CHAPTER III
THEORETICAL CONSIDERATIONS

Most of the chemical reaction industry are catalytic, and many chemical

App. /y is. Catalysis is the phenomenon of

a catalyst in action. Thevba defini st is a substance that increases

engineers work to understand. an

the rate at which a equilibrium, without being
comsumed in the prot s to the efficiency of most
industrial chemical pfoce v mMost resez in catalytic field try to find
t ose catalysts that can give
the good catalytic pe

Ocxidation is the pr , ch €dtalysts are widely used in the reaction.

Oxidation is categorized as ‘Sélective fion-selective oxidation [29]. Non-

-t b 2, H"'_
selective oxidation ﬁdeep ﬂxfdaﬁ’ﬁn ‘ iom- of hydrocarbon (HC) and

Selective oxidation is the

reaction between H(‘g Jand oXxyg enates (such as alcohols,

aldehydes, carboxylic acﬁid-'-’lwhlch O x1dat10n processes) or
unsaturated hyﬁ‘;cu ( ﬁﬁﬁu ﬁlc can be produced from
oxidative d tj;T atj Tocesses)

aiﬁveﬁﬁﬁﬁim Z‘ngo:llelnaicmp&!c:l @atzljs still only in a

period of research and development in laboratory. It will take sometimes before it
can beome the real practical process in the petrochemical industry. Because of its
relatively new alternative in this field, there is no much information available about
this process. There are many conjectures and presumptions that are still not clear

and waiting to be exactly demonstrated such as confusion of the true situation
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about which kind or source of oxygen that is active and selective for oxidative
dehydrogenation. Nevertheless, oxidative dehydrogenation is one part of oxidation,
then theoretical considerations in this chapter are substantially based on oxidation
catalysis data. This chapter will include the explanation about the oxidative

surface species of oxide catalyst.

dehydrogenation, surface propelties r'd

.

3.1. Oxidative Dehydro

One of the sel ehydrogenation (or sometimes

called oxydehydroge Stionalization of alkanes in the

presence of oxygen ost widely exploited of all
the reactions used t and valuable products [29].

Great effort have b ed Covering and developing catalysts that can

practical interest m]xydrocar 0 sinceﬂhey only catalysed ‘deep’

oxidation to ¢ ébon didxide and water; this was c;'siecla%; true of p-type oxides

e the cei) WbV LA NN LT
L) R HETVL M Vi)

tive oxidation reaction
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Table 3.1 Classification of catalysed reactions of hydrocarbons with oxygen.[29]

CLASS 1 OXIDATIVE DEHYDROGENATION
1. Dimerization of propene to hexadiene or benzene
2. Dehydrogenation of butane or butene to butadiene

hexane to cyclohexane

CLASS I TED PRODUCTS WITHOUT

CLASS @I [ OXYGENATED PRODUCTS WITH

3. ?lgh“alic anhydride fe}n naphthalene

o A UBPRHNINEN

¢ =N e/
'&WWW n%m%s} w g@%g@an&maﬁons, with
illustrative examples of each. In reactions of Class I, the hydrocarbon was oxidized
by dehydrogenation, either intramolecularly to give a diene or a cyclic molecule, or
intermolecularly to give a dimer. Theoretically it was possible to use a metal
catalyst for dehydrogenation, but high temperatures were needed to obtain an

adequate equilibrium concentration of product, and at these temperatures the

hydrocarbon was often unstable and decomposed completely and gave a deposit of
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carbon on the catalyst. A successful process could only be obtained if the
thermodynamics allowed the use of a somewhat low temperature: the
dehydrogenation of cyclohexane (C¢H,,) to benzene (CsH) was one of the few
reactions where a metal catalyst was satisfactory. However, the reaction of a

re unsaturated molecule plus water, e.g.

hydrocarbon with oxygen to give a

2C,H, # O ‘ g JH, + 2H,0
was more thermodynami ! : he high enthalpy of formation of

water. Provided a catﬂ(v e fou ‘-"Mt this reaction selectively, i.e.

without giving dee od yields of propene were

obtainable at a be possible in a direct

dehydrogenation. tion was applied to such

reactions.
Some of thmataig;sﬁ d ion-of methane (CH,) coupling
o3 -
were also active inlflie ethane (C, fign. In other cases, entirely

new catalytic systemmlad been dev e pera'mances of catalysts reported

sietds in a s diE. ok kblod 2 £
AT T

a) Catalysts based on ions and oxides of Group IA and IIA metals, which

in literature were sumrafized in Figure®3.1 which nﬁoned the highest achieved
a@: 1 j maximum productivity

were also active for methane coupling [30-37]; these activate ethane at temperatures
usually higher than 600 C to form ethyl radicals, which then further react in the gas

phase. The most successful of these catalysts was the Li-Mg-O.
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cycle; thus, no furnishing of

