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A multicomponent molybdate catalyst of the composition SOY, NisCoaFe3BiPKo,~R1~12062.a- 
5O7o SiOz was examined for structural and surface changes before and after its use in ammoxi- 
dation of propylene at 48O’C for 10 hr. The techniques employed were TG, DTA, X-ray 
diffraction, ir spectra, ESR, Mdssbauer spectra, and ESCA. TG and DTA show that the 
catalyst is thermally stable up t,o 1OOO’C and it does not contain free metal oxides. X-Ray 
data and ir spectra indicate that Fe, Co, and Ni are present as Fes(MoOl)3, p-CoMoOn, NiMoO+ 
and Bi, as Biz03.MoOl and Bi~03.3MoO~, respectively, in the fresh catalyst (I), while 
Fen(Mo04)3 is reduced to FeMoOa in the used catalyst (II). Miissbauer and ESR spectra show 
that Fe exists in the Fe3+ state in I and in the Fez+ state in II, the latter also being in two 
different chemical environments. ESCA reveals the existence of Co, MO, Ni, Fe, Bi, Si, 01, and 
011 in the surface layer of I ; the surface concent,rations in II differ markedly: MO, Bi, Fe, and 
011 increase and Co, Ni, Si, and 01 decrease upon exposure of the catalyst to ammoxidation 
conditions. 

1NTROI)UCTION 

The industrial catalysts for ammoxida- 
tion of propylene are generally based on 
bismuth phosphomolybdate (1, Z), uranium- 
antimony oxide (3, 4) and bismuth-iron- 
molybdate (5). In recent years, however, 
more active and selective multicomponent 
catalysts containing Ni, Co, Fe, Bi, P, I<, 
and MO on silica support were described 
in patents (6, 7) for oxidation and ammoxi- 
dation of propylene. In view of the com- 
mercial significance of the above catalysts, 

their physicochemical and structural prop- 

erties were studied extensively. Batist et al. 

reported such studies on supported and 

1 To whom correspondence should be sent at the 
preJent address: Laboratorium voor Petrochemische 
Techniek, University of Gent,, Krijgslaan 271, 9000 
(:ent,, Belgium. 

unsupported bismuth molybdate and bis- 
muth phosphomolybdate catalysts (8, 9). 
Structural aspects of the U-Sb-oxide sys- 
tem were studied by Grasselli and Suresh 
(10). Batist et ~2. (11), Daniel and Keulks 
(Id), and Noterman et al. (IS) carried out 
detailed studies on the Bi-Fe-MO system. 
Recently Wolfs and others from Eindhovcn 
(14-17) published the structural properties 
of various multicomponent molybdate cata- 
lysts with the general formula Me;lllM~,,ll I- 

Bi,Mo&,, in which Me” w-as Ni, Co, Mg, 
or Mn, and Me”’ was Fe, Cr, Al, or Cc, 

and the influence of the various cations on 

the activity and selectivity for oxidation of 
butene. Their studies were all on unsup- 
ported catalysts. Industrially used cata- 

lysts are usually supported on silica (about 
riO’% by weight in the catalyst). Therefore 
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we undertook the physicochemical char- 
acterization of a multicomponent catalyst 
containing Ni, Co, Fe, Bi, K, P, and MO on 
silica support. We aimed our studies pri- 
marily at investigating (a) whether these 
elements in this catalyst arc prcsrnt as their 
respective oxides or molybdates, (b) the 
structural properties of the compounds 
existing in the system, (c) the valency state 
and coordination of the cations, and (d) 
the physicochemical and surface changes 
which take place aft.er exposing the catalyst 
to the ammoxidation reaction. The physico- 
chemical techniques employed in the prcs- 
ent studies were X-ray diffraction, TG, 
DTA, ir spectroscopy, ESR, Miissbauer 
spectroscopy and electron spectroscopy for 
chemical analysis (ESCA). 

EXPERIMENTAL METHODS 

(a) Fresh catalyst. The met,hod of prepa- 
ration of the catalyst was similar to that 
reported by Wolfs (14) with some altcra- 
tions to incorporate silica, potassium, and 
phosphorus. 

