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5.1 Introduction

Research activity on the selective axidation of loner alkares, espedially C2-C4
alkares, 1o the conresponding alkenes or axygenates (acetic acid, aorylic acid, eto) hes
crined a high momentum in recat years [1, 2], Selective axidation of loner alkarnes
Is an attractive path tonards the demical utilization of dhesp retural ges resources.
For irstane, ae-step direct axidation of ethare and propare to acetic acid ad
acylic acid, respectively, s an altemative methaod 1o the aurently enployed alkere
besed rautes [2-5] Gererally, loner alkaes ae les reective due © tte non-
aailadility of a lae pair electras ad little polarity of the C—H bonds, and henoe,
their axdation is usLally encountered with difficulties. Furthemore, a high sdlectivity
1o the required products s dotained garerally at lov conversion Higher aonversion
inariably leeds 1 less slective o the requirad products, due 1o tre formation of
themodyramically stable, udesirable conbustion products. In saite of the above
limtation a geat deal of effots hae been attenpted t© achiee sHective
fuctioal ization of loner alkanes. Honever, in tre case of selective addation of
ethare anly a few catalysts are known tret are efficient in temrs of acetic acid ad
ethylere yield at a relatively mild exqoerimental condition [1, 2,6

Oxidation of ethere involves saveral micro interrediate steps thet demand a
nmulafuctioaal ctalyst Thus, the selection of a suitable catalyst containing nany
active presss (hultifuctiodlity) for tre ettere addation and meximizing tre
slectivity 1o ethylee and/or acetic acid under ggargpriate gperating condition Isa
conplex and dallenging tagk Several ressarch groyss have studied a broed spectrum
of catalysts using various tedmiques o uderstard the active Sites resparsible for te
Flective axidation of ettere. Honever, tte knoMedge available on the reectin
mechanism is dill rather lintted and hence there is a need for systeatic studies an
the wide range of ctalyst systens in ater o uderstad the stncure-activity
aorelatias [2 7, 8]

There have been many rgoorts emphesizing the inportance of elenents like Te
and Nb ias alog with Mo—V cottaining besic conposition for the formatiay
stehilization of the active pheses resparsible for the selective axidation of ethare |1,
5, 10, 11]. Reports are also available indicating tre inportance of the inttia elemental
composition, the pH, the pregaration nethodolagies and the treatnment tenperatures
fora ketter yield of the required alkenes and axygerates, honever, these dependencies
vary with catalyst to catalyst [4, 6 ]
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The initid rgoort on MoVAIOX by Ueda € &l atan atmospheric pressure and et
340 °C shoned less tren 4 ol % ettere conversion with a low selectivity to aostic
acid [12]. In tre present pgper, we rgaort on the catalytic activity of MoVAIOX type
catalysts for the selective axidation of ethare to produce ethylere and acetic acid at
nmocerate ethane conversion, as a function of tre pH of the prgarative &l of tre
catalysts synthesized MoVAIOjc type catalysts prepared at different pH coditias
were also tested at different experimental coditios VIZ. pressure, tenparature ad
ethanelo2/H20 feed ratics in order to dotain acetic acid and ethylere in high yield
Interestirgly, the catalyst prepared from a el at pH 2 was found to heve syperiar
activity then other catalysts. We have also identified different pheses presat in te
catalysts prepared at different pH coditios. Stucture-activity conrelatias were
mede besed on the detailed daracterization of the catalysts by ponder XRD, Raman,
W-visible, and EPR soectral tedmiques.

5.2Experimental

521 Caaystpeparation and Charadterization

Catalyst corposition of gareral formula MoVAIOX with a preparative
carposition of tre elenents Mo, V and Al in the atomic ratio 1.0;0.333;0.167
resoectively was synthesized using a hydrothermal method  [12]. Anderson type
hetergooly nolybdate, (NH4)sAIMosHe024.7H20, prepared from the mixed agueaus
solution of ammonium heptaolybdate and aluminum sulfate [12, 13] and was usd
as a saurce for Mo ad Al. Typically, tre catalyst conpositians of MoVAIOX were
prepared as follons: agqueous solutias of (NH4)sAIMosHe024.7H20 and VOSO4 were
mixed at room tenperature, the slury was adjusted 1o the recuired pH valle (1, 2, 3
ar 4) using NH40H or HNO3 ard the firel mixture wes trasfarrad to a PTFE lind
autoclave (200 ml cgoecity). The autoclave wes heated t© 175 °C for 48 h uder
aostant rotatian (40 rpm). After 48 h, the autoclave wes oooled and tre dark solid
mess dotained at the bottom of the autoclave was separated from the solution, weshed
with water several tines and dried at 100 °C overmight in an oven. The firal catalyst
carpositians were named as MoVAIOX—1, MoVAIOX—2, MoVAIOx—3 and MoVAIOX—
4, where tte nunerical values indicate the pH atwhich tre catalysts were prepared

The bulk corpositions of Mo, V and Al were analyzed by ICP using a Plasra
400 Perkin Elmer gpectrareter ad treir surface composition wes done using EDX
nmethod The surface area of the catalysts was determined by N2 adsorption at 77 K,
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using the mulipoint BET aralysis method with an Autosorb—1 Quantachrone flow
goparatLs. The catalysts were denydrated in vacuum at 250 °C for 10 h priar to tre
nmeasuraTents. The room tenperature ponder X—ray diffraction (XRD) patterrs of
calcined catalysts were collectad on a Phillips X’ Rart Pro 3040/60 diffractareter using
Cu Kor radiation (1 = 1.5418°A), nidel filter and X’ celerator as detector which
employs tre raal tine nultiple strip (RTMS) detection tednigue. XRD patterms were
aollected in tre 20 rage 5 —75° stgs of 0.017°. Scan type wes the aontinuous
scaming mode and the scan tine per step weas 50 s Scanning electron microsoopy
(SEM) and EDX microaralyses were performed on a JEOL JSM 6300 LINK ISIS
instrurent

