 50.4 69.3 242
SiO, AlLO; 640 GHg = 10, S@ = 10, He = 80 [10 s] 59.6 61.4 244
Pd/ALO;, 562 GHg = 60, S@ =10, N, = 30 18.3 223 37

thereby resulting in weaker BtH; interaction$>® Of note, catalyst (i.e., 30%) or in gas-phase reactions (i.e., 20%) at 700

H,S can inhibit the conversion and adversedgt ghe — °C394%44

selectivity of propylene at higher concentrations (about 850 The addition of gaseous sulfur, eithtf8@S/SO,/H ,S or
ppm) over Pt/AJO; underlining the dual role of,5las an  combinations of sulfur compounds ovgD-A(Co, Mo, Fe,
inhibitor and promoter depending ogSHconcentration in W, Ni-mono or bimetallic) metals supported either £, Al
the feed>® Subsequently, Shan et al. show that the exposuoe SiQ, demonstrates excellent performance (up to 98% C
of metal oxides to sulfur feed can lead to the formation afonversion, {; selectivity = 95%, and &®lectivity = 1%)
corresponding metal siés (or surface sulfur species) andin the temperature range of 4080 °C, which is
reported improved isobutane dehydrogenation yield, suggestmmarized inTable 13%°%° 233 |n these studies, the
ing that the sulfur can flay a key role in modifying the activeatalyst precursor, which may be metal oxides/metal
phase of the catalyst.“** The authors argued that higher sul des/metal oxysules, is typically activated in the presence
selectivity is due to the preferential activation &f bnds of one or more sulfur-containing compounds, sught4$S
over C C bonds on metabulfur ensembles, coupled with SO, COS. Recently, oxidative propane dehydrogenation
facile olen desorption, thus, ectively reducing the utilizing sulfur vapor §SC;Hg = 1: 0.3) as an oxidant has
possibility of side reactions and coke genefatiot. In been investigated at 6@%0°C overbulkFe0; MgO, and
summary, the resulting metal de$ formed due to exposure Cr,0; catalysts that are activated in a mixture/idf,5>*
to H,S, show improved dehydrogenation performance ové@he study reveals that theHg yield and selectivity improve
their parent metals or metal oxides, presenting a unique the presence of,Showever, the conversion ;g
opportunity to design new catalysts with enhanced oxidaticenversion = 10% andHg selectivity = 73%, at 65Q)
or nonoxidative dehydro%enation capability with improved barely sected by the catalysts, indicating the dominance of
selectivity and stabilit§’, % gas-phase reactions. DFT calculations on,$adsisted gas-
Sulfur compounds, such asa®d HS, have been used as phase ODH reaction reveal that the in situ generated sulfur
cocatalysts to reduce overoxidation of alkanes amg ole intermediate ($ can abstract the hydrogen from the alkane,
during oxidative dehydrogenation reactions (GBf4§#>4° leading to the formation of ateproducts (segection 6.%or
Clark et al. have investigated the oxidative dehydrogenationdetails):* It highlights that the sulfur is participating in the
propane using-AbO; and 13% V/AD; catalysts in the reaction as a catalyst. The formation of sulfur-based
presence of §$ + G at short residence times (t = 5 ms) and byproducts, such as £%- and 2-propyl thiol mercaptan,
achieved a £l yield of 30.4% at 700C“° The GHq and sulfur (§, is also observed in the reactouent™> >4
selectivity increases at residence times below 0.5 s, indicatRegently, Marks and co-workers have evaluated the role of
that shorter residence times are required to suppress thelfur as a soft oxidant for propane dehydrogenation (S
cracking reactidfi.Gasper et al. demonstrate thaiGields ODHP) over transition metal oxide (Zr@i0O,, Cr,O3) and
of up to 60% can be obtained faSHhromoted ODH over sul de (PdS, Mo$ at milder reaction temperaturé €
LiCI/KCI/MnCl, molten salt at 705C>° As postulated, 470 550 °C).?** They found that the apparent activation
sulfur in the diatomic state (active species) may abstract barrier for propylene formation decreases with lower metal
species from an alkane. Of particular note is thataigtyi sulfur bond strength, indicating a more active sulfur species.
higher GHg yield (i.e., 60%) is evident in the presence ofThe authors proposed that & activation (RDS) proceeds
molten salt for FS-assisted ODH than is obtained with the by a surface sulfur species basedsbiorder dependence on
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propane. Consequently, propylene gi&dfétmation leads to  investigate {1z oxidation with SQusing a calciunmnickel
sulfur vacancy, and gas phaseeflenishes these sulfur phosphate catalyst and reported 14% selectivity toyard C
vacant sites. along with 31% £l conversion at 55 and GHSV = 90

5.1.2. Metal Sulfate- and $@®ssisted DHP/ODHPhe h 1?** To investigate the factors behind the loyC
e ect of sulfation has been studied via either synthesizisglectivity, the same group has conducted additional experi-
Me SO, (Me = Co, Fe, Cr, Ni, Cu, and Mn) or the ments in which ammonia is added to thelGand SQ
introduction of S as an oxidant in the co-feed. In the mixture. It was hypothesized that, in the presence of ammonia,
former case, sulfate-promoted Ja@ Co/A}O; catalytic  the calciumnickel phosphate catalyst would scavenge the
systems show excellent activity isCdehydrogenation C,H; molecule formed under reaction conditions via the
accomsganied by relatively better stability than the nonsulfat@stmation of isothiazole and prevents its oxidation to CO
catalyst™ ?*° The improved performance of the catalyst iscompounds. However, the selectivity barely changes with
attributed to the electron-withdrawingat of sulfate species ammonia addition, indicating that the initial reaction of SO
from the metal ion, as illustratedFiigure 21 The strong  with CHy can be related to the formation of undesired
combustion products (GPrather than GHs.

Sokolovskii et al. have investigated the role of activated
carbon in selective catalytic oxidation of propane in the
presence of S&* Improved GHg formation can be
obtained over-ALOs, SiQ, and GgO5; because of the in
situ generation of oxidative condensation products (OCP) or
activated coké&? In contrast, F©,, Bi,Os, and PbO-based
bulk catalysts undergo sldtion, which leads to decreases in
the GHg yield under similar reaction conditionake 13.

Figure 21.Promoting eect of S& upon addition on DHP over  Danilova and Ivanova have investigated &t @f pore size
Fe/ALO; catalyst. Reproduced with the permission fro2ief  (textural properties) on the catalytic performance ¢f SO
Copyright 2015 Royal Society of Chemistry. assisted ODHP over SiQA\LO; catalysts at 64T with an
SO, co-feed of 10 mol 8%? Pores that are smaller than 10

interaction of S@ species with the support and Fe results in"M 1ead to oxidation or coke products, whereas pores between
C,Hg polarization, followed by cleaving of theHbond 10 and 100 nm are optimal fosHg formation. Similar to
over the Fé and O pair. The loss of sulfate groups via in Sokolovng observat!on, the accrual of OCP over silica is
situ generation of $@r Fe$ over prolonged reaction times accompanied by the improvegiyield from 3.4 to 46 mol
induces coke formation and results in a loss of activity. Tt at 640C with a GHg: SO, He ratio of 10: 10: 80 mol %.

loss in activity with TOS has motivated Sun et al. to introduck is important to note that, because of the formation of OCP,
SO, into the reactant stream over sulfated 20% ,Bg/Al the carbon balance is reported to vary between 60% and
which results in stable performance for up to 15 h with 209§00%. Danilova et al. have studied thecteof OCP