This mechanism
bulk oxygen occ and the catalyst only mvolved in C-H heterolytic scission

st NS5 PR e e et o

generation of centers was 1{5 capablhty to abstract a d form the ethyl
radlcalq-w'ﬂ a p&)ﬁsﬁrm H %q ’-}MH{%@“‘H higher than 700
°C. Such catalysts could be employed after a methane coupling reactor in order to
increase the yield to ethene (C,H,) through oxydehydrogenation of formed ethane.
Catalysts for coupling operate at 700-800°C, and the hot outlet stream could be fed

to a downstream catalytic or thermal oxydehydrogenation reactor.
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High selectivities and yields to ethene could be achieved with this catalytic
system, above all when chlorine-containing compounds were also fed to the reactor,
or when the catalyst was doped with halides [32,37]. The promoter effect was
maintained by continuous feeding of the chlorine, which modified catalyst surface
[38]. Chlorine radicals were thought to favour the homogeneous decomposition of

34% to ethene could be achieved

ethyl radicals to ethene.

[31,37]. However, the. imited by problems related to

equipment corrosion. ,ﬂ—"'—’
The selecti\:/ KA

the fact that the fo

\temperature; this was due to
iture (600-700 C; above 700 C
homogeneous overoxida selectivity) desorbed and
formed ethene in th nolecular oxygen. The high
stability of ethene
homogeneous reactions 1 to‘»@?‘__oﬁse

Lt A
3 surface ‘b’"&idx}rv" eC
\

the formation of

preferred. .

A further aspgt of this . e foﬂaﬁon of H, under oxidative
conditions [35,39]. could be: fepmed either via thermal or catalyzed
dehydrogena(ﬁ. ulz.lﬂﬁ m&n@m ﬂ;lm ﬁe to water gas shift
equilibrium (3& rare_ earth ‘oxides) or&of _intermedidté ethoxy species
dmom@sﬂl&g,ﬂ jdm uemt’l] l[lm{ EJasrLﬁﬂat catalysts like
Ca-Ni-K-O and Li-Mg-O were active in the water gas shift at the temperatures at
which ethane oxydehydrogenation occurred.

Other systems that were active at temperatures higher than 600 C were
Li,0/TiO,, LiCIYNiO, LiCl/MnO, and LiCl/Sm,0,. Dopants other than Li had
been reported: SnO,, Na,O, lanthanides (mainly CiO,) [41].
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b) Catalysts based on transition metal oxides [5,42-49]. Rare earth oxides
were remarkably active [39,42], and yielded ethene with high productivity and good
selectivity. In addition, they exhibited a very high stability even at high

temperature. Doping Sm,0, with alkali metals gave the best performances. These

a mechanism similar to that of Li-Mg-O
catalysts.

systems were believed to operate 7

.‘/

Also Na,P,O,

system was claimed M—_’ ¥ ¢ 2 "-MRCO [43] or Phillips [44]

at very high temperature. Such

technology in circulating- ’ W igher selectivities were achieved
by dividing the reaction ydrogenation of the paraffin in
the absence of mol f the catalyst by treatment
with air.

In vanadium o ased,|'s: 1S/ ; st was reduced by interaction
with the hydrocarbon, throug' ; s ; "1;' olx cycle [5,45-49]. These systems
could activate ethalﬁat lam'ﬁ‘&ﬁﬂfe 2 aie and the entire reaction was
heterogeneous, hen¢e controlled t 1€ €0 itribution of homogeneous

peraturesﬂ Mixed oxides of Mo-V-Nb

were shown toﬁ activé ifisethane oxidation at temg1 fl as low as 250 C, with

sy oA EhA L) Dhd WL
::fzizmmmimmm oo

Alumina-supported vanadium oxide exhibited an high activity in ethane conversion,

reported experimental

with fairly high productivity.
Figure 3.2 summarized the mechanisms proposed in the literature for the

two classes of catalysts, operating at low and high temperature.
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A general feature of most catalytic systems was that the selectivity to
propene was decreased on increasing the propane conversion (Figure 3.4). This
was likely due to the presence of labile allylic hydrogen atoms in the formed
propene which acted as a center for consecutive oxidative attacks. This conversion/

selectivity trade-off was one of the main differences between ethane and propane

(as well as other higher paraffins) "///

thermal oxidative pyrw : : erall yield to olefins (ethene and

omted out that the non-catalyzed

propene, approximat igher than that achieved by

whichever catalytic 00 degrees higher than that
usually employed fo, de doubtful whether it was
really advantageous t caction. However, it had to be

pointed out that in the he operating mechanism was a

[58]. |
The followinggas as ; catalytig]perfonnances of the various

systems.