The FT—IR and Raman goectra of the catalysts were recorded on a Shimadzu
FTIR 8201 PC irstruneatt and Ranishaw 2000 Raman Micrascope excited with 633
nm Laser respectively. Diffuse refledtanoe W-visible qoectra were aollected on a
Perkin Elmer Lambda 900 series, equipped with a ‘Praying Mantis’ attachent fram
Harmidk The spectrawere recorded far VOS04, MoO3, V205 and the as—synthesized
and calained (NH4)3AIMoeH6024.7H20 (hereafter referred as MoeAl-AS and MoAl—
Cal respectively) as referacess for tte aalysis. The electron paramegnetic resonance
(EPR) gmectra were recorded at room tenperatre on a Bruker EMX  X—bad
Soectraneter goerating at 100 kHz field nodulation: The micronave frequency wes
clibrated using a frequency counter of the micronave bridge ER 041 XG—-D. Bruker
Simfonia and WINEPR software pad<ages were used in the soectral simulatias ad
to calaulate hyperfinre coupling aorstant.

5.2.2 Caalytic aciity testing

The ethane axidation experiments were performed ina typical laboratory fixed
bed reector using a conosion resistat stainless sted tuoular reector of intamel
diareter of 9 mm and 450 mm height which wes kept in a tuoular fumece The
catalyst (0.3-05 mm partide size) wes introcuoed inthe reector and dilluted with 24 g
of silion carbide with similar in sizz in ater © keep a costatt volure in tre
ctalyst bed. A themooouple wes irstalled in the aanter of the catalyst bed in contact
with the catalyst partidies to neasure the reection tarperature. The heating zones &
the inlet and the autdet of tre reector were filled with irert porcelain partides The
catalyst wes activated by heating the reector 10 350 °C at a heating rate of 2 °C/min
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under air flow for4 h and then © 400 °C under He flow for4 h The reectorwas tten
brought to the reguiired tenperature, and pressurized to the required levdl with a feed
uwsing a back pressure atraller placed on the reector autdet streeam A typical
corposition of tre feed was ethagfair/steam 27.6/47.6/24.8 nol %. The water
(steam) feed wes preheated ak 250 °C and then thoroughly mixed with the other ges
fead prior to their aontect with tre catalyst. The flow rate wes varied (from 40 to 100
mi/min) in order o achieve different etrare conversion leels Berinments were
caried aut  atterperatures in tte range 250—350 °C 1o achieve thehighest corbined
slectivity forethyleneand acetic acid at a moderate ethere conversion: The  liquid
prodLets (meinly aoetic acid and water) were separated fram the ges products by aen
ice cold condenser, collected in high pressure liguid-ges sgparator and analyzed using
offfire ges liguid chramatograahy (GC: HP 5890 series 11 using a 1.5 m by 3 mm
colum packed with raterial sold uder the trademark PORAPAQNN—QS). Acetic
acid was also estirrated by stachrd volunetric titration method. The ges products
were analyzed onlire by ges dwyomatogragy (GC: Chemito 1000) gperating with
three columms. Oxygen, nitragen and carbon monoxide were analyzed uisinga2.5 m
by 3 mm colum of 13X nolecular sieve. Carbon diaxide, ettere and ethylere were
analyzed using a 0.5 m x 3 mm colum packed with naterial sold uder the trace
name PORAPAQM—N. The carbon balance wes intte range B-97 %. Indl cases, tte
conversion and selectivity calaulatias were besed on tie folloming stoichiaretries
CH3-CH3 + 'A02" CH2=CH2 + H20
CH3-CH3 + 1202~ CH3COOH +H20
CH3-CH3 + 27202~ 2C0 + 3H20

CH3-CH3 + 31202~ 2CO2 + 3H20

The sslectivity datawere calaulated on the besis of product sum Details of tte
reection coditions are described in the foototes of the Tables and FAguares. The
conversion of ethare Inan eqeerinent using an empty volure reector (blark nn) wes
loner tten 1 %, confirming thet the homogeneous reectian s negligible at tre
ejerinental coditians employed for the presant catalytic actimties
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5.3 Results
531 Synthess and Cheracterization
53.1.1 Synthess, darata aonpastion andsuface properties

The elarental corposition of catalysts of general formula MoVAIOX prepared
hydrothermally at four differat pH values and tre yield of the firdl catalysts
(calcined catalysts) are given in Table 1 The catalyst vield was found 1o decreese &
higher pH codition as seen in tre Table 1 The bulk eleverttal corposition of tre
catalysts was dotained fram ICP amalysis. The data dearly indicate et the firel
corposition of tre catalyst s differat from tre il preparative corposition
depending on the pH values. Also, Mo/V ad Mo/Al nolar ratics decresse with
increese iInpH indicating thet the Mo aontent is loner at the higher pH valle,

The surface elemental conposition for all the catalysts wes determired by
EDX method (Table 1) ad it wes foud thet these eletental conpositias ae
different from the bulk conposition The amount of vanadium at the surface of tre
catalysts wes higher as conpared 1o thet of tre bulk exospt with the MOVAIOX—4
catalyst, indicating its nohility t© the suface of tte catalysts BET suface aea
messurerents have also been carried out for these catalysts and the dhta are presented
in Table 1. The surface area of tte catalyst MOVAIOX—1 was 7 n1Yg, while for tre
otrer catalysts itwes inthe range 1617 nYg.