CH, vield at 560°C>*" Further tests are carried out over accumulation (040 wt %) on catalytic performance over
20% Fe anchored on €ient supports including ZtGiQ, SiQ, via various ex situ technigtieDRIFTS spectra reveal

and -ALO,;. Among them,-ALOj; has the best performance, that the OCP system is composed of a polycyclic aromatic
which is probably due to the formation of stable sulfatétructures consisting of C, O, H, and S atoms with the spectral

species. signature of carbonyl, carboxylic acid, and lactone groups.
Additionally, propane dehydrogenation has been performé&tbwever, the exact nature of the active sites remain elusive

with the introduction of SQas an oxidarff 84! 24° because of the lack of structaetivity relationship and

Ashmawy has investigated the reaction of propane with SCharacterization studies using state-of-the-art, apsiarido

over a 0.5% Pa\lLO; catalyst*® The addition of SQ(i.e.,  technique§:® **°

CsHg SO, of 6: 1) to the co-feed increases thg¢iC 5.2. Halogen-Assisted Dehydrogenation. A selective

conversion; however, the selectivity decreases markedly (eetjvation of ¢Hg can be achieved via halogen-mediated
93.1% to 20%) with increasing $@artial pressure in the pathways under relatively mild temperatures between 300 and
co-feed. As suggested, & abstract a H atom fromHGg, 700°C. To obtain GHg from GHg, di erent approaches can

and the low selectivity may be caused by oxidatigHH61IC be used Kigure 2% such as the dehydrogenation with
C;Hg to form water and CQOspecies. Adams et al. further molecular halogens JjX oxidative dehydrogenation in the

Figure 22.Various routes investigated in past decades for propane conversion to propylene, homogeneous reaction (red box), and cataly:
assisted reaction (brown). Reaction conditions are mentioned for each route.

2213 https://dx.doi.org/10.1021/acscatal.0c03999
ACS Catal2021, 11, 21822234


https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03999?fig=fig22&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03999?ref=pdf

ACS Catalysis pubs.acs.org/acscatalysis

Table 14. Summarized Catalytic Performance of Various Catalysts for Oxyhalogenatipiy of C

feed composition (%)

catalyst temp°C) F/W (mhlg,?l) CzHg 0, HCI C;Hg conv. (%) GHg selec. (%) GHg yield (%)  ref
CeG, rod 500 28800 18 18 25 38 62 23.5 49
8% NiO CeG, 500 28 800 18 18 25 69 80 55.2 49
CeQ, particle 500 28 800 18 18 25 29 61 18 49
RuG, 500 28 800 18 18 25 25 2.4 0.6 49
FeO, 500 28 800 18 18 25 8.1 94 7.6 49
CuO 500 28 800 18 18 25 4.4 84 3.7 49
NiO 500 28 800 18 18 25 2.2 74 1.6 49
VOPQ, 500 28 800 18 18 25 16 57 9.1 49
La,04 500 28 800 18 18 25 3.1 72 2.3 49
EwO; 500 28 800 18 18 25 10 75 7.5 49
CeG rod 500 28800 18 18 25 38 55 21 49
8% NiO CeG? 500 28 800 18 18 25 52 72 37 49
8% Os; CeQ* 500 28 800 18 18 25 34 68 23 49
8% MoQ CeQ? 500 28 800 18 18 25 25 80 20 49
8% MgO CeQ* 500 28 800 18 18 25 49 62 30 49
8% MnO CeQ? 500 28 800 18 18 25 55 61 34 49
8% FgO; CeQ™ 500 28 800 18 18 25 44 51 22 49
8% CqO, CeQ> 500 28 800 18 18 25 33 62 20 49
8% CuO-Ce@' 500 28 800 18 18 25 40 56 22 49
8% ZnO CeQ* 500 28 800 18 18 25 43 58 25 49
-CrPQb 450 6000 6 3 6 7.3 95 6.9 50
-Cqub 500 6000 6 3 6 52 95 49.5 50
FePQb 450 6000 6 3 6 55 98 5.4 50
Mn3(PO4)2b 450 6000 6 3 6 1.75 67 1.2 50
Ti,P,0,° 450 6000 6 3 6 1 65 0.6 50
Ni,P,O,° 450 6000 6 3 6 1.4 65 0.9 50
Coy(PO,),° 450 6000 6 3 6 13 62 8.06 50
-CuP,0.° 450 6000 6 3 6 23 45 10.4 50
(VO),P,0,° 450 6000 6 3 6 16.5 30 5 50
EuOCI 400 6000 6 3 6 4.5 95 4.3 48
TiO, 400 6000 6 3 6 5.9 57 3.4 48
CeG 400 6000 6 3 6 16.3 32 5.2 48
FePQb 400 6000 6 3 6 4.0 95 3.8 48
(VO),P,0,° 400 6000 6 3 6 13.5 30 4 48
EuOCI 500 6000 6 3 6 20 95 19 45
EuOBr 500 6000 6 3 6 45 22 10 45

VOPQ‘b 420 6000 4.5 1.5 3 (HBr) 35.4 23.8 8.4 251

LaOClI 400 10 10 10 51 40 20.4 253

2All catalysts are supported on e&horod (42 rhg 1). Catalysts are moeid by 8 wt % of metal oxide madls. The data is collected at TOS
after 3 h.°The catalysts nomenclature indicates the major phase determined byractiap.di

presence of halogen,(X O,), propane oxyhalogenation via be enhanced due to the gas-phase reactions. The highly

halides (HX + @, and molten metal halide salts assistedreactive radical species are liberated from the catalyst surface

ODHP (LiX + O,). It is important to note that the catalytic and allow the formation of desired and undesired products in

transformation of £lg in these routes is quite dient from the gas phase. To date, research has mainly focused on the

other alkanes such as methane and ethane because of gtapane oxychlorination (POC), including reports of a wide

di erences in reactivity of the respective alk¥fies. range of catalytic materials, such as metal oxides (is®., CeO
5.2.1. Propane Oxyhalogenatiolhe propane oxy- metal phosphates, and metal oxyhalides. On the other hand,

halogenation reaction proceeds via oxidation of hydroggmopane oxybromination (POB) leads to much lower yields

halide with @ producing alkyl halide, alkene, and watgr ( because of polyhalogenation and overoxidation.

2-24 2-29. Theoretically, 100% halogen atorgiency can 5.2.1.1. CegBased CatalystCeO-based catalysts have

be achieved in the presence of Whereas eciency is been studied extensively because of their high activity toward

limited to 50% for halo-dehydrogenatiens(2-182-2Q and hydrogen halide oxidation, alkane, and alkene oxyhalogena-

2-22 due to the formation of H¥.C,H, selectivity during  tion?*’ Xie et al. have investigated bulk transition metal oxide

the GHg oxidative dehydrogenation is generally lower thagatalysts (i.e., Rydre0; CuO, NiO) and rare earth metal

that of GH, from GHg because of the presence of reactiveoxides (i.e., CeQ LaO,; EuO;) for POC*® Among

allylic hydrogen atoms in the casespf;Owvhich can lead to  transition metal oxides,,8g CuO, and NiO are unstable

successive oxidation oHg?*® It is important to note that  during the reaction, whereas Rigads to the formation of

during oxyhalogenation reactions, the alkane conversion @@, as major products, indicating high reactivity of oxygen
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species on the RyQ@urface. Bulk CeGhows the highest phase reaction by inhibiting the evolution p{&ture 2},
C;Hg conversion (i.e., 29%) and a gogHiCselectivity of  and suppresses alkane overoxidation. Europium is predom-
61% at 500C (Table 1). The POC is demonstrated to be
structure-sensitive over various facets and morphology of
Ce0,. CeQ nanorods (110 + 100 facet) are the most active
for POC?° To improve activity and selectivity and suppress
the overoxidation potential during POC, a solid solution of
transition metal oxides with Ge®as been investigated
(Table 13.*° In particular, 8% NiOCeQ, demonstrates an
excellent single pass yield up to 55% with 84 C
selectivity, outperforming other catalysts witkerait
compositions. Raman results demonstrate that the catalyst
activity is correlated with surface oxygen vacancies. The band
at 831 cm! due to Q2 surface species is the strongest for
8% Ni CeO, followed by Ce® nanorods and CeO
nanocubes, while the bands for £a@no-octahedra and
CeG; particles are too weak to be registered. Similarly, surface
chloride coverage is determined to be crucial for controlling
ole n selectivity, as evidenced by XPS réSults.