Initially silica gel was precipitated from 
sodium silicate solution (25.39 g of Na$iO, 
in 250 ml of distilled water) by the addition 
of 200 ml of 1 iV HCl, filtered, and washed 
thoroughly till it was free of chloride ions. 
Hot solutions (100°C) of Ni(NOs)z.6Hz0 
(3.79 gin 100 ml of water), Co(NOs)z.GHzO 
(6.32 gin 100 ml of water), Bi(NOa)B.5Hz0 
(2.11 g in 100 ml of water, containing 5 ml 
of concentrated HNOI), and Fe(N03)3. 
9Hz0 (5.27 g in 50 ml of water) were added 
slowly to the silica gel while stirring. Then 
0.43 g of H3P04 (85%) and KNOs solution 
(44 mg in 50 ml of water) were also added. 
After stirring for 60 min, powdered Moos 
(7.51 g) was added very slowly. Vigorous 
stirring was continued for another 45 min ; 
then 5 N NH,OH was added until the pH 
was 5. A brownish precipitate was formed. 
Further heating (lOO-110°C) with stirring 
was continued until the water evaporated 
and a viscous slurry with a pH of 3-4 was 
obtained. The slurry was dried at 110°C 

for 15 hr ; then it was powdered and calcined 
at 320°C for 5 hr and at 520°C for 5 hr. 
All t,hc reagents used were of analytical 
reagent grade. The chemical composition 
of the catalyst thus prcparcd corresponds 
to the formula 50% Ni&ojFc3BiPK0.~- 
Mor2052.5, and the rest, 50% SiOz. Surface 
area of the catalyst (BET-N2 method) was 
194 m2/g. A sample of this catalyst was 
also heated at 600°C for 24 hr ; this is 
referred to as the heat-treated sample. 

(b) ITsed catalyst. The catalyst prcparrd 
as described in section (a) was t’cst’cd for 
its activity and selectivity in a continuous- 
flow reactor madr of stainless steel. About 
5 g of catalyst was taken. Tests were 
carried out at atmospheric pressure with a 
feed ratio of C3H,j/NH3/air = l/1.5/11. 
The feed rate was 200 ml/min and the 
reaction temperature was 4SO”C. The re- 
actants and products were analyzed (18) 
by on-line gas chromatography. After at- 
taining a st’eady state the test was con- 
tinued for 10 hr and the average of test 
results indicated that the catalyst had good 
activity and selectivity (S5Tc total pro- 
pylene conversion and 757, selectivity). 
After this act.ivity test the catalyst was 
taken out of the reactor and physico- 
chemical studies were carried out on this 
used catalyst (exposed to air during 
handling). The surface arra of this catalyst, 
was 246 m2/g. 

(c) Physicochemical measurements. X-Ray 
diffraction patterns were recorded using a 
Philips X-ray diffractometer with a Geiger- 
Miiller counter and Ni-filtered CL&Y radia- 
tion. TG and DTA were carried out on a 
Derivatograph (Paulik-Paulik-Erdey in- 
strument made by MOM, Budapest, Hun- 
gary) which gave TG and DTA simultane- 
ously. ar-A120s heated to 1250°C was used 
as reference material for DTA. The heating 
rate was lO”C/min. Infrared spectra were 
recorded using the KBr disk method on a 
Perkin-Elmer grating spectrometer. M&IS- 
bauer spectra were obtained at 300°K 
using a b7Co source. The isomer shifts were 



mt~xwrt~d taking Fv as st :wtlnrd. Rlcctron 

spin resonance spectra of the samples wcrc 
taken at 77°K on a Varian E400 X-Band 
unit, using DPI’H as the internal calibrant. 
ESCA mcasurcments wcrc made at 300°K 
on a DuPont 690B electron spectrometer 
with a Mg anode opcratcd at 5 mA and 
12 kV. Binding cnergios of the samples 
were correctc>d for aamplc charging using 
the Cl, line as reference and wcrc repro- 
duciblc t,o =tO.3 eV. The mcasurrd intensity 
(counts per second, cps) of the peaks of 
photoclrctron spectra of all the elements 
were normalized using the standard inten- 
sities compiled by Swingle and Scofield 

(19). 

l<ESUI,TS AND I~ISCUSHION 

The physicochemical characteristics of 
the fresh and heat-treated (600°C) cata- 
lysts were practically identical. Hence only 
the results for the fresh and used catalysts 
are given here and the discussion is also 
confined to them. 