Table 1. Heratal ocnposiios ad suafae prgerties of hydrothernrally
synthesized MoVAIOx catalysts prepared at different pH values.

Catalyst *Yield, % Elemental Composition
ICP Analysis EDX Amalysis  Surface areq,
mVvg
MoVAIOx—1 N MO1Vo0.15A10.200x ~ Mo0iV0.26Al0.nOx 6
MoVAIOx—2 %6 Mo1V0.34A10.090x ~ MOIV0.36Al0.300x 16
MoVAIOx—3 33 MO01V0.7Al0.280x  MO1V0.78Al0.690x 17
MoVAIOx—4 13 MO1V1.75A10.490x  MOIV1.27AlL.050% 17

®Yield of calcined catalysts, calaulated on tre besis of cocentration of Mo with
regpect o iniid elerental conposition taken for the synthesis

Ph. D. Thesis 10 Rohit H. Ingle



Chapter 5: Selective oxidation ofethane to acetic acid over MoVAIO” based catalytic system

5.3.1.2 Poader XRay diffraction

The poader XRD patterrs of the four calcined catalysts prepared at differant
pH values can be seen inHgure 1 The caladinationwas carmied aut 400 °C under N2
after tregting the catalysts inair up 1© 350 °C for 2 h The catalysts MoVAIOx—1 ad
MoVAIOx—2 showed a similar XRD patterrs exhibiting predominantly Mo O3 [JCPDS,
76—-1008] and MoV20s8 [JCPDS, 74-1510] phesss. Although, tre quentification of
different pheses was not camied aut, tre relative intersity of Mo O3 is much higher in
MoVAIOx—1. Relative anount of Mo V2038 phese wes higher in MoVAIOX—2 conpared
1 MoVAIOx—1. In other words, tre relative intersity ratio of [MoV20s8)/ [M003] Is
higher in MOVAIOx—2 then in MoVAIOx—1. In addition, traces of M04O 1 [JCPDS, 13—
0142], a reduced phese, is also seen in both catalysts (Which is nore praminent in
MoVAIOx—2). The XRD pattermn of MoVAIOx—3 exhibits MoV20s as a mejor phese
alog with a minor phese of Mo4VeO2 [JCPDS, 34—0530], Interestirgly, Mo O3 phese
is totally absent in MOVAIOX—3. In addition, low intarsity pesks were seen &t 2/
values 17.63(23)°, 29.51(15)°, 38.12(3) and 46.19(12)° could not be fitted with any of
tre known single phesss. For MoOVAIOx—4, tre patterm was dominated by V205
[JSPDS, 85-0604] phese as angjor phese alag with a medium intersity Mo4O 1 and
MoVAIOs [JSPDS, 89-0871] pheses. A trae amount of Mo4VeO2s phese wes also
seen in MoVAIOxX—4.
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Figure 1: Ponder XRD pattem of the catalyst. *: Mo O3, ¢ MoV20s, CIMoso i, +
V205, «: M04V6025, m: MOVAIO7, X unidentified phese, Si: silioon stardard

5.31.3 Maphdogy of MoAMO™N catatysts

The morphology of calcined catalysts wes investigated by SEM aralysis. All
te four ctalysts were foud © have aonpletely different norphologies ad tre
Imeges are given in Hgure 2. Long rad aor needle sheped anystals with a legth aoout
4-40 //m were dosenved in the case of MoVAIOX—1. These needle or rad shgped
aystals have collgosad ino sraller sizes In MOVAIOX—2 catalyst as shoan in tre
Fgure 2. For tre catalysts prepared a higer pH values VIZ, MoVAIOx-3 ad
MoVAIOx—4, the imeges are nore of miaooystallire and spogy In reture
respectively.
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Figure 2; SEM images of (a) MoVAIO~-1, (b) MoVAIOx-2. (c) MoVAIOx-3 and (d)
MoVAIOx-4

5.3.J.4 Rcinum Spedroscopy

Raman spectroscopy was used to identify different moieties/piiases tiaving
different coordination symmetry present in tl:e catalytic catalysts. The F-laman spectra
of all the calcined catalysts recorded at room temperature are shown in Figure 3. The
spectra of MoVAIOx-1 and MoV AIOx-2 catalysts show'ed bands at 992, 820, 664 cm"
which are characteristic of a-MoOa species and its presence was also supported by the
XRD data.

