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Iron molybdate plays crucial role in the complexidex catalysts used for selective oxidation and
ammoxidation of hydrocarbons but its structural atectronic properties, and their changes in the
process of the reaction are poorly understood. wlined use of Raman, X-ray absorption, and UV-
visible spectroscopies was applied to investigateramercial catalyst as a function of the reactiore.

10 The results show that an iron-containing compouas! éxisted as predominantly ferric molybdate in the
fresh catalyst, which reduced progressively inghecess of reaction and formed predominantly fesrou
molybdate. The irreversible transformation from,(M®0O,); toward FeMoQ@ was accompanied by
formation of small amount of F@;. These two processes observed in our experimexnt lght on the
deactivation mechanism of this complex catalysthee they have negative effect on the selectivity a

1s activity. Specifically, they are responsible foretlleterioration of the redox couple, blocking the
transmission of lattice oxygen, and irreversiblgging the catalyst structure. Based on the restittse
combined techniques, a refined procedure has beepoged to develop more stable and efficient
selective oxidation catalyst.

— Bi®*+ 3F&* was proposed. The role of iron as redoX fre*
couple was again discussed by Bafiskpart from functioning as
redox couple, iron could also be involved in thenfation of
so other important compounds (as in the case of bisrmdlybdate)
which can display good activity, selectivity andalstity by
stabilizing the structure of catalysts.
The time-dependent changes in the catalyst's ceitipo
offer a possible clue towards the explanation ef deterioration
ss of its catalytic activity. Deactivation of MCM cdyat was
attributed to the structural transformation of wwoolybdate due
to the loss of Mo@ by volatilization* MoO; is mainly formed

. ; ) ; i by reduction of F€MoO,); in the redox catalytic process
the pron130t|ng action of iron in the bismuth phospbtybdat_e according to the equation: £M00,); — 2FeMoQ + MoO; +
%0 catalyst?' AghOUQh a lnumb_er o;othzr elefmentsh such as Ni, Cé?)’[O]Lamce which was evidenced by the presence of a mixtfre
Cr, Mn, and K were later introduced to form the tn(_aﬁ|C|ent Fe(MoO,); and FgO; in similar catalystsl.4 The iron oxide
multlco_mponent monbdate_(MCM) cataly8iron contmued o tormed by oxidation of the ferrous molybdate proesot
be an important promoter in t_)Oth molybder}um-_annhmny- propylene deep oxidation, deterioration of catacttvity, target
based catalystsDifferent chemical forms of iron in molybdate

| 4 | has b - o i product degradation and is responsible for the isbdirown
s catal ystsean Its role ?S a promoter has econ7]ec33 INtense . olor of the spent MCM catalysts. Additionally, tirecreasing
research? Early studies by Annenkova, et ‘atevealed that

g , , loss of reversible P&Fe** redox couple or BEMoQ,); structure
Bi,(M0Q,)s, F&(M00,);, and BjFe,0q are the main components

. : st i g d the f i collapse can also lead to other adverse conseggiesueh as the
ina ',:e'MO'B' terlnary system. Batist, ) ported the formation increasing pressure drop in the catalytic bed, atéagion of the
of BisFeMo,0Oy, in another Fe-Mo-Bi type system. Wolf and

] 4 oo catalyst mechanical resistance, and the decreasisglual
40 Matsura concluded that maximum activity and seldgtiof the

) S 70 activity of MCM.1®
Mgll'xl.:e"MolzBlo” (Q§x§4).cat.a_1lyst IS dlsplayed Wh.e<n:.2.5 It is evident from the prior results that the mainallenge
but did not explain the significance of this optimuiron

) ) ) towards better understanding the role of iron iis important
concentratiorf. Van Oeffelen arrived at the conclusion that the

1. Introduction

20  Selective catalytic oxidation and ammoxidation tofdro-
carbons are used in approximately one quarter ef rtiost
important industrial chemicals and basic intermedigproduced
by all catalytic processes worldwideMolecular-level under-
standing of catalytic behaviors in these processanportant for