The presence of HCI not only suppresses the reactivity
toward oxidation products over Gdfit also induces new
active site pairs for selectivgHg production. DFT Figure 24 Rate of propane consumption in oxychlorination reaction
calculations reveal that the reaction is initiated by thrgg;)loe;isngtggz%ﬁ&gl)?e T""S(':l:)(’:lc)’fC“;ﬁg:‘;?)'%(sjtstct’oe‘t’%ﬁﬂger

. X h . T, .

gr:n gg%?zgfcﬁ)ﬂgxge: ;ﬁg ?ﬁes scl)Jvr?a:cg)-(ggsrr:dvgc?izg:eii w aef‘ure at which 10% HCI is converted into A&dapted from ref&3
responsible for CH activatiod’? DFT calculations combined andsa
with detailed kinetic analysis provide insights into the reactiq
mechanisms, in which the reaction proceeds via pro
chloride generation and subsequent dehydrochlorination in
C;Hg over the catalyst surface, as illustrat&dgime 23°

antly found in EXi with minor contributions from Bwia
S analysis. As suggested, the presence of a redox couple
tRw/Eu?") is responsible for propane activatidaOCl is
less selective towargHg (i.e., 40% with {Hg conversion of
51%) at 400C, in contrast to EUOCIT@ble 13.

In the case of EuOBr, the POB reaction favors the
formation of alkyl bromides 4&,Br), resulting in poor £
selectivity (i.e., 22% withyH conversion of 45%) at 500
°C* It is postulated that the 8 activation during POB
occurs in the gas phase by the in situ generatéshBing to
polyhalogenation, cracking, and combusfaure 25*°

Figure 23.Proposed reaction mechanism for propane oxychlorina-
tion to propylene over Cg®ased catalyst. Reproduced with the
permission from réf. Copyright 2018 American Chemical Society.

Figure 25.Schematic illustration of reaction network for propane

The energy barrier of & activation on ds 02 (1.8 eV) oxyhalogenation,_ involving seq_utivg halogenation (brown),' _
is higher than that on‘Gidjacent to ® (0.9 eV), indicating  dehydrohalogenation (green), oxidation (red), and decomposition
that the latter pair is responsible fgH Cactivatiort® It is geactlc_m (black). Reproduced with permission from24&f
; oo copyright 2020 American Chemical Society.

generally agreed that the formation of propyl chloride inhibits
the overoxidatiot?**® The formation of Glis found to be
negligible in the presence ofHg suggesting gas-phase
conversion is unlikely. Characterization of the spent EuOBr catalyst reveals the

5.2.1.2. Metal Oxyhalidgvhile CeQ exhibits the highest presence of the EyBand EuBr phases after POB reaction,
activity (Table 13, europium oxychloride (EuOCI) leads to indicating bromination of the catalyst; whereas the EuOBr
better GHg selectivity (i.e., >95% withiHg conversion of  phase is stable during HBr oxidation and methane oxy-
20%) during PO¢3?“° The excellent performance in the casebromination in contrast to PG€. The bromination of the
of EuOCI can be rationalized by the unique balance of its milchtalyst is formed due to the reduction of the catalyst surface
redox nature that enables alkane activation, minimizes gbg-the GH,Br generated in situ during the reaction.
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Table 15. Molten Salt-Mediated Gas-Phase DehydrogenatiogHyf C

mediator temp°C) space time (s) feed ratio aimed product ;Hg@onv. (%) GHg selec. (%) ref
LiOH-H,O/Lil 600 airr GHg=2:1 GHsg 64 75 264
LiIOH/LIIN , 500 90 4 Oy CiHg=0.5:05: 1 He 78 81 263
Lil 450 GHg 60 79 88 96 261

5.1.1.3. Metal Phosphate$ransition metal phosphates formation of propyl halide, which subsequently undergo
such as V, Ti, Mn, Cr, Fe, Co, Ni, and Cu have beemlehydrohalogenation to yielgHg>*® Further, this technique
investigated for the oxyhalogenation reaction of alkanskeds light on the coking and cracking reaction pathways
(Table 13.°°?“° The product distribution is strongly observed under oxybromination reaction conditions during
dependent on the nature of catalyst and the type of halogdPOB (Figure 2k The presence of;Cadicals due to the
Among the metal phosphates, Gre@ FeP@have shown resonance stabilization prolongs their lifetime in the reactor,
excellent gHg selectivity (i.e., > 95%) during;Hg leading to coke formation. The coke formation proceeds via
oxychlorination. In contrast, Mn-, Ni-, Co-, and Ti-basedonsecutive hydrogen abstraction of 2-propyl’ ktp Bield
phosphates result in cracking, V-phosphate only yiel@dlyl and propargyl species which results in the formation of
oxidation products, and Cu-phosphate favors the formatiake precursors such as benzene. Additionally, the cracking of
of chlorinated hydrocarbons. CgR&hibits the maximum C C bonds may also form ethyl and methyl radicals. The
CiHg yield 50% with selectivity of 95%:° Similar to presence of methyl radicals likely facilitates the formation of
EuOBr, vanadium-phosphate (VPO) shows 35Bgy C C, C;species through chain growth, thus contributing to the
conversion and 24%HG selectivity during POB, but with formation of coke precursors from alternative patfitays.
a yield as low as 8%aple 13.°* In brief, the relationships between propane oxyhalogena-
Paez-Ramez and co-workers describe several kinetition, gas-phase halogenatiogH/& elimination, hydrogen
parameters to explain theadences in activity and selectivity halide oxidation, and propane oxidative dehydrogenation have
toward dierent products over dirent catalystS. In been elucidated over a wide set of catalysts. Results suggest
particular, the catalytic ability for the oxidation of HCI tothat the selectivity in the oxyhalogenation reaction depends on
molecular Glis quantied based on the temperature at which (i) the ability of the catalyst to selectively dehydrogenate the
10% conversion of HCI oxidatioi;{HCL)) can be propyl halide into propylene, (ii) hindered ability to evolve
achieved Kigure 2% Similarly, the trends toward dehydro- molecular halogen, and (iii) suppressed overoxidation and
chlorination of gH,Cl, cracking, and oxidation of propane combustion tendency. Of note, the high reactivity toward HCI
are investigated for all catalysts. As shoWwigune 24the oxidation can give rise to undesired products because of the
rate of propane consumption via POC reaction correlatems-phase reactions, indicating the need for a balanced redox
linearly with catalyst ability to evolve moleculad@ing  nature!®249253
oxidation of HCI. The high;B¢ selectivity over CrRQs 5.2.2. Other Halogen-Assisted Systefipane halo-
attributed to the fast dehydrochlorination kinetics indehydrogenation by Qias been studied over a 0.28% Ru/
combination with a low propensity to cracking and overTiO, catalyst that achieve50% GHg conversion and 95%
oxidation, as well as hindered ability to evojve CI C,Hj selectivity at 400C.2>* The HCI generated during the
Operando photoelectron photoion coincidence (PEPICOYeaction requires an oxychlorination reactor to recysia Cl
spectroscopy enables the detection of reactants, products, #re Deacon reaction (4 HCI +,0 Cl, + 2H,0). Alkali
short-lived intermediates such as radicals under reactioretal chloride catalysts also have been probed for oxidative
conditions. Recently, PEPICO has been applied in propadehydrogenation of;8,, though scarcel§?>3*>° The GHq
oxyhalogenation over the CyP€atalyst to shed light on yield obtained over LK/Dy,O5 is below 20% at 60,
mechanisms, especially in the gas pHas@perando  along with propylene selectivity lower than’60%.
PEPICO reveals that neithef @br Cl, are present under The e ect of organochloride compounds, such ags GGl
POC reaction conditions. This indicates that propanalso been studied for oxidative propane dehydrogenation over
activation occurs primarily on the catalyst surface, namelyCaG,, F&O3, and CuO, in which improvedHg selectivities
surface-comed mechanism, and proceeds via the formationf up to 80% are evident at P(JCk 0.17 kPa under
of CH-Cl, followed by fast dehydrochlorination to yield oxygen-limiting conditiofis. °° These studies are con-
ole ns. This is in line with the kinetic studies andducted under relatively low conversions (i.e., 25% &€450
corroborates that propane cxgrination proceeds via andF/W 4000 6000 cr h ' g, 1), which limits the
surface-driven reaction pathway/s. C3Hg yield below 20%. Of note, the presence of chlorinated
The propane oxybromination chemistry leads to a lowespecies near the surface region and in the gas phase accounts
propylene yield due to the formation of coke, cracking, arfdr the improved performance with the addition of
oxidation products (Cf) as well as brominated hydro- CCl,?°>***® Oxychlorination on a P8n/ -ALO, catalyst
carbons (such astC,Br and GHsBr) over VOPQCrPO,/ also shows the restoration of catalytic activity during
EuOBr>246251252 Detailed kinetic analysis, complementedconventional DHP because of the excellent dispersion of
by operando PEPICO, demonstrates thatg Gctivation  sintered Pt agglomerate.
proceeds in the gas phase with in situ generated bromine5.2.3. Molten Salt-Catalyzed Oxidative Dehydrogenation.
species (BfBr,) via catalytic HBr oxidation over CyPThe The oxidative dehydrogenation of various hydrocarbons on
evolution of reactive intermediates, such’assRworrelated metal iodide-based molten salt weast developed by
with CH¢ formation via operando PEPICO with increasingShelf®*?°? In those approaches, the ODHP reaction can
temperatures indicates that reaction takes place in gas phaseur between 450 and 600 in the presence of metal
primarily. Similar to POC, POB also proceeds through thdides (i.e., Lil, CéglZnl,, and Phj), and a GHg yield up to
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Figure 26.Energy prde of the oxidative dehydrogenation (red) and dry reforming (black) paths for (A) a Pt-terminated CoPt(111) and (B)
mixed FeNi(111) surface. Reproduced with the permission fr@&8Q @bpyright 2016 Elsevier B.V.