X-Ray and It?frared Results 

The d values of the lines in the X-ray 
pattern of the fresh catalyst and the rela- 
tive intensity values, Irrl (in brackets), of 
these lines arc as follows : 2.01 (6), 2.24 (X), 
2.30 (6), 2.44 (;i), 2.65 (20), 2.79 (22), 2.88 
(la), 2.95 (S), 3.13 (22), 3.26 (26), 3.33 
(loo), 3.48 (14), and 3.S6 (24). Comparison 
of these lines with the patterns for diffcrcnt 
molybdntes published by Erman et al. (do), 
Batist et al. (8), Faghcrazzi and l’erniconc 
(al), and Wolfs (14) indicates that Fc, Co, 
and Bi arc present in the catalyst as 
Frz(MoOJ3 (d = 2.65, 2SS, 2.95, 3.48, 
and 3S6) ; p-CoNloO (d = 2.24, 2.30, 2.44, 
2.79, and 3.33) ; Bi203.3MoOa (d = 2.01, 
2.79, and 3.26) ; and Biz03.MoOs (d = 3.13), 
respectively. Wolfs (14) and Wolfs and 
Batist (15) rcportcd the prcscncc of these 
molybdates in an unsupported multicom- 
ponent molybdatc catalyst also. 

X-Ray patterns of fresh and used cata- 
lysts arc almost similar except for the 

following changes : the intensity of t,he lines 
at (a) d = 2.30, 2.44 (P-COMOO~), and 
3.13 (Biz03.MoOs) increased; the lines at 
(b) d = 3.48, and 3.86 decreased; and the 
lines at d = 2.88 and 2.95 [FeZ(MoOJ3] 
disappeared. Earlier, Batist et al. (9) found 
t,hat in silica-supported Bigl’Mo12052 cata- 
lyst the Erman phase (Bi203.2Mo03) dc- 
composed to Bie03Mo03 (2/l) and Bi,Os. 
3Mo03 (2/3) on carrying out olefin oxida- 
tion on the catalyst for 26 and 50 hr and 
ammoxidation for 1 year. In thr multi- 
component molybdatc catalyst investigated 
by us, the 2/l and 2/3 phases of bismuth 
molybdate are present in the initial catalyst 
itself and do not undergo any structural 
transformation during ammoxidation. 

Infrared spectra of fresh and used cata- 
lysts show the following bands (b = broad, 
s = strong, and m = medium) : 

Fresh (cm-l) Used (cm-l) 

1100 (b) 1100 (b) 

945 (s) 94.5 (8) 

830 (m) - 

- 790 (m) 

710 (m) 710 (m) 

The band at 1100 cm-’ is due to Si-0, 
while that at 945 cm-’ can either be due 
to a metal-terminal oxygen bond (22) or 
be specific for CoMo04 (25). The band at 
830 cm-’ is rcportcd (11) to bc character- 
istic for Fcz(MoOr)3. The bands at 945 and 
830 cm-’ have also been assigned to Biz03 
*3Mo03 and Biz03.MoOs by Trifirh et al. 
(24). Hence it is difficult to make exact 
assignments based only on the infrared 
bands to identify individual molybdates. 
The band at 790 cm-’ has bcrn assigned 
(25) to ,&FeMoOh. The disappearance of 
the 830 cm-’ band and the emergcncc of a 
new band at 790 cm-’ in the spectrum of 
the used catalyst may thus be taken only 
as an indication of the reduction of Fe3+ to 
Fe2+ during the ammoxidation reaction, 
which is, howcvcr, further confirmed by 
the X-ray, MGssbauer, and ESR results. 
The bands characteristic of free Moo3 and 
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FIG. 1. hliissh&er spectra of fresh (A) and used (B) catalysts. 

other metal oxides (26) arc’ ahsrnt in our 
catalyst samples. 

Thermal Anal!/& 

TG and DTA data did not show any 
significant thermal changes. The TG curve 
recorded about OS% weight loss in the tem- 
perature range of 50-200°C due to loss of 
residual moisture. Between 2CO and 1000°C 
the TG curve indicated no weight loss and 
the DTA did not show any ctxothermic or 
ondothcrmic offrct. This shows that the 
catalyst is thermally quite stable and no 
free MoOy or other metal oxides arc present 
in it. The thermal behavior of the used 
catalyst is very similar to that of the fresh 
one. 