A broad shoulder band around 700 cm™ and a peak at 992 cm™ (the latter band
might be overlapped with that of a-M003) indicate the presence of phases containing
V205 unit viz. MOV208 phase [14], Interestingly, for MoVAIOx-3 and MoVAIOx-4
catalysts, the intensity of 820 cm™ band diminished to a broad shoulder. However, the
band centered around 700 cm™ increased many fold and became a broader band for
MoV AIOx-4 catalyst. The above features indicate the absence or negligible amount of

a-MoOj species and increased amount of pure V205 (V205 containing phases e.g.
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MoV20s) in these catalysts This s quite uderstanceble as tte relative amount of
vanedium aotent was higher in this catalyst conpared 1o thre catalysts prepared ata
low pH. In tre case of MOVAIOX—4, tre V antent wes nore then tret of Mo as ssen
in Table 1 The bands at 900 and 850 ani” are garerally attributed to the stretchirg
mode of Mo—O—Mo bonds of polynerized surface nolybdenum axide containing
Soecies in differat acoffiguatias (diners, oligarers) [15, 16]. The broed bands
aatered around 920, 900 and 850 am' are attributed to aystallire MosOu ad
Mo4Ve0O25 soecies in addition to Mo O3 type conpounds. The goectra of dl catalysts
showed a broed band inthe region 700675 et (Which were strager in MoVAIOX—3
and MoVAIOx—4) and a band around 400 cm . These bands are assigned to V-0-V (or
V-0-Mo) stretthing vibratias of polyreric sufae goecies eg. MOVAIO4,
Mo4VeO2s efc [17]. The bands can also be partly atiributed 1o the presence of a bulk
V205 epecially far MoVAIOX—4 catalyst as daracteristic bands of v:0s gooear &
282, 405, 695 and 993 cm* [14]. The absence of 760 or 937 cm™ bard In dl tre
calysts indicates ttet monoeric tetrdeda varedate goecies (—760 cm™) ad
sufae netavanedate qoecies (937 an'’) are ather aosant or presant in neglligible
guentities [18]. An isolated nonovanedate group having termirel V=0 stretching
mode which garerally exhibits a distinct rarrow band at 10301020 am*, isamsent in
the catalysts [14, 19]. Also, bands assodated with AlVO4 (deradteristic bands are
1003, 970, 943 cm™) are absent inthe calcined catalysts [20].
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Wavenumber, cm'

Figure 3: Raman goectra of () MoVAIOx—1, (b) MoVAIOx—2, (©) MoVAIOx—3 ad
(d) MoVAIOx—4 (calcined sarples)

53.15 UW-visible soedrasapy

The diffuse reflectance W/-visible soectra of the calcined catalysts prepared at
different pH values were recorded at room tarperature and are shoan in Hgure 4.
The goectra were deconvoluted o identify different bands present especially in tre
region 200500 nm. Accordingly, the soectra could be deconvoluted into five mgjor
bands cantered on 234, 265, 307, 376, 452 nm and honever, thelr intasities vary with
catalysts prepared at differat pH. The W/—isible soectra of few reference catalysts
narely VvOS04, V205, MoO3 a well a & synthesized ad calansd
(NH4)3A1MoeH6024.7H20 catalysts rgoresated by MoeAlY™ and  MoeAl-Car?
respectively were also recorded for comparison and the goectraare shown inHgure 5.

The W-uisible soectra of dl tre calcined catalysts were dominated by five
major pesks cantered around 234, 265, 307 (br), 376, 452 (Ws) nm and also a broed
band above 500 nm. The intarsity of the bands centered on 234, 265 and 307 nmwes
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Strager and the pesks at 376 and 452 nm gpear as a shoulder for the catalysts Whille
tre relative intasity of 234 ad 265 nm bands are nore or less sane for both
MoVAIOx—2 and MoVAIOx—1, bands in tre region 306—480 nm became strager far
MoVAIOx—2. The features of MoVAIOx—3 and MoVAIOx—4 were alnost sinilar ad
e bands in the region 3056—480 nm becane nore interse and a broed shoulder at 452
nm became dlearty visible

The bands in tte rage of 230310 NMm presat in Al tre catahysts were
assigned 1o Mo™ in actahedral coordination with different structural armangerrent [5,
18, 19, 21]. The abowve assigrent wes further substantiated by the WW/—visible soectra
of tre reference catalysts namely Mo 03, MoGAI-45 and MoeAl-Cct/ catalysts (Figure
5) and treir soectra are dominated by daracteristic bands in the region 200350 nm
The broad bands appeared above 550 nm are assigned o a dkd band assodiated with
Mo ad V ias with loner axication states eg. MO"VWWO™™ ar & they ae
ejoected to exhibit bands in the region 400750 nm [2Z]. The above assigments were
furtter sypported by conparing the soectra of reference sanples, MoeAl-Co/ ad
V0S04, which have a susstantial amourtt of Mo™ and resoectively, showing
daracteristic of ddband above 500 nm. The dominant band centered on 376 nm in
dl tre calcined catalysts were assigned O penta. coordinated [5 18 19]. The
assignett wes also cofimed by conparing with the W/—visible soectrum of
reference V205 catalyst where the vanadium s in five coordination staie The
intersity of the above band Inoreesss at higher pH values due 1o the Inoeese InV
aontent at higher pH.
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Wavelength, nm

Figure 4: DRS UV-visible spectra of (a) MoVAIOx-1, (b) MoVAIOx-2, (c)
MoVAIOx-3 and (d) MoVAIOx-4 (calcined samples)
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Wavelength, nm

Figure 5; DRS W-wisible soectra of different standard sanples

5316 EPR Joedrasoy
Haure 6 shons the EPR goectra of dl tre four calaned catalysts were

recorced at room tenperature. While tre EPR gosctra of MoVAIOX—1 and MoVAIOX—
2 catalysts shoned overlggped sigals corresponding t Mo ad MoVAIOX—3
and MoVAIOx—4 catalysts gave sigreals correspoding to mainly of Mo with no trace
of sigHl The EPR soctraof  oanters are daevadteristic of an adal synmetry
typical for orthogoal gearetry [23]. The EPR goectra of of MoVAIOx—1 ad
MoVAIOx—2 were best fitted with Hamiltonian parareters, gn= 1.926, gi = 1.985, Ay
= 183, A1 = 53 at goerating micronave frequency, 9.457 GHz.