70% can be achievetiaple 13 The molten salt catalyzed reactions and (i) excess oxygen can cause combustion
oxidative dehydrogenation can be considered a special caseeattion$®3?°* It is important to note that the corrosive
halogen-assisted oxidative dehydrogenation, in which nature of the mixture of molten saltHI, and alkyl halides,
halogen, such asg, lis generated in situ via the reactionis a serious concern that might impaiorts for its
between metal iodide and oxygen. The reaction, howevenmmercial applications.

primarily takes place in the gas phase.

. It. is generally accgpted_the}t the interplay_between the me@l PROGRESS IN THEORETICAL STUDIES OF

iodide and m(_etal OXId(?'.' (L.|I/L|OH) _plays an important role N REACTION MECHANISMS

the generation of iodine to initiate a radical chain ) ) o
reactiorf®¥%* A constant-temperature ab initio molecular Regardless of the oxidant or catalyst used in the oxidative
dynamics study has been used to investigate the reactiéi@iydrogenation of alkanes, theHCbond must rst be
between Lil and gaseous molecules K30, and }).2%° activated. In metal oxides, this commonly occurs homolytically
Results demonstrate that the most favorable process is i@ H abstraction by surface oxygen species, or heterolytically
formation of gaseous, kcoproduced with LiOH or 40, over an acidbase paf*® ?°® In the redox-active oxides, a
depending on the availability of water; the reaction most likeMVK mechanism is commonly observed where the hydrogen,
occurs in the gas phabkese observations are supported byadsorbed on an oxygen forms a hydroxide, and abstracts a
the fact that a similar product distribution is observed usingecond hydrogen either from aHCbond or a neighboring
either Lil/LiOH or I, as an iodine source for the hydroxyl group:® This forms water, which desorbs and leaves
dehydrogenation reactidi. The high GHg yield can be  behind an oxygen vacancy that mustiée by an oxidant to
achieved if the molten salt meets the following prerequisiteegenerate the cataf/st”’? In an alternative mechanism,

(i) the metal oxide can be converted into the correspondinthe formation of the vacancy is not required and instead, the
iodide by exposure to iodide species under the reactigratalyst surface brings together the hydrogen and the oxidant,
conditions and vice versa and @i{d) can be obtained by which is reduced directly. This is more commonly observed in
oxidation under dehydrogenation conditidnSimilarly, an  redox-inactive oxides, such as MgO as@;Las reported
optimal concentration of,@s vital for this reaction because from theoretical studi€S. 2’ In this context, the role of the

(i) it is responsible for generating iodine radicals for chaioxidant is to regenerate the catalyst by either reoxidizing the
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Figure 27.Mechanism for ethane conversion on PtNi(111) following (A) the ODHP pathway and (B) the dry reforming pathway. The dry
reforming pathway is shown up to where it branchiesno the ODHP one. Reproduced with the permission frazt83eopyright 2018
Royal Society of Chemistry.

vacancy site through providing its oxygen, or reacting withf subnanometer clusters, have also been found to be highly
adsorbed hydrogen species on the surface. active for CQ dissociation. One study found a low,CO

While ODHP has featured extensively in theoretical studiedissociation barrier of 0.35 eV could be obtained,&gd
examples where soft oxidants are explicitly considered argich provides active oxygen species for alkahe C
considerably fewer. In this section, we include examples auftivatiorf®*
ODHP with soft oxidants but also supplement similar 6.1.2. Factors Controlling Selectivity between ODH and
examples with other alkanes, such as ethane and meth@mg Reforming.CO, can often participate in parallel
partial oxidation, which share many similarities in theicompeting reactions from ODHP, such as dry reforming
reaction mechanism. Oxidants discussed in this sectiand the RWGS at high temperatures. Selective ODHP
include CQ, N,O, NQ,, and other soft oxidants, such as catalysts, therefore, need to prevent dry reforming from
sul des and halides. We discuss both scenarios where the safturring. In one such study, Myint et al. have examined a
oxidant participates in the reaction by regenerating oxygeamber of bifunctional catalysts, containing CoPt, CoMo, and
vacancy sites and where they react with surface hydrodesNi supported on CeQor ethane ODH with COfrom
directly, as well as additional routes such as via forming gasperiments and thedfy.The authors observe the highest
phase radicals. selectivity to the ODH product with FeNi/CeOFT is used