25 advancing the general knowledge of catalytic meismas and
forming a basis for rational design of new cataystnd
processes. A major breakthrough in the developroknatalysts
for oxidation and ammoxidation of olefins was thiscdvery of

le of iron in th , intainrBoiidized class of catalysts is the heterogeneity of the étednstates of
role ofiron in the same system Is to maintainrBoxidized state, iron, the coordination environments around iromapas well as

4s by functioning as a redox couple and to accountHeroptimum stheir changes during the reaction. This complexigsents

iron level atx = 2.5°Consequently, an equation of’Bt 3F&"
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significant challenges for their structural and i@l analyses
due to the ensemble-average nature of most cheemtten
techniques. In this work, we report a combined afeX-ray
absorption fine structure (XAFS) spectroscopy,
spectroscopy and diffuse reflectance UV-visiblehtligDR-UV-
vis) spectroscopy, for determining the dominantneical states
and functional forms of Fe, and their change duthmgreaction
process in a representative commercial catalyse fethods
used in our work were found to be useful for mtdthnique
studies of complex catalyst® " XAFS is known for its
excellent sensitivity to chemistry and coordinatemvironments

Rama

beginning of the reaction. The corresponding sasate denoted
as S0, S5, S8, S11, S16 and S48, respectively.

2.2 Raman Spectr oscopy

The metal oxide phase present in the MCM catalgstples
was examined using Jobin-Yvon
spectrometer. Before measurement the spectrometas w
calibrated using a silicon wafer to a wavelengtbuaacy of +1
cm'. The Raman spectra of the fresh and spent catahjitts

es different reaction times were then collected undenbient

conditions using a 632.8 nm excitation line of He-Mser

of iron complexeg? and it is used extensively for analysis of source, equipped with a confocal Olympus microsc@@é-30).

degradation in MCM catalysts. Similar to other enkke-average
techniques such as XRD, XAFS is not sensitive tmaniiy

The laser power was kept below 0.5 mW at the sasplas to
minimize any laser-induced alterations of the sampl

species because it is a volume-average method. 'Ran?oaz.sDiffuseReflectanceUV-visSpectroscopy

spectroscopy, on another hand, is capable of degectuch
species due to various selection rutddzor example, small

Diffuse reflectance UV-visible spectra of selecteamples

amounts of Mo@ mixed into a ferric molybdate-rich phase may Were carried out (from 12500 to 50000 “Ynusing a Perkin

not be detectable by XAFS or XRD, but would be detiele by
Raman spectroscopy which is used extensively fadystg

Elmer 555 double beam spectrophotometer at SRIBS(Bwas
used as reference, and slit width was set to 2.0 nm

structure of molybdatés.In addition, the fact that the reduction,, 5 4 X-ray Absor ption Spectr oscopy

form of iron molybdate, iron oxide, has no sigrafit
contribution to Raman spectrum due to its weak Raseatter
and is sensitive to DR-UV-vis spectroscopy, shalti be taken
into consideration.

Another important aspect of catalysis investigaidhat this
work helps resolve is the issue of heterogeneitydiffierent
chemical forms of the same element in the samplerage
techiques such as XAFS, used alone, cannot disatmbetween
the different models: 1) changes in the chemicatest of Fe
occur uniformly throughout the entire sample ortl# sample
has a mixture of the same two or more states adtFal times,
and the volume fraction of each state changes tiité.

Our work shows that correlating the results ostheechniques
is required in order to resolve this challenge gmdpose a
specific model of chemical and structural transfation in iron

species and shed light on the mechanism of thelysata®

deactivation.