Normalization of the sinulated spectrum with tre parallel conmponents of VA
EPR signal dlearly shoned thet EPR spectra of MoVAIOX—1 and MoVAIOX—2 aorsist
of overlgopad sigels fram and Mo goecies. EPR soectrum of Mo shoned
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unresolved broed isotrgpic pattem (peak to peaic lire width of 90 G). The assigent
of tre EPR sigal to Mo™ was also susstantiated by thet of the reference catalyst,
MoeAl—-Ca/, which shoned a deracteristic Mo sigal with 70 G lire width (Figure
6). The broed lire width may be due 1o the presence of nmore tten ane MO dites
and/or due to megretic Interactias between the paranegnetic oters those are
in dlose praximity. In order 1o quentify the anmount of paramegetic centers ViZ,
and Mo\, with respect to e total V and Mo aontents respectively, the areasunder tre
peak of dl the EPR pectra (double integration) wes calaulated using vanedyl sulfate
asastacard

Accordingly, tH was estirated to be aroud 0.8 % In MOVAIOX—1 &s
vell as MoVAIOX—2 wherees MO¥Wototal was aroud 25 % for dl the catalysts
indicating thet the mgjority of Mo and V goedies are in their higher axication states
narely Mo and reqoectively which are diamegretic. For MoVAIOx—1 ad
MoVAIOX—2 catalysts treareacorrespodingto . was determined sgoarately besed
on tre simulation before estinating the Mo aontait
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Magnetic Field, G

Figure 6 : EPR of (8) MOVAIOX—1, (b) MoVAIOX—2, () MoVAIOX—3, (d) MoVAIOx—4
and MoeAl-0il (calained sanples)

5.32 SHedive Oxdation ofehere

Al tre four catalysts were tested for selective axidation of ethare in a fixed
bed reector as described in the eqeerinetal ssction The reection was carmied aut
typically at the eqoerimental condition of 300 °C and 15 bar with a flow rate 0f 48.33
ml/min using ethang/air/steam 27.6/47.6/24.8 nol % over 2 g of catalyst lceding The
reecticnwes alloned 1o run far saveral hours (— 10 h) toattain saturation and tten tte
products were analyzed far every 3 h ad the results are summarized inTable 2. Each
data point is an average of three neesurenents. In dl these cases, acetic acid ad
ethylere were the main products goart from CO and CO2. Other products like etharol,
nmethanol and acetaldehyde were also seen ut in less then 150 ppm level and are ot
disoussed furtter. As seen inTable 2, MoVAIOx—1 gave 30 ol % selectivity to acetic
acid and 32 nol % sHectivity to ethylae a the ethare conversion of 9.7 nol %.
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Interestirgly, MoVAIOx—2 shoned an ecellett activity with 23 nol % ethere
conversion with a corbined ethylene and acetic acid selectivity of 80.6 nol % where
acetic acid selectivity alone wes 40.2 ol %.

MoVAIOx—3 showed a moderate ettere conversion (10.5 ol %) with a better
acetic acid selectivity of 46 nol % where the corbined ethylere and acetic acid
slectivity of 82 nmo! %. In both MoVAIOx—2 and MoVAIOx—3 catalysts the
slectivity to CO and CO2 was vary lon. The catalyst MoVAIOx—4 shoned the lesst
adtivity of 8.2 nol % ethane conversion with lonest aoetic acid selectivity of 3 ol %
where slectivity to ethylere was 18 nol % and selectivity 1 COx wes 79 nol %.
MoVAIOx—2 gave highest acetic acid yield 0f 9.25 nol % while MoVAIOx—4 gave tre
lesst yield (0.25 nol %). The other catalysts viz., MOVAIOx—1 and MoVAIOX—3 gave
an acsticacid yield of 291 and 3.78 nol %  respectively as shown inTable 2.

Since MoVAIOX—2 showed a better activity tonards ethane axidation then tre
otter catalysts MoVAIOx—2 catalyst wes alae tested at different eqerimental
coditios O uderstard treir effects on the ethare conversion and the praducts
slectivity. Experinents were carried aut at different reection pressures inthe range 5-
20 bar with a feed of etharg/air/steam 27.6/47.6/24.8 ol % at reection taperature
300°C and the resuits are plotted in Hgure 7. The reection pressure hes a definite
influence on ethylere and acetic acld sElectimty. As seen in the Hogure, ttere isa
gadal inoeese In the ethare conversion with increese I the reection pressure ad
reedhed rearly a plateau above 15 bar pressure. The etharne conversion was aroud 8
% at5 barand increesed t©23 % at 15 bar. The acetic acid selectivity was around 20
% and the ethylere selectivity was aroud 73 % at 5 bar and both reedhed around 40
% at 15 bar pressure and theredfter, the selectivity of ethylere and acetic acid were
nore or less the same util 20 bar pressure: Thus, the optinum reection pressure wes
aroud 15 bar at 300°C. The variation in tre selectivity t© CO and CO2 wes snall s
conyared to et of ethylere and aoetic acid where the selectivity © CO wes slightly
higher then thet of CO2. Selectivity © CO wes aroud 5 % at 5 bar which reeded
aroud 11 % at20 bar and CO/CO2 nole ratio remained aroud 1.6 £0.4 throughout
tre pressure range enployed