6.1. Reactions with CQ. 6.1.1. C@ Dissociation in to rationalize this behavior by comparing the enerdespro
ODHPWhen CQ is used as an oxidant, there are generalljor successive €l dissociation and CC dissociation
two proposed mechanisms for its participation in ODHP. Oneeactions. As shown fiigure 26these two paths represent
involves direct C{dissociation to form CO and O, and the the formation of the ODH product ethylene and the dry
other involves the hydrogenation of ,G® HOCO or reforming product, respectively. On the CoPt surface, the
COOH before forming CO. For the g@issociation route, intermediates for GC dissociation are found to be
its high stability can be problematic because it prevents donsiderably more favorable in energy than thd C
from being easily activated to oxidize the surface. Therefopeoducts, whereas the trend is reversed on the FeNi surface.
nding a catalyst with a strongnéy for CQ and its The clear dierences in energetics between the two paths in
dissociation is an important criterion for ODHP with. CO this comparison supports the experimentally observed
Fan et al. have explored the feasibility of ethylbenzermelectivity trends. Thermodynamic comparisons from DFT
dehydrogenation with GOn a \4O5 catalyst/® They found have also been used to explain selectivity of ODHP versus dry
the barrier for C@to oxidize the ¥ site is 3.16 eV, with an reforming on a variety of other catalytic systems, such as Pt/
endothermic reaction energy of 2.21 eV, suggesting &eO, and MgC%? FeNi and FeQNi(111),%’® and NiPt
extremely dicult process. The authors therefore haveand FeO/Ni(111)-
concluded that CQOis unable to reoxidize the surfaces Kattel et al. have followed up on this study with a thorough
following dehydrogenation of ethylbenzene, which leads totleeoretical investigation of the reaction network and
deactivation of the catalyst. Meanwhile, on gS\@ kinetics®® In the studied reaction network for ethane
catalyst, Ascoop et ahd that CQ reoxidizes the site with ODH, CO, goes through either a dissociative mechanism or
a barrier of 1.76 eV, which is lower than on the p@e V an associative one forming HOCBEg(re 2A). In the
surface but still sigeant in energy It is concluded that dissociative mechanism, CO is formed and desorbs into the
vanadia in the WOVO,/SiO, cannot be fully oxidized to gas phase, while the remaining oxygen can assist irHthe C
V,05; with CO, but instead oxidized to,®,. In contrast,  activation or become hydrogenated after unassistdd C
CO, dissociation can occur more easily on the, CEID) activation. In the associative mechanist, &tivation rst
surface with a rate-limiting barrier of 1.36 eV on a siteccurs independently of ¢Qvhich provides hydrogen to
containing oxygen vacantiésThe ability of the reduced form the HOCO intermediate. Once formed, it can dissociate
CeQ0, surface to dissociate 06 utilized in a series of studies with a barrier of 0.83 eV, sigmintly lower than the direct
with bifunctional catalysts containing a LCeQp- dissociation of COhaving a barrier of 2.13 eV. In the dry
port121°5278 280 Transition metals, particularly in the form reforming path, ethylene is also formed via the same
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Figure 28 Mechanism of ethane ODH on Ga/ZSM-5 with, G@e insets show the geometries foy IB@rogenation and dissociation to form
H,0 and CO. Reproduced with the permission from8efCopyright 2019 American Chemical Society.

intermediatesHigure 2B). However, the paths diverge upon surface bound carbonate species. The same sites which
further oxidation of ethylene to g&HH,O, CH,CH, CH,CH, strongly bind CQare also responsible for K activation,
or CH,CHO, which eventually leads toCscission. Kinetic  which remain blocked because of the much weaker interaction
Monte Carlo calculationsxd dry reforming to be favored between the alkane and the surface. Similarly, on the
over ODH. Interestingly, it is revealed that the, CO perovskite BaZgDCG, is found to bind strongly to form a
dissociation is favored over HOCO formation, despite thstable carbonate layer under ambient concentrations, which
higher energy barriers for the former. The calculations alsaggests such a catalyst would also be inactive for ODHP with
nd the dehydrogenation of g3H, to CH,CH, to be akey  CO,.?®® Consequently, poisoning by .Ci® an important
descriptor of ODH selectivity, which should be promoted t@otential factor preventing its use in ODHP and may also
improve the selectivity on the catalyst. apply to the other oxidants as well.

6.1.3. C@Hydrogenation in ODHRn a work by Gomez 6.2. Reactions with NO and NQ.. 6.2.1. Reactions with
et al.,, ethane oxidative dehydrogenation and subsequ®BO. In an early work, Rozanska et al. have investigated
aromatization by CQOs investigated for P- and Ga-medi ODHP on vanadia using DFT for a cluster model, and
ZSM-5 catalyst§? The associative pathway for ,Ci® compared the dérences between &nd NO as oxidants.’
computed with DFT, where G@8 hydrogenated by a nearby On this catalyst, propanest undergoes homolytic 8

H, that is formed as part of the dehydrogenationhtf 16 activation on the terminal oxygen of thé sites, reducing
C.Hs (Figure 2R The reaction of COfollows roughly that the site to ¥ and forming a hydroxyl. The propyl then
of reverse wategas shift, which forms CO andOd The undergoes a second I€ activation on the hydroxyl site
concerted hydrogenation of £g82curs with the dissociation forming propylene and a water and leaving a further reduced
of H, to form COOH with a barrier of 1.00 eV, followed by aV3* site, which must be regenerated by an oxidant to close the
second concerted dissociation of th@©B bond to form catalytic cycle. From their calculations, théyN,O to be a
CO and HO in a single step with a barrier of 1.78 eV. Theweaker oxidant for the catalyst, which can only oxidiz& the V
authors nd the primary role of Gor this reaction on Ga/  sites, whereas,@an oxidize both %/ and \** sites, as
ZSM5 is to consume hydrogen, which promotes portions @videnced by the lower energy barriers required,for O
the reaction where ,Hformation is kinetically and (Figure 28). The oxidization of the*Vsite by Q also
thermodynamically less favorable. The mechanism is aleads to the formation of HQadicals, which can either
found to be consistent witfCO, isotope studies in the same oxidize another®/site or activate the & bonds in a side
paper, which does not report any carbon from i€@he reaction, with a barrier of 0.67 eV for propane. Finally, when

nal hydrocarbon products. oxidizing the sites,,8 restores the % sites back to % by

6.1.4. C@Poisoning in ODHPFON catalysts with strong providing its single oxygen, whereasinGead forms a

basic sites, such as MgO,,Qf@an interact strongly with peroxovanadate species. This is found to be possible on both
surface sites and poisons the catalyst, which is an issue wten monomeric and dimeric vanadate. Subsequent inves-
considering C9Qas an oxidant. In oxidative coupling andtigation found the peroxovanadate to be more active for both
dehydrogenation, it has long been noted in experiments thatopane activation and propylene oxidation tharrtrsite/

CO, strongly inhibits the reaction from procee]%é?% having lower reaction barriers and a more exothermic reaction
This is consistent with theoretical calculations whithiery by comparison Higure 28). In particular, propylene
negative C@adsorption energies ok to 3 eV on the activation on peroxovanadate has a low barrier of 0.84 eV
MgO and CaO surfaces, particularly at the step®Si@s. and is exothermic by 2.59 eV, whereas activatiori loas\a

these surfaces G@teracts with the lattice oxygen to form barrier of 1.43 eV and is endothermic by 1.17 eV. The authors
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Figure 29.Mechanism of ODHP on vanadia, showing (A) the vacancy regeneration step withagith&@and (B) the dierences in
propane and propylene activation on thand peroxovanadate sites. Reproduced with the permission fitinQepyright 2008 Elsevier
B.V.