2. Experimental
2.1 Catalyst preparation and catalytic tests

Fe K-edge X-ray absorption spectroscopy (XAS) data were

performed in transmission mode at the beamline X-If
National Synchrotron Light Source at Brookhaven idiel
Laboratory in New York, USA. Double crystal Si (311

go monochromator was detuned 30% to minimize harmorics-

filled ionization chamber detectors were used foeasuring
incident and transmitted beam intensities. In aofdjta third
ionization chamber was used to detect the beamughroa
reference Fe foil, for energy calibration and dal@nment

ss purposes. The XAS specimens were made by depositiag

catalyst powders onto adhesive tapes and foldiadape several
times for homogeneity. The edge steps of the Xalagorption
coefficient at Fe K-edge energy varied betweeradc80.4 for all
samples.

Initial data processing was performed by AtHéreoftware
from IFEFFIT data analysis package. Several consecu
measurements of the same sample, were alignedvandgad to
minimize statistical noise in the data. To direatympare X-ray
Absorption Near Edge Structure (XANES) data of efiht

9s samples, the same procedure of pre-edge lineditfost-edge

The catalyst in this study is a member of family Curve fitting, and edge-step normalization was pblto all
Bio 5-1F€-gM012-1X mOa0502-22 (denoted hereafter as Fe-Mo-Bi) Samples. Quantitative data analysis was done USMIA

from Shanghai Research Institute of Petrochemieahmology
(SRIPT), which shows high activity and acrylongriselectivity

software?*2®

at 380~ 45(L. X,, stands for other elements such as Cr, Co, Ni,3. Results
Mg, Mn and K. The catalyst was synthesized using Gg 31 Raman spectr oscopy

precipitation method, it was then spray dried aaltined in the
rotating furnace at the temperature of ~600. Catalytic

The spectra corresponding to different reactiones are

ammoxidation processes were studied at the Comaberci Shown in Figure 1. The spectra feature symmetnietating

Fluidized Bed Reactor (CFBR) in SRIPT. After 5 1@ days of
its use during the ammoxidation reaction in CFB#g tatalytic

mode, v;, of the MoQ tetrahedron at 955 ch asymmetric
stretching mode, at 890 ¢hand/or 835 cm, bending modes in

1 -
activity reached a stable state. Then the catalgststudied at the s Plane and out of plane at 430 and 360 cand rotation of the

accelerating activity-test facilities that employse Laboratory-
scale Fluidized Bed Reactor (LFBR). Using the LFBRe
samples were studied for different times of reactidresh
(unused), 5 days, 8 days, 11 days, 16 days anay8ftbm the

entire tetrahedron at 240 &mThese observations are in good
agreement with literaturé 2 Similar spectra have been found in
B-CoMoQ, wherev,;=945 cnt, Ni/Mo alloys ¢,=940 cm')®, in
B-HgMoO, (v;=970 cn. in a-MnMoO. (v,=940 cmb). in

110 NiMoO, (v;=960 cm')?’. Vibrational modes of Mophave been

2 | Journal Name, [year], [vol], 00-00
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reported at 700-900 ¢thand its bending at 300-400 €% The what exactly happened to & 00,); remains unclear. The next
spectra shown in Figure 1 also reveal the presehEe(MoQ,); section will address this question.
in our catalyst, which has a characteristic, higknsity, and well
isolated band at 783 ¢This in good agreement with reported
s data for Fg(MoQ,); that feature major bands at 960, 780, and Figure 2 show$eK-edge XANES spectra collected in the Fe-
350 cm".?*?°Qualitatively, the 783 cthpeak intensity can thus Mo-Bi catalysts. The spectra for all samples, fré&® to S48,
be used for estimating the amount of(M00O,);in our catalysts. ~ exhibit gradual shift towards lower energy with tinerease of
Figure 1 demonstrates that this compound has égHilgradual ~ reaction time. By comparing our data with thosevimasly
decrease in its quantity with reaction time. Theref our Raman  reported”>*we can firmly believe that this trend is consisten
10 measurements, in agreement with previous repdimslicate that so with the change in average oxidation state of Bmfi+3 towards
the major presence of iron exists in the formFef(MoO,); in +2.
fresh catalysts (also short service time catalystsii as its
reduction to FeMo@ after long-time use. This result is only a
partial picture of composition and structure of¥e-phase in the

3.2. X-ray Absorption Near Edge Structure

15 catalyst because other Fe phases that are not Ractime may Fe?s |Fe® —g —il
also be present. 16 ' 16 18
Fe,(MoO,),
5 —LiFe,(M0oO,),
1.