At an optinum reection pressure of 15 bar with a feed corposition of
ethangair/steam 27.6/47.6/24.8 nol %, addation eqeeriments were caried aut &
different reection tarperatures in thre rage of 260340 °C. The \eriation in tte
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slectivity of ethylene, acetic acid, CO and CO2 alag with tre etherne conversion asa
function of tenerature is shown in Hgure s. The ethene conversion at 270 °C wes 5
% and increesed t© 27 nol % at 340 °C. Although the conbined sElectivity 1©
ethylere and acetic acid wes around 80 % throughout the tenperature rage
enmployed, the aostic acid selectivity decreased fran44 % 1© 36 % on incressirg tte
tenperature from 260 t0 340°C. On the other hand, the trad for ethylere selectivity
was reerse with inoreese in tenperature. The other products were nanely CO ad
CO2 increase with tenperature due to the corbustion reectias of ethylere and aostic
acid The CO sellectivity was slightly higher then thet of CO2 as shoan in the Figure
[24].

The tine on streem study was carmied aut with MoVAIOX—2 catalyst to test the
stahility and activity of the catalyst with tine. The reection was carried aut for 50 h
and wes nonitored at regular tire intenals a 300 °C and 15 bar with tre fed
ethenglair/steam 27.6/47.6/24.8 nol %. The profile of ettere conversion ad tre
proclct selectivity with tine is given in Agure 9 where each data point wes tte
averace of three eqeerinents.

The influence of addition of water (steam) co—feed on tre etherne conversion
and the product selectivity wess studied at the reection tenerature, 300 °C by varying
the partial pressure of water at a aorstant partial pressure of ethere and oxygen. The
ethare conversion and selectivity of tre products nanely aostic acid, ethylere ad
CO2 are shown in Hgure 10 as a function of partial pressure of watter. The experiment
was performed by varying tte partial pressure of water between 1.55 10 6.23 bar ata
aostant tota pressure of 15 bar a the reector inlet where tte partial pressure of
ethare was 3.22 bar ad thet of oxygen were 5.63 bar (balance by nitrogen). As
shoan inthe FHgure, the conversion of ethare decresses gradlally from 23.8 nol % 1o
161 ol % when tre partial pressure of water wes inoressed franat 1565 106.23 bar:
Addition of steam shoned a positive influence on the acetic acid sHlectivity s tte
acetic acid selectivity increassed from 36.1 nol % at 1,33 bar ©43.9 % at 6,23 bar
partial pressure of water wheress ethylere selectivity shoned an goposite trerd, 41.8
% at 1.33 bar and 37 % at 6.23 bar. The CO2 selectivity was alnost aostant for the
antire rage ofwater partia pressure where CO was seen anly intraces
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Table 2: Selective axidation of ethere over MoVAIOX catalysts prepared at differant
pH values.

Catalyst Ethere Product selectivity (%) CH3COOH
Conversion CH3COOH  CH2CH2 CO CO2 Yield
(ol %) (ol %)
MoVAIOx—1 9.7 0 ?) 19 19 201
MoVAIOx—2 23 40 40 12 8 9.25
MoVAIOx—3 105 36 46 10 8 3.78
MoVAIOx—4 8.2 3 18 9 70 0.25

Readtion condiiors. Pretreatirent. tenperature: 400 °C for 4 h in He stresm (20
ml/min). Reaction corditias; tarperature = 300 °C, pressure= 15 bar, ethere = 13.33
mi/min, air= 23 ml/min, steam= 12 ml/min
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Pressure, bar

Figure 7: Conversion and selectivity profiles on selective axidation of ethere over
MOVAIOX—2 catalyst with resction pressure. Pretreatiment tenperature; 400 °C for4 h
in He stream (20 ml/min). Reaction coditias: tenperature = 300 °C, ethere = 13.33
ml/min, air= 23 ml/min, steam= 12 ml/min
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Temperature, C

Figure 8: Conversion ad selectivity profiles on selective axidation of ethaere over
MoVAIOXx—2 catalyst with resction tenperature. Pretreatirent tenperature; 400°C for
4 h in He stream (20 ml/min). Reaction codiions; pressure= 15 bar, ethare = 13.33
mi/min, air= 23 ml/min, steam= 12 ml/min
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Figure 9: Time on streem study of selective axication of ettere over MOVAIOX—2
catalyst with resction taTperature. Pretreainent tarperature 400°C for 4 h in He
streem (20 mi/min). Reaction coditics tenperature = 300 °C, pressure= 15 bar,
ethere = 13.33 ml/min, air= 23 mi/min, steeam= 12 ml/min
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Figure 10: Effect of partial pressure of water on the ethane conversion and product
sectivity during selective addation of ettere ovler MoVAIOX—2  catalyst
Bxerimental coditions: tenperature, 300°C; tota pressure, 15 bar;, catalyst, 2 g PO
= 5.625 bar and PC2Hs = 3.22 har, tre partil pressure of water was varied between
15 106.23 har, told pressure = 15 bar

5.4 Discussion

Although the initid preparative elerental conpositias were sae, the pH a
which tte catalysts were mede hes a strag influence on tre bulk and surface
elemental corpositions and the catalyst yield Decressing trad of Mo/V and Mo/Al
ratics with inoesse In pH (Table 1) indicates et Mo aotent in tre catalysts
decresses with increese In the pH \valle. Also, tre yield of tre caldined catalysts
decreased With inoreese inpH.