estimate the oxidation rate of propylene is one to 2 orders ©f rate-limiting with a barrier of 1.49 eV, in reasonable
magnitude greater than propane under the reaction coagreement with the experimental activation energies in the
ditions, which could contribute to the overoxidation ofsame paper. Therefore, the higher oxidizing ability, of O
propane to undesired (GQvhen Q is used as the oxidant. provides more reactive oxygen species on the surface, leading
Thus, the authors point toward peroxovanadate formation ascathe overoxidation of butane.
key factor in the lower selectivity to propylene witis@he Using NO as an oxidant has also been explored in metal
oxidant over hO. organic framework (MOF) systems for alkane partial
A similar hypothesis regardingedences in active oxygen oxidation and ODH. In methane partial oxidation, the
sites due to the choice of oxidant has been put forward ligrminal oxygen of the metal nodes is commonly proposed
Dasireddy et al. for butane ODH on the NiMao@xalyst®® to be the active site, which activates the methadeoand
On the basis of the DFT reaction energies for surfacand forms methanol via a radical-rebound mechatish.
oxidation by @ N,O, and CQ, it is found that the full Upon desorption of the productO\Nreoxidizes the site. In a
oxidation of Ni and Mo sites is thermodynamically favorablmore recent combined experimental and theoretical study,
with O,, whereas )D and CQ can only partially oxidize the Barona et al. propose a similar mechanism for alkane ODH on
surface, recovering only the Mo sites. On the fully oxidizetie FgM nodes of MOF PCN-25@igure 38).2°?Here, the
surface, CH activation is facile with a barrier of 0.05 eV,alkane undergoes homolyticHCactivation on the terminal
irreversibly forming butan-1-ol in a single, highly exothermaxygen of the metal node, resulting in a hydroxyl group which
step, which eventually leads to the formation Qf BYD is further reduced to form water or an alcohol. The products,
comparison, on the partially oxidized surfadd,aCtivation then, desorb and leave an open metal site, which is
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Figure 30.Mechanism of ODHP on MOF PCN-250 withNFenodes. (A) The proposed catalytic pathway is shown where the terminal O
abstracts hydrogen and is consumed, which is regenerategDwitB) M\ comparison of the experimental rates and the DFT predicted
activation barrier of  for site regeneration. Reproduced with the permission fra®2 r€bpyright 2020 American Chemical Society.

subsequently lled by the oxygen from ,® activation, OH radicals are formed continuously from the reaction of NO
regenerating the site and closing the catalytic loop. In théd NQ with O, and sacricial H donors, such as the alkyl
work, they nd the ability of the site to regenerate the oxygemrradicals. The reason behind the high selectivity of OH radicals
from N,O activation and the ability of the oxygen to activatdor ODHP is then explained by the edences in the
the C H bond are correlated to a single descriptor, theactivation energy of variousiCbonds as a function of the
oxygen binding energy on the metal node. The more negatiligdrogen abstraction strength of the catalytic site. It is found
the oxygen binding energy, the lower th® Mctivation  that sites with low hydrogen abstraction strength have a
energy and the higher the I€ activation energy, and vice greater preference for activating weaker lbnds (such as
versa. In the regime whergONactivation is rate-limiting, a propylene) over stronger ones (such as propane), leading to
direct correlation between the DFJONactivation energies overoxidation and a reduced selectivity to propylene. Mean-
and the experimental rates is observed, supporting thighile, the OH radical, having a strong hydrogen abstraction
mechanism Higure 3B). The rational design of better strength (measured by a hydrogen adsorption energaaf
MOF catalysts following this mechanism may be realized by from DFT), has no such preference to the weakdr C
tuning the oxygen binding energy of the metal node frorbonds, which prevents overoxidation from occurring. Relating
changing its elemental composition. this back to heterogeneous catalysis, NO is also found to be
6.2.2. Reactions with NONO, is another potential generated from boron nitride catalysts under ODHP
oxidant for alkane oxidation, though few theoretical studiesnditions, which could also participate in this prodess.
have been conducted in the context of ODHP. HowevefFurther theoretical studies are needed to elucidate the impact
some hints toward its role and reactivity in ODHP can bef radical formation by N@n the ODHP reaction in the
found in existing studies of N@issociation and reduction. presence of a solid catalyst.
One DFT study nds that the dissociation of N€an be a 6.3. Reactions with Other Soft Oxidants.6.3.1. Sul-
moderately facile process on certain metal surfaces, such @ass. Zhu et al. have explored the possibility of sulfur as
Cu(111) with a barrier of 0.61 &V.Another study has another less active oxidant for alkane conversioncalheci
looked at N@ reduction on YO, and found that the for methane oxidative coupfiigThe authors note that the
reduction of N@to HNO, over a hydroxyl on the*\site thermodynamic well for,@xidation of methane to G@&
can occur with little to no barriéf. These ¥ sites are 13.41 eV, whereas for sulfur oxidation tg, @Sis
identical with those formed from & activation in ODHP,  considerably higher in energy &45 eV. Therefore, the
suggesting that N@an similarly oxidize thé"\site like Q thermodynamic driving force for overoxidation is much lower
as previously describédgure 28).'"" For the case of NO, for the sulfur oxidant. This approach is realized by carrying
a DFT study on Pt(100) has investigated both dissociationut the reaction under gaseous subfur on a selection of
and hydrogenation pathwaysding the dissociation to N transition metal sudes. Presumably, the gaseous sulfur
and O to be more favorable with a barrier of 0.96°eV. regenerates vacancies on the surface formed #®m H
These results provide guidance for catalysts which coud@sorption during methane coupling. An ethylene selectivity
e ectively use NOas an oxidant in the ODHP reaction. of up to 18% can be achieved on a PdS catalyst &CL050
Another perspective for the participation of MG DHP High temperatures are needed for this process due to both the
has been introduced in a recent experimental and theoretitdérmodynamics of the reaction and the relatively high C
study by Annamalai efaiThey nd that gas phase N€an activation barriers on the «ld catalysts, which are poor
promote selective ODHP via the formation of OH radicalshydrogen abstractors compared to metal oxides. These
which can then activate B bonds in ODHP in the absence barriers range from 1.91 eV on Mt52.68 eV for TiS
of a solid catalyst. A reaction mechanism is proposed whétéhile the performance of this catalyst is found to be relatively
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Figure 31.Comparison of oxyhalogenation (green) and oxybromination (brown) energetics for both gas-phase and surface mediated pathway
Reproduced with the permission fron2E2f Copyright 2019 John Wiley and Sons.

Figure 32.Summarized catalytic performance of developed catalysts, f@DE® at 550°C (A), N,O ODHP at 400°C (B),
oxyhalogenation at 500 (C), and S@mediated dehydrogenation at 680(D).

modest and far from practical consideration, it is conceivalide a good descriptor for both & activation and CC

that future studies can identify catalysts with highetoupling reaction barriers.

conversion rates by descriptor-based theoretical screening. IRrem;ji et al. have explored the role & iH ODHP in the
particular, the authors have observed th® bbnd energy to  gas phase from experimental and theoretical perspéctives.
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From theoretical calculations, it was proposed the co-feed oln CO, ODHP, the major erts have been devoted
H,S/O, and partial oxidation of ,8 can produce sulfur toward exploring redox-type and nonredox-type catalysts and
radical species SH and,H&hich participate in hydrogen developing compositiostructure catalysis relationship. As a
abstraction along with OH and OOH. Subsequently, after Crepresentative of redox-type catalysts, €xfibits higher
H activation to form propyl radicals, botha@d $ can then C;Hg selectivity at elevated;Hg conversion among all
form adducts with the propyl and undergo further reactiongatalysts at 55, as presented ifigure 3A. The activity is
With the propyl-@ adduct, the propylene is the kinetic found to depend on the redox cycles, dispersion of Cr species,
product, though a side distribution of other products can bsurface Cr density, and nature of the support. The catalytic
formed, such as propanal, methyloxirane, and oxetane, alpefformance of other redox-type catalysts, N&S not yet
which are more thermodynamically stable than propylene. @eached high 45 conversion at 55 (i.e., >20%), though
the other hand, with the propyle®lduct, propylene is more high GHg selectivity (i.e., 95% 98%) is achieved at low
favored both kinetically and thermodynamically, in part due wonversionKigure 32). The non-redox-type catalyst;@a
the relative instability of the S-containing hydrocarboshows comparable selectivity to dr€ow 40% conversion.
products. The more favombknergetics for propylene Although GgD; can be reduced upon contact witiHC
formation with sutle species is consistent with experimentamolecules, its oxidation state remains stable during reaction.
observation of higher propylene selectivity observed in thestead, the reaction appears to proceed through the proposed
paper. heterolytic dissociation mecharfishCombined with these