0.8

0.4

7110
7120 7140 7160 7180
Energy (eV)

7140 7170 7200

Normalized Absor ption Coefficient

0.0

Intensity (a.u.)

Figure 2 Fe K-edge XANES of Fe-Mo-Bi catalysts with different reaction
time, and reference compounds Fe,(M00,)s, Li;Fe,(Mo0O,);, Fe,03; and
55 FeO. Arrows show presence of quasi-isosbestic points indicating both the
200 i 400 i GE)O i 8(')0 i 10'00 i 1200 one-step transformation within the catalysts from SO towards S48 and
i 1 their agreement with the two standards (Fe,(Mo0,)s, and Li,Fe;(M00Q,)s)
Raman Shift (cm™)

Figure2 and its inset show dramatic changes in the Fedéed
tF.ig‘"e :t Ri’:a’; spectra °ftheh'M°‘BitFata('éSt; cgr;ispfgd;ggdto ‘;if/f_\ere”t s0 XAS data for different stage catalysts, and refeeecompounds
imes after the beginning of the reaction (0, 5, 8, 11, 16, ays). Arrow .

20 indicates a peak cogrrespfnding to the Fe;(Mo0Q,)s complex) ! Zr?zcgTﬁgﬁ;&éﬁjﬁMﬁ;ﬁiMFo%?i a(:rc: dFISQ%E, -:Z]ngit:gfzvgraga
obtained in two different experiments (the refeeewompounds
were measured by Shirakawa, ef?al In order to directly

es compare them, all data were first aligned in alteofinergy using
reference data of Fe foil (in the case of the gatadamples) and
FeO; (in the case of REM00O,)s; and LbFe(MoO,); data)

. } measured simultaneously with all the samples. Bgsueng the

we assume the majority MMQO phases don't change XAFS data in Fe foil and E®; in the same transmission

f5|gnslfé)cag;ly.s';hesllilug;of 06524(8)'39’ 0'35.’ Ol-B&;‘O and 0520 70 experiment we obtained the relative shifts needeapply for all
or 59, 59, 96, ' an , respectivelyodstrate that i, gets to share the same X-ray energy origin.

0 F&(M0Q,); phase has been decomposing during the reaction Nearly perfect agreement between the starting kar8p, and

proges_s, from the highest _catalytlc activity S0 _the Very Fe,(MoO,); demonstrate that: 1) the charge state of Fe iom wa
beglnnlng o the ”_]OSt_ deactivated sample 8_48 melpngest +3 in the fresh catalyst, and 2) its Fe phase wadgminantly
serwtce gmteil\g/el will discuss the reason for ttésainposition in 75 F&(M0Q,)3. The absorption edge positions are defined as the
greater detan bEIow. . . - main absorption peak maxima throughout this arti€ler the
s As for the MoQ discussed above, it has its characteristic bandFez(MoO) and SO data, the Fe K-edge positions were at 8131
4)3 ’ = .