Miissbauer alld ESR Studies 

MGssbauer spectroscopic and ESR studies 
\vw(: carried out to find out tho vnlcncy 
state and chemical cnvironnwnt around the 

iron cations in fwsh and uwd cat’alysts. 
Mijssbaurr spectra are prcscntcd in Fig. 1. 
The spectrum of thr frrsh catalyst gives a 
single line with an isomer shift valur of 
0.43 f 0.01 mm/we. Ko quadrupolc split- 
ting is observed. Thr uscld catalyst, on the 
other hand, gives a four-lirw spectrum with 
two doublrts. Each doublot is attributed to 
quadrupolc splitting. Isomw shift valws 
for the out’er and inrwr doublets arc 1.3 
f 0.12 and 1.19 f 0.12 mm/see, rcspec- 
tiwly. A low isomer shift value of 0.43 
mm/we for t,hc frwh catalyst indicates the 
prcwncr of iron as Fc~+. This is consixtcnt 
with our findings from X-ray and infrared 
data that iron is prcwnt as F(~z(MoC) 1)s. 

Th(b four-lint> spclctrum of the usrd cata- 
lyst with two quadrupolr splittings shows 
that the iron in it is situatcld at two diffrr- 
clnt chemical sites with diffcrcnt chemical 
c,ilvirolinlc’llts. Tlicb t5;:ct naf uw of thaw 
iron sites is gclt to 1~~ undwstood. Th(i 
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larger isomer shift values indicate the pres- 
ence of iron in the Fez+ state, showing that 
iron is reduced from Fe3+ to Fe2+ in the 
used catalyst. Similar reduction of iron in 
other iron-containing catalysts has been 
reported during oxidation of propylene by 
Wolfs (14), of methanol by Pernicone (27), 
and of butene by Pasquon et al. (28), and 
during ammoxidation of propylene by 
Kriegsmann et al. (29). Hence this seems to 
be a general phenomenon occurring in iron- 
containing catalysts during both oxidation 
and ammoxidation reactions. 

The ESR spectrum of the fresh catalyst 
showed only a moderately broad signal 
with a g value of 2.016 and a natural line 
width of 720 G. The g value for Fez(Mo0J3 
and Mg9.5Fe1.jBiMo120, has been reported 
to be 2.104 by Wolfs (14). The signal with 
g = 2.016 disappeared in the spectrum of 
the used catalyst indicating that iron was 
reduced from Fe3+ to Fe2+. The used cata- 
lyst also gave a weak signal with a g value 
of 1.926, indicating the presence of Mo”+ 
species (30). Divalent ions like Fe2+, Co2+, 
and Ni2+ could not bc detected since they 

100 100 120 710 
B.E.( e v  1 B.E.(e v  I 

give ESR signals only at very low tempera- 
tures (4°K). The ESR studies thus cor- 
roborate the results obtained from M&s- 
bauer spectra regarding the oxidation state 
of iron in the fresh and used catalysts. 

ESCA Studies 

The X-ray photoelectron spectra of the 
elements detected on the surface of the 
fresh and used catalysts are shown in Fig. 
2. The elements Fe, Co, Ni, Bi, MO, Si, and 
0 are present on the catalyst surface, but 
K and P arc not detected probably due to 
their very small concentrations. Compari- 
son with the published binding energy 
values (31) for these elements indicates 
that MO is present as Mo6+, Bi as Bia+, Si 
as Si4+, Fe as Fe3+ or Fe2+, Co as Co3+ or 
Co2+, and Ni as Ni2+. In the case of Fe and 
Co, whether it is the 2+ or 3+ oxidation 
state could not be determined since their 
chemical shift ranges overlap. Two distinct 
types of oxygen are detected: the higher 
binding cncrgy (532.6 eV) oxygen, 01, is 
associated with the silica support, and the 

B,E.(e v  1 B.E.( e v  1 B.E.(evl 

FIG. 2. X-Ray photoelectron spectra of the elements present on the surface of fresh (---) and 
used (- - - -) cat,alysts. 
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lower one, 011 (530.4 eV), with metal 
oxide species. 