6.3.2. HalidesThere has been recent interests in usingdeveloped redox- and nonredox-type catalysts, the zeolite-
halogens, such as, @nd By, as oxidants, particularly in supported counterparts are also promising candidgtie® (
oxyhalogenation reactions, which can be used for alkane3®A). Other catalysts that have been explored include Fe,
alkene conversi6fi?? Zichittella et al. have explored the precious metal, MG, and Ni catalysts. Screening tests and
mechanism and factors governing alkene selectivity forechanistic studies on these materials shed light on their roles
oxyhalogenation in a combined theoretical and experimentalthe selective activation of theHCbond. For example, the
study of an iron phosphate cataffstinterestingly, the Mo oxycarbide, formed through dfduced oxidation of
authors have observed a divergence in the mechanism Kbo,C, favors the activation of methylené¢i®ond in GHg
ethane oxychlorination and oxybromination, with the formemolecule$®® the presence of Pd can promote the oxidation
being dominated by surface reactions and the latter beimagtivity of redox sites such a&'Ce Ce**, through which it
mainly dominated by gas-phase reactiogsré 3). In the promotes not only £lg conversion, but also inhibits Pd-
proposed mechanism, ethane oxychlorination follows catalyzed DRP reactions to undesired CO anigadling to
surface-mediated € activation (with a barrier of 0.61 well-preserved 8, selectivity*
eV) to form an ethyl intermediate which then reacts with a The presence of G@hows an overall promotinget on
surface chloride to form ethyl chloride in a barrierless proce€sHg formation. Major positive roles of Liclude: (i)
Ethyl chloride is subsequently dehydrohalogenated (wherecampleting redox cycles, though the oxidation potential is
hydrogen and halogen are both removed from the alkyl invaeak, (ii) shifting the reaction equilibrium of ODHP to the
concerted step) to ethylene, the desired product, in anotheroduct side by consuming the producedidd RWGS, and
surface reaction. By contrast, whensBused, a gas-phase (iii) serving as an agent for coke removal by the reverse
reaction is found to be more favorable where bromine desorBsudouard reaction. Competitive adsorption betwgén C
as radicals which dehydrogenate and polybrominate ethaneaid C(% is known for Crg* and HZSM-5-supported
a process unselective to ethylene. These results highlight @@0,.?’ However, the presence of Gilso0 enhances|d;
importance of the competition between surface and gas phg@eduction on CrQ as a result of promoted;H;
reactions that control the selectivity of the alkene and how thiesorptiorr?
di erent oxidants shift their relative contributions. Despite these achievements, there are still elusive points

that need to be addressed in future studies:
7. CONCLUSIONS AND FUTURE DIRECTIONS . —
(i) Identi cation of redox cycles on redox-type catalysts. In

Recent advances in oxidative dehydrogenation of propane " the case of redox-type catalysts, there exist twendi
with soft oxidants over a variety of catalysts are reviewed in  yedox scenarios, including*Cr Cr¥*/Cr2* and C#*

this work.Figure 32summarizes and compares the catalytic Cr?*, which seems to depend on the nature of the
performance of key catalysts explored in each reaction route in - sypport and metasupport interactions. Such diver-
the form of the correlation between selectivity and conversion.  gence necessitates therts to develop an in-depth

In general, transition metal/metal oxides and metal oxides  ynderstanding of the correlations.

from the main group elements have been extensively studied ] ] ]

for the ODHP reaction with soft oxidants, such asIGO, (i) Reaction mechanisms. Liu et al. have observed the
S-containing compounds, and halogen/halides. BoraMD resemblance of DRIFT spectra between DHP and the
N,O ODHP, the explored catalyst systems are analogous. reverse reactiongs hydrogenation in terms of strong
However, dierences in inherent properties of reactions and ~ adsorbed surface speti€sA new intermediate

di culties in dealing with wosiveness have led to propenyl-vanadium (\C;Hg) has been proposed as
complications in advancing the research, resulting in unique an alternative key intermediate for,GODHP by
challenges and future research directions for each route. In taking the elementary steps gii{hydrogenation into
general, future erts should be devoted to designing catalysts  consideration, yet still requiring solid evidence. Besides,
that can facilitate the activation of theHCbond in GHg side reactions are involved in addition tg @DHP

with good regenerability, as well as to renovating the reaction ~reaction, such as RWGS and reverse Boudouard
systems that can reconcile the need for industrial processes eaction. Continuous @rts have been put forth to
with challenges associated with utilizing various acid gases.  identify the intermediates and plausible reaction paths
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of each reaction by both experimental and computa- | "€ introduction of exogenous mild oxidizers is a
tional approaches. However, there is a lack of studies petentially selective route for DHP. Catalytic oxyhalogenation
clarifying the key intermediates and dominating reactiolf & Promising route for single-steplCproduction and
paths by taking the entire reaction network of CO Y'€lds of up to 55% have been achi EdSpecically,
ODHP into consideration. In particular, this requires goXychlorination chemistry over Gedd metal phosph?te-

su cient amount of in situ characterization techniqueg@s€d catalysts show good selectivity (up to 95%) and

to Il the gap. conversion (up to 70% at 50@) in comparison to
conventional ODHPHjgure 3€). In contrast, the selective
(iii) Competitive adsorption between £O;Hg, and GHs. activation of propane in oxybromination chemistry is

There is a competitive adsorption between thesémpractical either because of poor selectivity or diesu
molecules, which impacts theHg adsorption and  stability of catalysts®®* CeO, possesses strong oxidizing
C;Hg yield. Dopants that enable the balance betweeoharacteristics and results in the highest reactivity in
CsHg and CQ adsorption and inhibition of strong oxychlorination reactions. The overoxidation potential of
C;Hg adsorption are desired. Ce-based catalysts can be improved by heteroatom doping
. — . into the CeQ structure. The high,Hg yield (i.e., 55%) and

(v) Catalyst deactivation and regeneration. Fo§ CO cojaciivity (?e., 80%) for 8% l\?ioge(%zyare rr(lainly due) 0 a

ODHP, rapid deactivation occurs as a consequence§q|anced redox ability at 5@0"° On the other hand, metal

reduction of active sites and coke formation. Althoug hosphates such as CyP@ield = 50% at 500C) are
cata_llyst stability and rege_nergbﬂﬁy have been examin oderate oxidizers, leading to high selectivity §54) but
testing of long-term stability is rather scarce, nor havg '