_T_L817bcml Wh'cth'IS cliarly T'Ssmgil from tlhe dsagar:n F'gﬁﬁé . eV and 7131.5 eV, respectively. Upon catalytic tieacfor some
e absence of Mogphase from all samples throug IS period of time, the spectra shift to lower energiesvards the

gugié?sor&ark]).lehdUﬁ ttc.)rtthelfr '\p/alrolc:jnggd (t?q to M?Heatment so reduced form of the iron molybdate, FeMp@ith the charge
'{;A di an dlg t\;]o aRI o r?@ utrlng t'e reac ',On proces;s. state of Fe to +2. Instead of measuring FelyJa@ compare our
w0~ As discussed in the Raman characterization sedfieramount 4. vith another F2 compound of LiFe(MoO,):>*which has

of Fe(M0O,), was gradually decreasing with reaction time, but the same local structure around Fe as in the Feifo& shown

As demonstrated in Figure 1,,8/d00,); shows abundant load
in SO, then decreases monotonically in S5 throutfh Sor semi-
quantitative purposes, the intensity ratio was wdated between

»sthe strongest bands from MM@O(M=Co, Ni, Mn) and
Fe(MoO,); appearing at ~950 ctrand 783 cni respectively, if

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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in Table 1, not only the distributions of the firshell Fe-O
distances and the second shell Fe-Mo distancesa@rbe, but
also the coordination environment in these two coumgls are
very similar. Hence, the use of theE&,(MoO,); for comparing
with experimental data in the Fe-Mo-Bi catalystpstified.

3

Table 1 Relevant Structure Parameters of Fejfabid LiFe(MoO,)s*

Fe environment FeMaQ LiFe(MoO,); difference
Charge valence +2 +2 0
Fe-O coordination number 6 6 0
Fe-Mo coordination number 6 6 0
Average Fe-O distance (A) 2.14 2.12 <1%
Average Fe-Mo distance (&) 3.61 3.67 <2%

In the spectra of the last sample, S48, its Falf§eeenergy
10 (7129 eV) was higher than that of;E&(M0Q,); (7127 eV), as

[ (a) T two principal components

01f

Eigenvalue

0.01f

1E3F

0 1 2 3 4 5 6 7

shown in Figure2. Hence, the average charge state of Fe in the Component number

last sample is not equal to, but approaching theevaf +2. As
evidenced by the presence of quasi-isoshestic painfEigure 2,
Fe ions in all samples undergo transformation fréemric
15 molybdate to ferrous molybdate other than iron ext@O, since
its spectroscopic features are different from t@@hand S48.
One possible method of quantitative analysis e§¢hXANES
spectra is by linear combination analysis. In thithod, data are
represented as a linear combination of two or neiemdard
20 compounds and their mixing fractions corresponth& volume
fractions of the corresponding iron species in shenple. The
problem with this method is that, it does not offermodel-
independent determination of the number of indepenhdpecies.
Principal Component Analysis (PCA) is a superiorthod for
»sthat purpose, because it allows to 1) find the nembf
independent species mixed together in the sampddl ataction
times and 2) obtain their unique identitf&s®
Figure 3 (a) shows the “scree test”, demonstrathg the
number of principal components required to repredatl 6
30 experimental spectra is equal to 2, as evidencettidoyegligible
Eigenvalue (0.005) there. The standard compounds

16F

1.2}

0.8}

Normalized Absor ption Coefficient

—S8
0al —_— FeZ(MoOA)3
Li,Fe,(MoO,),
— Linear combinatior)
0.0 T T T T T
7100 7120 7140 7160 7180 7200 7220
Energy (eV)

Figure 3 (a) The “scree test” shows the change trend of the eigenvalues
Qobtained by Principal Component Analysis. The change in slope after two

Fe(MoO,)s; and LbFe(MoO,); were well reproduced by the ss leading eigenvalues indicates that the number of independent species in

combination of the two principal components and theget
transform was performed from the basis of absttactponents

3st0 the basis corresponding to the two standarde mixing
fraction of the Fe +3 and Fe +2 states was obtairsaug linear
combination fit that was using the PCA softwarekaae>’ Data
reproduction of the experimental spectra and tvemddrds is
shown in Fig. 3 (b) as an example.