e g
ML RGP EORIU k)Tl

peculiar chemical-physical features and reactivity led to a more selective catalyst

[51,54]. Oxygenated compounds were not formed. These catalysts were active at
relatively low temperature (in the 350-450'C range, however, selectivity not higher
than 40% were obtained, and only at low levels of conversion, with low overall

productivity and yields (not higher than 8-9%).
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The effect of oxide structure and cation reduction potential of vanadates on
the selective oxidative dehydrogenation of butane and propane had been reported
by Owen etal.[11] . From the report, the oxidative dehydrogenation of butane over
a series of orthovanadate of cations of different reduction potential showed a

drogenation decreased with increasing ease

correlation that the selectivity for
of reduction of the cation } lation implies that the easier it was

to reduce the oxide, that msve Xygen, the more likely it was for

/ -"Bm-telmedlates to result in carbon

the oxide to react w
oxides. This phen
C-C and C-H b

pyrovanadate was for. oxids tion"but was as selective as Mg

species with a tetrahedral cocgéé‘ﬂg ed the higher yield of propane in the
TREINT ) S
oxidative dehydrogﬁatlon ofp'ro"pﬁ.nef .
b) V-Mg-O ,7;;,-,,\——— ____ S€veral investigations in recent

years. These systemgwe : -6000@temperature range, and with

respect to V,0, weré characterized cxty and surface area
[2,24,52,53 55@1]“%;1 q nﬁau iw%)l ’1‘ a on of oxygenated by-
products. Select1v1ty to pro ene 4 ﬁg with yields of
20% q ﬁr’;] &h ﬁ %?lﬁﬂ Elgflﬁ‘ﬂdecreased with

conversion.
Some disagreement existed in literature about the nature of the preferred
structure, exhibiting the best catalytic performance. The published results could be

summarized as follow:
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- Mg, (VO,), (Mg orthovanadate) spread over MgO was considered by
some authors to be the most active and selective composition in n-butane
oxydehydrogenation (propane was instead much less sensitive to the catalyst
structure), due to the presence of isolated VO, units which were not active in

oxygen insertion onto activated

hrdrocarbon (oxygenated hydrocarbons were

date) ' ed to exhibit a superior catalytic
'J' T—

precursors of CO, formation)
- Mg,V,0, M
performance in terms tivity was consistent with the

vanadates redox pro ucibility (the redox couple

4+ 5
V'V was supp operating), the highest the

selectivity [24,55].
Indeed, it was at £ e , e crystalline structure of the

tic performance ie.: i) the

either magnesium or v; zidiu T- 1ze and morphology, which could be

affected by the thermal treatment; v) theamethod of preparation employed.

c) \ﬂbu &Ltg'sm gme aWB&L:;) i they exhibited good

Y
productivity to propene and a ;ﬁrentalﬁno Qﬁﬂ ,qi ﬁf ates [8,59,60].
Nb,O, ’%e ::J aeﬁjlja@sg ’t;lzlaj t f dﬂ: improved the
activity while maintaining the high selectivity. The active sites were assumed to be
vanadium ions in the form of small clusters, and neighboring surface Nb ions
improved the selectivity. Selectivities as high as 90% could be reached at low

propane conversion in samples prepared by ‘melt method’ (solid state reaction

between NH,VO, and hydrated niobia).




34

d) Metal-zeolites [14,61]; isolation of oxidizing sites was realized by
dispersion of vanadium ions inside matrixes catalytically inert, such as zeolites or
zeolitic-like compounds. V-silicalite exhibited relatively high yields, but low
productivity. In VAPO-5 isolated VO, tetrahedron structures had been proposed to

ns oxydehydrogenation.