The decresse in the Mo aontent and the catalyst yield should be assodiated
with tre higher solubility of Mo or dissodiation of Anderson hetergooly compound,
(NH4)3A1IM 06H6024.7H20, at higher pH which aeates a less favorable situation far
the formation of mixed metal axides with the expected elerental corposition: Thus,
the pH of the slury hes a profound effect on the reture of the precursors and thelr
amount available for the formation of mixed netal axide catalysts at the hydrothermal
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codition and also on tre formation of anystallire pheses during tre heat treatnent s
seen in tre ponder XRD patterms Whille the surface area in tte range 7-20 mYg s
typical for the mixed netal axide catalysts, dbsenved loner surface area of MoOVAIOX—
1 should be due to itshighly aystallire reture [7].

The powder XRD patterrs of tte presant MoVAIOX catahysts are differat
fram tret of the reported MoVAIOX having a similar elemental conposition [5]. The
rgported XRD pattemn of MoVAIOx shoned mainly two sharp pesks at 20= 22 ad
45° (001) reflectias alog with other diffractias at loner agles. The presence of
strag pesk lire at 26= 22° {d=4 A°) wes rgoortad © be resporsible for the good
catalytic activity of tre catalyst. Honever, with the present catalyst systenrs the pesk
a27= 22° snot strag The difference inthe XRD pattens of the presant catalysts
from tre reported ore nmay be attributed o the pH codition of the preparative
conposition and subsequentt tenperature trestments All e four as—synthesized
catalysts prepared at different pH values were calcined under the identical codiios
L.&. heating up o 350 °C under Static air and then 1©400°C under the N2 atmoshere,
a—MoOs phese which is presant in MoVAIOx—1 and MoVAIOx—2 s totally dosatt in
the other two catalysts prepared at higher pH values. Thus, the presant resulits show
thet the amount of Mo O3 can be aontrolled by pH of tre initial preparative slury. The
presence of high anount of V205 in MoVAIOX—4, Mo O3 in MoVAIOx—1 and differat
elerental conpositias at different pH codiias indicate thet presence of tre rigt
amount of different elerents duning the tenerature treatirent s highly inportant for
the formation of active goecies. It s gererally dosened thet presence of additiaal
nmetal ion like Nb t MoyWzOx besic conposition influences formation of partially
reduoed phese (Mo4O 1 type) and decreases the formation of Mo O3 [26]. 1t gopears
thet in the present catalyst systens, Al 1an plays a rdle of Nb  in stahilizing differant
active pheses. Although Al cantaining pheses are ot dosernved exagpt In MoVAIOX—4,
Al might have been inoorporated invanedonolybdate or highly dispersed on the otrer
pheses, owing 1o its low content such tret itis ot seen INXRD pattem, or itexisted in
an arorphous state

A partial reduction of tre catalysts with a tenperature treatnent is gererally
adxened in tre presence of odlate and nitrate anions in the catalyst precrsars [4,
27]. In some cases, the presence of NOx favars partial axidation of netal ias with an
enhanced activity [28], Although reitter oalate nor nitrate salits were used in tre
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present catalyst systens, dosenved partid  reduction of Mo to Mo mightt be due 1o
ammonium ias presat The dosenvation of EPR sigal upon the heat treatmant of a
diamegnetic MoeAl-" preaursor Suosstantiates the point thet ammonium 1as presat
in the preaursor is reparsible for the partial reduction of Mo Estination of amount
of and Mo intre calcined catalysts shoving VWMot ~o0.8 % and Mo¥Y\Vototal
~25 % indicated tret ngjority of Mo and V are in their higher oxidation States, \iZ,
Mo ad reqectively which are diamegretic. itmay also be noted here ttet any
paranegretic caters comected through a super exchange pathway leeding to strag
antiferraregetic interactias might ot have contributed for the EPR intersity.
Presence of such antiferraregretic interactias in the present case can ot be ruled
autwhile dl the catalysts prepared at different pH values were found to be active far
te ethare axidation as seen inthe Table 1, the catalysts prepared et pH 1, 2 ar 3
shoned better selectivity o ethylere and acetic acid, with a noderate ethere
aonversion

Based on the pheses identified fram the ponder XRD, it gopears tret tre
MoVjOg phese, which is present in tre catalysts prepared at pH 13 are possibly
respasible for the selective axidation of ethare to aostic acidethylere. The XRD
patterms of both MoVAIOX—1 and MoVAIOX—2 are rearly similar except for the fact
thet (020) reflection of Mo O3 s \very strag (100 %) in MoVAIOx—1 as conpared to
MoVAIOx—2. The above dxeenation s likely due to the preferential arientation of the
Mo O3 aystals in MoVAIOx—1.

The syperior activity of MoVAIOx—2 conyared to MoVAIOX—1 needs furtter
inestigatics. The higer ratio of MoV2o0g/Mm3 In MOVAIOX—2 corpared O
MoVAIOx—1 may be due to tte loner Mo/V ratio in MoVAIOX—2. As sen in tte
elerental aalysis data (Table 1) e Mo: V ratio was 1:0.15 in MoVAIOx—I
corpared t© 1:0.34 in MoVAIOx—2. The presence of MoV2ogand MoaVeO2s iIn
MoVAIOXx—3 and its moderate activity SUbstantiate the conclusion thet Mo V208 might
be an iInportant phese resposible for the catalytic ectiity. The higher ethere
conversion with tte MoVAIOx—2 catalyst conpared to the MoVAIOX—3 catalyst
indicates thet Mo O3 sygport s important for the better ectivity.