40

the sample is equal to 2; (b) Representative linear combination fit of the
sample S8 using the standard ends of Fe;(M00,); and Li;Fe;(M00,)s. The
mixing fraction of them was the only fitting variable

so.  We have also tested a three-species model against
experimental data, using & as a possible standard, in addition
to the previous two-species standards as descabeste. The
best fit values of the mixing fractions, correspiogdto species
after the target transform procedure, had largeatiesy values,

ss Which is non-physical. Hence, our XANES data gigeevidence
for formation of FgOs, within the accuracy of the PCA method
used.

4 | Journal Name, [year], [vol], 00—00
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Figure 4 Fractions of Fe,(MoQ,); in the samples SO through S48 obtained

using two different characterization methods, Raman and XANES, exhibit

similar trends. The two measurements indicate that the amount of
5 Fe,(MoQ,); has decreased with reaction time

Guided by the PCA results, we treat the changed-ef

oxidation state in the catalyst during the reactasna one-step

~460 nm*2>*#The broad absorption in the UV region is ascribed
to the presence of both tetrahedral and octahed@holybdate

45 groups®® whereas the one in visual region is attributeBe;.*°
This iron oxide becomes increasingly abundant, mpamied by
catalyst sample showing red-brown color charadterisf the
fresh FeOs,*! with longer reaction times according to either or
both of these mechanisms:

3FeMoQ+ 3/4 Q — Fe(M00,);+1/2 FeO; (1)
2

Taking into account the different crystal structugd o- and -
FeMoQ, phases (MY coordination is octahedral im and
tetrahedral irp), it is reasonable to conclude that the mechanism
ss (1) occurs preferentially fop phase and (2) fax phase, as M6
coordination is tetrahedral in KMoO,); but octahedral in
MoO;. Given that no Mo@was detected in the Raman spectra
from SO through S48, one can further conclude Huptl is the
main reoxidation path during the entire catalytrogess. As a
eo result, Eq. 1 will lead to more stable catalyti¢idties than Eq.
2, due to the regeneration of ,#d00,)s. As for the increasingly
accumulating F£j; as evidenced by the UV-Vis spectra (Fig. 5),
its absence in Raman spectra and in the Fe K-edysES

50

2FeMoQ+ 1/2 G — Fe0;+ 2MoO;

transformation from Fé to F€2, and summarize the quantitative SPectra indicates that it is present in the saraple minority Fe

10 information about the rate of this transformatiarFigure 4. The
best fit results for samples 0, 5, 8, 11, 16 andsHd&wv gradual
and monotonic decrease of the fraction of(M®0,); from 99%
to 37%. According to these results, the averagehaege states
in all samples as varying from +3 at SO to +2.37S#8. This

15 result demonstrates that the average Fe oxidatie & all spent
catalysts, even for the longest reaction timetilsrauch higher
than +2 which is the oxidation state of Fe in FeMoO

Due to the ensemble-averaging nature of XAFS etlage two
models that can be used to interpret the PCA mesdlf A

20 “homogeneous transformation”, in which every Faratthanges
its charge state from +3 towards +2.37 for samglet@vards
sample S48, and 2) “Heterogeneous transformatiaiere Fe
atoms are divided in two groups at all times, wittarge states
of +3 and +2, with volume fractionsand 1x, respectively. The

2s volume fraction of F& changes from 99% to 37% for samples SO

to S48, respectively. Both models will give ideaticKANES
trends and identical results in linear combinagoalysis. Hence,
within the results of just one technique, XANESsiimpossible
to differentiate between the two models. Howeverm@n spectra

s show that F&, in particular, F§MoO,); remains in all the
samples through different reaction stages, not damlthe fresh
catalyst SO but also in the last one S48. That rebten is
consistent with model 2) and inconsistent with nidije Thus,
the combination of XAFS and Raman measurementsgsited

s to validate a hypothesis of partial ,Bd00,); transformation,
specifically Fg(MoO,); — FeMoQ, during the selective
ammoxidation process. This transformation will hecdssed in
greater detail below.