be the active and selective sites in parz
e) Molybdates, bismuth mo vanadomolybdates were known to

successfully operated in 1dat10n of propane to acrolein,

acrylonitrile [62]. Niekel"molybdates exhibited “a"wery high activity, with 60%
selectivity to properic; formed [7]. Magnesium

molybdates were claimed : ' r genation in two steps, with

(relatively) high tempgture, and mogeneomdecomposmon of desorbed

radical specie e, i the surface-catalyzed

further omdauﬂuaa ﬁ EIH W e a 1vat10n energy for the

gas-ph ﬁyﬁ‘r ﬁ Q ﬁ mﬁ mam ,.i H’E] heterogeneous
;) 1A

combu
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3.1.3 Princi roc

Oxidative dehydrogenation takes place in the presence of an hydrogen
acceptor such as molecular oxygen in the reaction medium, for example, the
following propane oxidative dehydrogenation equation,

2CH, + O, —-) 2CH, + 2H,0

ody@nhbnum constant value between

drogenationwand dehydrogenation in Table 3.2,

The comparison of

two reactions of oxidati

showed clearly that thi pvercome the major technical

problems associated vever, other problems such as

the removal of the h ivity due to the formation of

undesired oxygenated and Jcarbe cides, the flammability of the
reaction mixtures and th e reaction arised [26]. Hence

no commercial plants for/the oxidative. drogenation of light paraffins were

believed to be currently o pefatidiial, f pilot or demonstration plants had

been built and operated-4{26+—— —
oo/ 7]

Table 3.2 Equxhbnum constants for each temperatures of dehydrogenation vs.

ﬂ“‘ﬂﬂ‘%’“ﬂ ?J"ﬂ‘ﬁ’ﬂmﬂ‘i

9 W’] N1 3T SJWW %‘lc&ls%ﬁ%l
i dehydrogenation

298 7.82%10 6.45%10

500 6.15%10" 6.53*10"

1000 3.14 155.35

L4727493Y
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3.1.4 Catalysts

A great variety of catalysts have been formulated and tested and almost of
them are oxide catalysts [1-27].
Because of still having major problem conceming the oxidation control, it

is difficult to control the consecutive reaction of alkene since alkene is much more

better than alkene or

2. It should b e on the catalyst surface in

order to avoid alkene ndesired products (CO and
CO,). For example, it is basic, so it can adsorp on

the catalyst surface in a §

3.2.1 Oxidative Dehyd . 6 B

ACCOl‘dEl ulglﬂ:ltm ﬂﬁﬂﬁnw m E‘] (:zdative dehydrogenation
reaction over Vjll -O catalysts, as fe orted in the lj 11%4t_was proposed that
butane aqlswt:‘l ﬁ mim ilmgalﬁm the molecule to
form an adsorbed butyl radical and a surface OH group. Butane first reacted by the
dissociation of a methylene C-H bond to form a secondary butyl radical, confirmed
by the deuterium isotope effect on V-P-O catalyst. The butyl radical formed was

very reactive. It formed butenes by losing another hydrogen from the carbon atoms

adjacent to the first carbon site:
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CH3$HCH2(11H3 — CH,=CHCH,CH, —» CH,CH=CHCH,

A B

ogens at position A led to 1-butene. Loss

Loss of any one of the three
of one of the hydrogens at l / cis-2-butene, and loss of the other

hydrogen at position B 1

‘-H

Oxidative D .q.; atipn\of Prop ane
The oxidative delhydgog i \ over V-Mg-O catalysts had also
been investigated [2]. action mechanism was as
followed. The two ne proceeded with a similar
reaction mechanism. It‘appeare | cacted primarily by breaking a
methylene C-H bond to fo alkyl radical. Rapid breaking of a

¥
S &uﬁiﬁﬂmﬂaam I g
"a‘w'lm*h“i'tu s AL

A methylene C-H bond was first broken instead of a methyl C-H bond

because it was weaker by 15 kJ/mol. This suggestion was consistent with the fact
that under similar reaction conditions and at low conversions, butane reacted about
1.5 times faster than propane. This could be interpreted by the fact that butane has

more methylene C-H bonds than propene.
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It was known that in oxidative dehydrogenation reaction, these
substances ( alkane, alkene or diene ) reacted with highly reactive surface oxygen
species of the oxide catalyst [1-3,5-9,11-17,19-27]. The catalyst which was reduced
by these substances could oxidize oxygen from the gas phase subsequently [3-

3,12,23].

rms of oxygen to exist on
reaction [65]. Since the
detection of a particuls ig8 ona- ecessarily imply that it was
t: | reactive oxygen species was
of major importance in uncovét ;,‘ ! mhechanism. As before, results would