Apart fran MoV20¢/Mo0s3 ratig the amount of the reduced phese Mo4Ou
was higher in MoVAIOx—2 carpared t© MoVAIOx—1 indicating the possibility tret the
MoV2o g phese along with the reduced goecies nmay be inportant for tre exaellent
adtivity. tmay also be noted here tret the surface area of MOVAIOX—2 s higher then
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MoVAIOx—1 which may have sore influence on the overall activity of tre catalyst.
With the above badground, it is eesy 1O uderstad the leest catalytic activity of
MoVAIOx—4 catalyst where MoV208 and Mo40O 11 pheses are minor pheses and Mo 03
phese wes totally absent. Presence of V205 and other high vanedium aontaining
pheses like MoVAIO4 might be resposible far tre over addation of the formed
product narely ethylerne and acstic acid
it may be noted here tret the partial reduction of catalyst precursors hes been
reported ©© have a positive influence on the activity and selectivity in selective
addation of the loner alkares, though the exact rdle of these qoecies are yet o be
udkerstood [4, 26, 27]. The presace of reduced goecies with anters in
MoVAIOx—1 and MoVAIOX—2 catalysts and Mo in MoVAIOx—3 and MoVAIOx—4
catalysts s dovious fram EPR resuits Honever, the rature and location of isot
dear from the presant study. One possibility s thet part of vanadium ion inMoV20s
isin  axddation state as Mo V20s isthe only vanadium containing aystallire prese
in MOVAIOx—1 and MoVAIOx—2. However, tte amssence of EPR sigal in
MoVAIOx—3 where MoV20s phese is tte mgjor phese does indicate the presance of
cotaining mn—anystallire gpecies can ot be ruled aut Presence of MO ard
other reduced pheses cataining Mo are dear from EPR, W—visible and XRD data
Thus, we beliee tet ethae B converted o ettylee by oddative
dehydrogenetion mechanism which in tum is adsorbed back on tte catalyst to form
aetic acid Decrease in tte acstic acid sHlectity and increese I the ethylae
slectivity on incressing the tenperature s believed to be associated with adsorption
and desoption phenomena. At high tenperatures, tre erergy, KT (Where K
Boltzmann aostat) was enough 1o desarb tre ethylee and thus meking it ot
awilable for the aoetic acid fomation The tine on streem studies indicated tret tre
catalyst is steble and active for saveral hours without any deectivation: Commonly
coourring catalyst deactivation by ooking is ot expected in the present systens due o
the axidative eqoerimental codiias. The studies of the effect of partial pressure of
vater aco-fead on ethere addation idicated et the water co—feed hes a positive
influence on the acetic acid sHlectivity and negative  influence on e ethylere
slactivity and the ethare conversion ratie The positive influence of steam on the
acetic acid selectivity is believed o be assodiated with the hydraxyl group formation
on the surface of catalyst which in tum fadlitates the conversion of ethylere to aostic
acid [2-31]. A reduction in the rate of ethere axidation by water co-fead hes been
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dosened by otiers for various retal axide systens [2 8, 29]. The decreese of ethere
conversion might be assodiated with adsorption of strag polar sustrate like water
andlor acetic acid, thus blocking the active sites thet leed o the reduction of tre
ethare axidation rate Different effect of water co-fead on the formation of acetic acid
and CO2 indicates the possibility for different types of sites where water seens to be
preferentially interectirg on tre gite tret is regporsible for ethylere 1o acetic acid
formation

The efficiency of the present catalyst system for the selective ethene addation
Is assumed to be due 1o the presence of Mo V208 and other reduced species sygported
on the Mo O3 phese. Activation of the C—H bond of ethare on the catalytic surface
possibly via ustable ethaxy intemediate leads 0 ethylee fomation Part of tte
ethylere formed adsorbs eitter weakly or stragly on the selective site of the catalyst
sufae in tte presace of water ad oxypen tet leads t© tte formation of
intemediates like etrerol and acetaldehyce and further 1o acetic acid  Although
aladhol/aldehyde products were not ssen as ngjor products, thelr concentratias up o
150 ppm were detected inthe GC amalysis. With the present eqoerinental codirtions,
axication rate of these aloohol/aldehyde intermediates leading to acetic acid might be
\very high Any of trese intermrediates, ethare and/or acetic acid will be axidized to
COx, ifthey are stragly adsorbed on any non-selective phese (e.g. AI203 ar V205).
Desorption of ethylere will be essier if it is bound on weak acid dite like Mo Os.

5.5 Summary and Conclusion

Catalysts of gaeral formula MoVAIOX prepgared with iniid  elerental
composition of 1.00; 0.34; 0.167 (Mo; V; Al) at different pH corditions showed pH
dependant elerental conpositians. While dl of them found to be active for selective
axidation of ethere, catalysts prepared at pH 2 shoned excellent activity with 23 %
ethare conversion with 80 % combined selectimty to ethylere and acetic adid In
equinolar ratio at gotinum eqerinental codiions. From ponder XRD and otter
Soectrosopic studies, the high activity s attributed 1o the presence of MoV20s ad
other reduced goecies like Mo4Ou pheses supported an MoO3. Although presance of
any amorphous phese s ot dear at present, presence of V. and Mo ias in partially
reduced form as corffimed by Raman, Uv—visible and EPR goectra, play a audal
role in tte selective axidation of etrere.
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