3.3. UV-visdiffusereflectance spectr oscopy

Figure 5 shows the DR-UV-vis spectra of selectathses
from Fe-Mo-Bi catalysts with different reaction #s All the
spectra exhibit a characteristic absorption banBegfMo00O,); at

40

es Species whose volume fraction does not exceed%awhich is
the uncertainty in the Fe speciation by Principalmponent
Analysis of XANES spectra.

=
o
T

o
(e
T

o
[«2)
T

o
>
L}

48 days

o
N
T

Normalized Absorption (a.u.)
o
(=)

Waveength (nm)

200

Figure 5 Diffuse reflectance UV-visible spectra of selected Fe-Mo-Bi

70 catalyst samples. The data are normalized by the absorption maximum.
The increasing intensity in the region between 400 and 700 nm shows
the growing amount of Fe,0; with reaction time.

4, Discussion

7 As well documented elsewhete?® propylene ammoxidation
obeys Mars-Krevelen mechanism and is a six-elechemox
proces$? Iron molybdate, both ferric- and ferrous-one, igomd
example for efficient redox couple. It can promate dioxygen
dissociation on F& into lattice oxygen [Q] and its transfer to

s the active site using B&*® The latter, in turn, will reoxidize the

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



Catalysis Science & Technology Page 6 of 9

resulting reduced Bi and M8 further turningCsHg into target  ss without it, the presence of @, could not have been detected.
product GH3N as well: In conclusion of all the observations describedvab we find
that continuously increasing accumulation of FeMoénd

F& +1/20,—~ FE"+[0] +e (3-1) depletion of FgMo0Q,); is inevitable with the increased reaction
BP*(Mo™) + 3Fé* — Bi®*(Mo®™) + 3Fé* (3-2) time, provided that no additional Mg@@ added to the reaction
0 mixture to reverse the Eq. 4 towards thg(MeO,); direction. As
5 GHg + NH; +3[0] — C3H3N + 3H,0 (3-3) a result, the catalytic performance of Fe-Mo-Biabgt, will
degrades with reaction time.
It is evident from these examples that iron molybda an active Two recommendations for rationally designing hette

species throughout the entire catalytic reactiod has played  ammoxidation catalysts emerge from our findinggstFiit is
crucial roles in the ammoxidation process. Forghke of high ¢ important to maintain a sufficient number of*Feites in an
performance on Fe-Mo-Bi catalyst, the balance betwee*and  overall reducing atmosphere (propylene ammoxidatitm
1 FE* should be kept close to that in the initial statéich is  acrylonitrile), it is necessary to stabilize thé'Fatate structurally
known to have the highest catalytic activity anksiévity.*” Our  and/or functionally. One candidate for such stabiliis the
experiment demonstrated (Figure 1), that the ingifate of the  cr*/Cr?* redox couple. It is, generally more effective aher
iron molybdate, F€M0O,)s, has decomposed significantly for all,, temperature than iron cougfein addition, it acts as a structural
catalyst samples from S5 through S48. The rateecbmhposition  diluents to iron and booster of the*Fstate in Fe-Mo-Bi matrix.
1s was the fastest during the first 16 days catalytacess. Relevant tests are presently under way in our gangp will be
XAS results not only have illuminated the time-eegent  reported elsewhere. Second, it is important toeréph the Mo@
decomposition of the iron molybdate during the tieac but also  into the reacting mixture, to compensate for itssldhrough
have revealed that iron-containing phase in fremhpde SO is . volatilization or sublimation as to slowing dowretiollapse of
predominantly F&MoO,)s. In addition, the combined use of ferric molybdate. The MoQ, may come from a separate
2oRaman and XAS helped us to propose the deactivationomponent compound or some other compound as segges
mechanism for F£&Mo0O,);, which follows the FgMoO,); — elsewheré&:®
FeMoQ, step. Another important result emerging from thizrk Based on the discussion stated above, we conthaledeal
is that Fé&" directly transforming towards Fe with no g Fe-Mo-Bi catalysts for AN ammoxidation should be tho
intermediate phase. During this transformation, t@ume  functionally and structurally stable. The formequées, using
25 fraction of Fé+ Changes from 100 to 37% for Samples SO to S48ir0n m0|ybdate as a key component and an exambm’ its
respectively, and the volume fraction of *Feincreases functional form be kept the same as in the freghlyst. Based
accordingly. While speciation of chemical statesgroh has been  gn our results, and the work of others, a revissbible model
made possible by XAS in earlier work8;* it is due to the g for highly active and long-term stable Fe-Mo-Biaigst may be
complementarity of XAS and Raman experiments thaths proposed, as illustrated in Figure 6. In this gatathe F&7/Fe**
w0 conclusion can be made in the present case. Eatimit®e, redox couple is crucial, both composing reversiliox
taken alone, will only show an incomplete picture. processes and stabilizing the main structure oflysts by