.r';‘!— L - 3 =
be discussed as thouil\l a &mgfc’ﬁﬁséx presentyalthough this was rarely so and

y

a. Lattice Oxygen

In the c@u gl/[g mﬂniuﬂ’] ftlianlclpatlon of lattice
oxygen depended on O tracer stidies. The Xpe 66,67] showed
clearly tﬂt tha acﬁlfr] j mum ﬁ m Ejim CO, produced
contained largely O which must have originated from the catalyst lattice and this
had been confirmed in subsequent work [68-71]. From the very low O content of
the products, it was also clear that oxygen introduced into the catalyst from

dioxygen equilibrated rapidly with the bulk on the time scale of propene oxidation

[67,69-71]. These facts were usually interpreted by a direct participation of surface
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lattice oxygen mobility. A former paper [72], however, had suggested that they
were also consistent with mechanisms in which water exchanged rapidly with the
catalyst and was also the source of oxygen appearing in the products. This implied
either direct involvement of water in the reaction, which was unlikely [73], or rapid
oxygen exchanged between water and both the reaction products and the BiMo

bulk. Available experimen ﬂyw gowed however, that these reactions

were too slow for this n to and the direct incorporation of

“—
lattice oxygen could y ‘
Experiments

temperatures than u

ished.
BiMo, carried out at lower
18 16 :
f O to O acrolien was
"
temperature depende % incorporation at lower
18

temperatures. Here owed a higher O, lattice
occur if scrambling with bulk

oxygen were complete [ ].tf,:ﬁet'ai" “interpretation was in terms of a rapid

. . gl TN . ;
reversible dissociatiye adsorption- of .dioxygen 12 an uncharged monotomic

species which could exchange with t urtace lattic ygen. Although evidence
for this analysis wasBmcu 1stantial - che@s were, no doubt, possible.
The analysis presented,shewever, suggested that the uncharged species, if present,

i ot mcﬂ %) W) WAV important in 1atsice

reoxidation. More importantly, tHe observatiom.of the tempetature effect showed
A BANS DRI E D VST e
that the postulate that different faces were involved was unnecessary [75]. Russian
workers [71], also using 18O2 , claimed that CO, produced from propene over BiMo
by a parallel route contained larger quantities of 18O than that produced by
consecutive oxidation of acrolein. They suggested that acrolein formation and
combustion involved lattice oxygen but that CO, was produced directly from

propene by a different mechanism. More evidence would be required before this
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could be accepted particularly since experiments at low conversion in a flow
reactor showed no difference in the 18O content of acrolein and CO, suggesting no
distinction could be made as to the oxygen source in the two products [69]. This
latter work also found Y-BiMo to have higher activity and greater oxygen mobility
(250 monolayers) than o (=100 moqolayem). A correlation between activity and

bulk oxygen mobility was su titative correlation, using Fick's law

to calculate relative diffusi ‘ ted. A good line was obtained,

the treatment was quesi ‘ obably Showed only that rates of propene

An interestin ‘ veal much about the processes
o catalysts, arised from the
from a solid state reaction

18 1
between Bi, O, and Mo O, m that made from Bi, O, and

ik : ’
3

18 ZTRA
Mo O, in the comlp,jsition of water ction by hydrogen. For -
\

18 : - L8 : n
Bi,0,, Mo O,, the \water was initiaily Ic  content but increased as reaction

1
proceed. For Y-Bi, ontent w@ initially high and fell with

reduction. Thus,a non-uniferm isotopic disribution was maintained in the Y-phases

even after ZOhEgl uuﬂnq %l)ogja ﬁl mlﬂo’;] \filliz, initially, the oxygen
in the wa as _preferenti m i yﬁ i y the koechlinite
structuréq ﬁaﬁ:ﬁeﬁﬁi 3 mly iﬂ‘ﬂ\’jﬁ %AJBizMomO6 was
reoxidized with 18O2 to give a sample designated 'Y-Bi2M01806 which on reduction
with H, showed behavior similar to Y-Bi,0O,, M01803 implying that reoxidation had
occurred preferentially at the Mo layers. It was therefore suggested that oxide was

most easily removed from the Bi layers but replaced into Mo layers and that

interlayer transfer occurred only on reduction.
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b. Other Forms of Oxygen

Many forms of oxygen including the excited singlet state of dioxygen
[65,77] had been proposed as reactive species. Other suggestions included the
activation of dioxygen invariably leading to total combustion [78], that O, was a

selective oxidant while O was unsele

ive [65] and that O, formed from surface
datsi e species giving selective chemistry

[79,80]. These suggestions v mpatible and emphasized the
ggesi : * p p

impossibility of assigning™$€lectivity -\\:\*\\ reactive species out of its
cac W) d .J ‘\\)\\M“’ LOLS "‘

AULINENTNYINS
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