The ESCA results of Wolfs and co- 
workers (14, 16, 17) on unsupported 
multicomponent catalysts of compositions 
CosFesBiMolzO Z, MnsFesBiMolzO I) and 
MgsFez.5BiMolz0, art: worth discussing 
here in the context of our results. They 
found that only Bi, MO, and 0 were prcwnt 
on t,he surface of the above catalysts. After 
a single sputtering of the surface with Ar+ 
ions, t,hcy observed that tht> conccnt.ration 
of Bi and MO dccrcased and Fe appeawd 
on the surface. After a second sputtering, 
Bi disappeared completctly from t’hc surfsco 
while the concentration of MO further dc- 
creased and those of Fo incrclzwd to a 
significant extent. Bawd on thaw ESCA 
results and on surfacct arca and X-ray 
studies, Wolfs et al. (14-17) suggestrd a 
shell and core model for the multicompo- 
ncnt molybdate catalysts. In this model, 
Bi is present as a thin shell of bismuth 
molybdate on the surface of the catalyst 
particle while the core of it contains a 
mixture of Fcz(MoO~)~ and Mc”MoO? 
where Me” = Co, Mg, or Mn. Our ESCA 
results, howvcr, show that all the ele- 
ments prcscnt in the catalyst (Fe, Co, Ni, 
Bi, MO, Si, and 0) except I< and 1’ are 
prcwnt on the surface of the catalyst. 
Hence the above shell model proposed by 
Wolfs et al. is not valid in the case of our 
supported catalyst. Wolfs et al. also at- 
tributed the high activity and selectivity 
of the multicomponcnt molybdate cata- 
lysts to their surface structure in which the 
whole surface of the catalyst particles was 
covered with so-called act,& bismuth mo- 
lybdates. But our studies indicate that such 
catalysts are still active and selcctivc even 
when elcmcnts like Fe, Co, Ni, and Si arc 
also pwsent on th(l surface along with Bi 
and MO. 

The ESCA studies on the used catalyst 
show that the surface of the catalyst con- 
tains all the clcrnrnt~s that arc prcwnt on 
the surface of the frwh catalyst (Fig. 2), 

+I00 

‘I :0 
Ni 

-5O”h t 

FIG. 3. Percentage change in surface composition 
of the used catalyst relative to the fresh one, calcu- 
lated from ESCA results. 

but the surface compositions of the ele- 
ments change very radically. The surface 
compositions were assumed to be propor- 
tional to the normalized intensities of the 
peaks. The relative changes in the surface 
composition are shown in Fig. 3. The sur- 
face of the used catalyst is enriched with 
MO, Bi, Fe, and 011 and is depleted of Co, 
Xi, Si, and 01. The depletion may probably 
result when these elements are relatively 
“buried” as the enriching ones migrate 
from the interior to t,he surface of the 
catalyst particles. The increase in concen- 
tration of Fe on tht: surface is much more 
than that, of Bi and MO. The significance 
of this migration of the cations from the 
bulk to the surface during the ammoxida- 
tion recction must be studied in greater 
detail. For the present we are only able to 
report that the surface composition of thr 
catalyst changrs radically during the am- 
moxidation waction, and hence studies on 
the cat:tlyst surface in its virgin state do 
not swm to haw much wlcvancc to the 
realities of tht> surface under actual reac- 
tion conditions. Invostigations to under- 

stand the implications of these surfacr 
chungc~s arc’ in progrtw in our laboratory. 
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TABLE 1 

Summary of the Results for the Fresh and Used Catalysts 

Technique used Conclusion 

TG and L)TA 

X-Ray and ir 

Fresh catalyst 

Free metal oxides absent ; 
thermally stable up to IOOO’C 

Fe, Co, and Ni present as 
Fez (Mood) 3, p-CoMoOl, and 
NiMoOl; Bi present as 
B1203.MoO~ and Biz03.3Mo03 

Used catalyst 

Thermal behavior similar to 
that of fresh catalyst 

Same as for fresh catalyst 
except that Fel(M00~)~ is 
reduced to FeMoOa 

Xlizissbauer and ESlt Fe present as Fe3+ Fe present as Fez+ in two 
different chemical 
environments 

ESCA Co, MO, Ni, Fe, Bi, Si, Or, and 
011 present on the surface 

Surface concentrations of 
MO, Bl, Fe, and 011 
increase and those of Co, 
Ni, Si, and 01 decrease 

The conclusions drawn from our studies 
using the various techniques are summa- 
rized in Table 1. 
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