We now turn our attention to the possible origiob  suppressing its deformation, due to active compbnen
decomposition of F€MoO,); The following equation is a 4 decomposition.

plausible description of the process:
35 Fe(M0O,); = 2FeMoQ + MoO; + 1/20G,  (4)

For an ideal catalyst, iron molybdate could strikebalance
between its ferric and ferrous forms during thealgais process,
and the balance should be fully reversible. In tbase, the
catalytic activity of the spent catalyst, e.g., wenmsion of

40 propylene, will be same as the fresh one. Howedwee, to the
loss of MoQ via volatilization and much easier sublimation of
MoO,(OH), after combination with resulting® (Eq. 3)° Eq. 4
loses its reversibility. Therefore, ferrous molytedacan only
partially get oxidized and restored back to ;(F®O,);

ssincompletely, resulting in increasing amount of ufent
FeMoQ, We propose that Eq. 1 is the likely oxidation teou
because no Mopwas detected by Raman spectra (Figure 1) anc
it is accompanied by small amount of,8¢ which was detected
by DR-UV-Vis (Figure 5). The presence of a minuteocant of

s0 iron oxide is not in contradiction with our XAS tdts because
the .uncertalntles in the LCA- Qerlved e_rror_ bars mixing Figure 6 Schematic model for Fe-Mo-Bi catalyst, shows the role of
fractions allow for 5 % of another iron speciestia samplevide Fe**/Fe’ redox couple during the propylene catalytic ammoxidation
supra), and UV-vis is highly sensitive to f8;. Hence, role of  process. Propylene CsHg are converted into target compound CsHsN on
the UV-vis measurement was very important here Umma  bismuth molybdate through H-abstraction and lattice O-incorporation,

6 | Journal Name, [year], [vol], 00—-00 This journal is © The Royal Society of Chemistry [year]
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while iron molybdate (including ferric- and ferrous-) acts as dioxygen
dissociation and lattice oxygen transfer. Two highlighted strategies
proposed here, are the introduction of Cr*'/Cr®* redox couple in the
catalyst preparation, and replenishment of MoOs; via separate
component or compound during the reaction process

o

5. Summary and conclusions

In our Fe-Mo-Bi catalysts, an iron molybdate phmsntified

as Fg(MoQy); has undergone dramatic partial (more than 60%)

10 decomposition with reaction time. This decompositizas a one-
step transformation from the einto another form of iron

molybdate, namely FeMaQOwith the iron charge state of +2.
These results were obtained by a combination of dam

spectroscopy and XANES spectroscopy studies ofrtésh and

1sspent catalysts at different reaction times. DR-U¥-
measurements revealed a small fraction (less thaniune %) of
FeO; during the reaction process. The combination afseh
measurements allowed us to propose mechanism
transformation of iron molybdate and its role ire thropylene

20 ammoxydation process. This work highlights theiaaltrole of
Fe** species for the stable and efficient conversiopropylene
to acrylonitrile in the selective ammoxidation. Aodification of
the Fe-Mo-Bi catalyst that will help stabilize ¥eions is
proposed.

25
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