i deli b hensivel l&‘}ﬁﬁr activity than CeQunder identical conditiol5.To
;g?egieé?éﬁ? gelljtlale ért]ez s?:é]\sco'nr]r?éfefﬁ?glvix d(é(;\\//%r marizez an optimal propane oxychlorination. catalyst
hould b d y d y lopin: bust Ke-resi i ould exhibit moderate redox properties so that it enables
shou € made In developing robust, COoKe-resis aE kane activation but does not favor alkane overoxidation,
catalysts that meet the requirement of practical,, ion and evolution of,Civhile possessing fast
implementation in the mid to long-term. dehydrochlorination kinetics.
VO, and Fe-containing zeolites are reported to be the most The gaseous sulfur compounds, on the other hand, act as
superior catalysts fo,® ODHP (Figure 3B). Because of € ective DHP mediators because of their higtity for
the absence of thermodynamic restraints, these Fe-containiyglrogen abstraction from a hydrocarbon mole€igeré
zeolite catalysts show activity at a relatively lower temperatd). CsHe Yield rises up to 81% over@y at 750°C and
of 400°C. Notwithstanding, potential catalysts that have bee®3% over CoMo/Al,O; at 450°C, indicating a ﬁgotential to
tested for NO ODHP are still scarce, and more catalystrevolutionize propane dehydrogenation chefrifsti.In-
screening is needed in future studies. For example, there tgkestingly, the highest reported yield fgisQeither in
only a few works regarding metals other than iron-supporte@/HP or ODHP) in various patents are ovgOalnd Co
modi ed zeolites which have been reported. Also, while theMo/Al,O;, which are used in industrial Claus or hydro-
are multiple reports regarding MFI and BEA zeolite topologgesulfurization process. However, the exact nature of the
for N,O ODHP, the eects of other zeolite topologies active sites is still unclear from the studies to date because of
remain unknown. the lack of catalyst characterization and mechanistic
Similar to CQ ODHP, deactivation and regeneration of studie§2??5242 24°
catalysts in 0 ODHP remains a challenge. As discussed in Because of the extremely corrosive nature of sulfur or
section 3.5,3CO, can serve as an agent for coke removakhalogen, operando and in situ techniques are seldom used.
thereby enhancing the catalyst stability, while ddnnot. ~ The potential scalability of the underlying process and
Together with the variation in oxidation potential betweergorrosion issues combined with the recovery process of sulfur,
N,O and CQ, these are likely the reasons why similahalogen, or hydrogen halide products will require suitable
catalysts show worse stability jJ@ NODHP. Although a few  materials, reactors, and sophisticated process engineering.
studies have reported the rapid deactivation of iron-containigglfur-mediated dehydrogenation chemistry in particular has
zeolite catalysts and vanadia oxide-based catalyst for N shown potential to selectively activate propane by capitalizing
ODHP, deactivation studies regarding molybdenum oxiden abundant natural gas resefvés.However, the
catalysts have been scarcely touched. Thus, further studysesceptibility of the material to be attacked by sulfur,
these catalysts is needed to address the challenges of stalhifitpgens, HX, and halogenated products requires testing of
of catalysts for JO ODHP route:®® 183186187 For jron-  materials under actual reaction conditions. To deal with the
containing zeolite catalysts, there have been studies suggestimye-mentioned hurdles, siggmt endeavors should be
that the nature and strength of acid sites havecaigni devoted to developing a siently active and stable catalyst
impacts on the rate of deactivation, implying that catalystith an in-depth understanding of the strucactvity
stabilitg/ can be further improved based on catalygelationship, as well as reaction kinetics. This is especially true
desigrt®??** Noteworthily, dehydrogenation usin@Mis a  for various recent industryoets outlined in a number of
soft oxidant has been studied for other alkanes as well, suclpaients, where erts toward developing innovative strategies,
ethane, butane, or isobutane, of which isobutane dehydrogeueh as either using gaseous sulfur or some sulfur compound
ation shows better catalytic performance than propan@l,S/S/COS) with O, have ensued. However, catalyst
dehydrogenation using@? 289390 293 Therefore, further  characterization, stability tests, strucaativity relationships,
study to improve catalyst stability seems to be warranted, &% reaction kinetics are nearly nonexistent in the patent

dehydrogenation using;Q may not only cer additional literature. The absence of detailed kinetic studies makes it
ways to subvert challenges faced byxidant but also may impossible to have information about the reaction network for
provide a method to utilize,®. sulfur-based ODHP. Therefore, this process requires the
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Figure 33 Propylene selectivity plotted against propane conversion for ODHPenétiit dixidants. Data of G@DHP were adapted from ref
7. h-BN and BNNTSs stand for hexagonal boron nitride and boron nitride nanotubes, respectively.

systematic kinetic and operando studies (such as PEPICO)tm screen across a large number of potential catafysts.
understand the genesis of sulfur-based byproducts obtaineddmwever, high-throughput screening of catalysts for alkane
the process. Furthermore, techno-economic analysis is scameversion has remained primarily focused ohl C
and should be performed comparing the best catalyst (activation, with far less study on the catalyst reoxidation
processes) with existing technologies, such as DHP astép>°® In addition, investigations into the catalyst stability
ODHP. using soft oxidants have yet to feature prominently in
A comparison of catalytic performance is also madmodeling eorts, which is relevant for the practical
between @ ODHP and ODHP with soft oxidants in the applications. In conclusion, additional theoretical studies in
form of selectivityconversion correlation over the array ofthese areas would be highly beaé to move the eld
developed catalysts, as presentEgyime 33In comparison  forward and guide experimentalres, particularly innding
to O, ODHP, ODHP with soft oxidants shows comparablecatalysts suitable for corrosive or less-studied oxidants, such as
C;Hg selectivity under the same range f#fs@onversion  NO,, SQ, and halides.
(i.e., <20%). In particular, GOODHP exhibits higher E orts are also devoted to developing alternative
selectivity among all reaction routes. Moreover, the higiechnologies beyond packed catalyst bed, such as chemical
selectivity, namely, 80%, can be well retained at thelll  looping and membrane reactor. Chemical loopiegs o
conversion as high a§3%. The gHg conversion of other opportunities for process intepnation and energy loss
reaction routes with soft oxidants, such gsn®@iated DHP  minimization, which is of sigcénce in future commercializa-
and oxyhalogenation can also reach high values (i.e., 36on3°° Current progress focuses on the feasibility,of O
70%), yet with lower selectivity (i.e., 80%). Noteworthily,  assisted dehydrogenation of light alkaf&$. Membrane
this way of comparison is not completely fair, as it overlooksactors are emerging as an active research direction in light
the e ects of other critical parameters, such as temperatuakane conversion, such as propane dehydrog&fiation
feed compositions, GHSV, etc. However, a general trend afid methane conversiofl,because it enables the process
activity selectivity spans of each reaction route has bedntensication by integrating oxidant permeability and
revealed and provided perspective for further research in ttetalytic activity in one ufit In ODHP, this novel reactor
dehydrogenation of propane and other light alkanes. can achieve a uniform distribution of oxidant, thereby
While there is still sigmiant progress to be made in the resulting in inhibited overoxidation and enhancgty C
development of better ODHP catalysts, theoretical studies $electivity. Kawi et al. have applied a novel hobew
the literature have provided useful insights toward thisatalytic membrane reactor fog ODHP, in which the
problem with regards to mechanistic understanding andembrane reactor was fabricated by integrating Ba-
catalyst design principles. With ,Cfor example, its BipoLCigd\Nby 103 (BBCN) perovskite hollowber mem-
dissociation, hydrogenation, and poisoning on the surfabeane with silica-supported isolated* Gatalyst'* The
can all factor prominently toward its catalytic activity. Irfabricated membrane reactor has achieyeg yild and
addition, there are a number of competing reactions that caelectivity of 50% and 74%, respectively, at 638D with
govern the selectivity to the ODHP product that also shoulthe TOS at 50 h. The key aspect to guarantee a higther C
be consideret!” Modeling these pathways through micro- selectivity is to optimize thgHG/O , ratio to maintain high
kinetics or kinetic Monte Carlo has been shown to be ver@;Hg conversion and to avoid overoxidation. Sydlyi, the
useful in that regafd® On the other hand, descriptors, when C,Hy feeding rate should match the oxygen permeation
available, have also proven to be useful when there is a ndadugh the membrane. The soft oxidants discussed in this
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review have similar kinetic diameters (i220 360 pm),
which are all smaller than the reaggt @G.e., 430 pm) and
target product gHg (i.e., 450 pm), corroborating the
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