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a  b  s  t  r  a  c  t

Catalytic  performances  of  Cr–ZSM-5  catalysts  (5 wt.%  of  Cr, Si/Al  = 26),  prepared  by  solid-state  reaction
and  aqueous  exchange,  from  Cr  nitrate  and  Cr acetate  precursors,  were  evaluated  in  the selective  ammox-
idation  of  ethylene  into  acetonitrile  in  the temperature  range  425–500 ◦C.  Catalysts  were  characterized  by
chemical  and thermal  analysis,  XRD,  N2 physisorption, 27Al MAS  NMR,  TEM,  UV–vis  DRS,  Raman,  DRIFTS
and  H2-TPR.  Characterization  results  shown  that  solid-state  exchange  was  favorable  for  Cr2O3 formation,
while  exchanging  chromium  in aqueous  phase  led,  essentially,  to Cr(VI)  species.  Catalysts  were  actives
eywords:
r–ZSM-5
mmoxidation
cetonitrile
olid-state exchange
queous exchange

and selectives  in  the  studied  reaction,  and  among  them,  those,  prepared  from  aqueous  exchange,  exhib-
ited  the  highest  acetonitrile  yields  (23  ±  0.5%,  at 500 ◦C).  Improved  catalytic  properties  can  be correlated
with  the  chromium  species  nature.  In fact, mono/di-chromates  and/or  polychromate  species,  sited  in  the
charge  compensation  positions,  were  definitively  shown,  as  being,  the  active  sites.  Furthermore,  during
solid-state  reaction,  the  agglomeration  of Cr2O3 oxide  should  be avoided  since  these  species  inhibit  the
catalyst  activity.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
. Introduction

In the past few decades, a large number of catalytic systems have
een developed in our laboratory for light hydrocarbons ammox-

dation into acetonitrile. In fact, numerous works have dealt with
he shape-selective ammoxidation of ethylene using either micro-
orous materials (zeolites) or transition metal oxides as catalyst
upports.

For example, the catalytic performance of Co/ZSM-5 catalysts
1–4] has been evaluated in the ammoxidation of ethylene into ace-
onitrile. Sol–gel derived Co/Al2O3 and Cr/Al2O3 catalysts have also
een used [5].

More recently, we have reported the performance of Cr–ZSM-5
atalysts, issued from solid-state exchange, in the ammoxida-
ion of ethylene after varying the source of chromium [6].
he selectivity and the yield of acetonitrile largely depended
n the nature of the applied catalysts. For example, 26% of
2H4 conversion and 95% of selectivity toward acetonitrile have

een reached at 500 ◦C after choosing an appropriate chromium
recursor.

∗ Corresponding author. Tel.: +21650646504; fax: +216 71885008.
E-mail address: lcmc fa@yahoo.fr (F. Ayari).

926-860X/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.apcata.2011.12.021
The catalytic activity of Cr–ZSM-5 catalysts in the ammoxi-
dation of ethylene lies in the variability of oxidation states of
chromium, the degree of polymerization (mono/di-chromates or
polychromates, etc.), the aggregation state of oxide species and
their crystallographic structure (amorphous or crystalline). Thus, it
has been accepted that the improved catalytic activity of Cr–ZSM-5
catalysts is due to the presence of (poly)-chromate species and Cr
ions in charge compensation positions, while agglomerated Cr2O3
oxide should be avoided [6].

Cr2O3 oxide species provided essentially from the fact that,
during solid-state exchange, a non-negligible fraction of Cr ions
does not diffuse inside the zeolite channels but remains on the
outer surface of the grain. In this way, an optimization of catalysts
preparation method would thus consist in tuning the operating
conditions and the nature of chromium salt to ensure the effective
diffusion of Cr ions inside the zeolite.

In the case of zeolite based catalysts, fundamental studies [7–9]
have provided a strong dependence of the exchange level, i.e. the
preparation method, and the metal speciation in a wide range of
catalytic reactions.

The aim of this work is the comparison between the catalytic

behaviors of under- and over-exchanged Cr–ZSM-5 catalysts in the
ammoxidation of ethylene into acetonitrile. It should be underlined
that a large part of the work has been devoted to the physicochem-
ical properties of the prepared materials.

ghts reserved.

dx.doi.org/10.1016/j.apcata.2011.12.021
http://www.sciencedirect.com/science/journal/0926860X
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as ‘over-exchanged’ materials contrary to Cr–P-AE catalysts,
which exhibit very low exchange degrees. Kouwenhoven [10]
reported that in ZSM-5 zeolite type, the positions of tetrahedrally
coordinated Al3+ ions are spatially much separated and therefore,

Table 1
Chemical analysis results.

Sample Cr (wt.%) Al (wt.%) Si/Al
(mol/mol)

Cr/Al
(mol/mol)

Ion
exchange
degree
(%)

NH +–ZSM-5 – 1.40 27.38 – –
F. Ayari et al. / Applied Catalysis

. Experimental

.1. Catalysts preparation

Solid-state exchange was performed as follows: 1.5 g of
H4

+–ZSM-5 (Zeolyst, Si/Al = 26) was mixed in a mortar and pestle
ith Cr acetate (Strem Chemicals) or Cr nitrate (99%, Acros Organ-

cs) in the desired molar ratio Cr/Al = 1, which corresponds to 0.2 g
f Cr acetate and 0.36 g of Cr nitrate. The finely ground powders
btained by mechanical mixture was heated for 12 h at 500 ◦C in
elium (30 cm3/min, heating rate 2 ◦C/min).

Aqueous exchange was performed as follows: 1 g of NH4
+–ZSM-

 (Si/Al = 26) was exchanged with 100 ml  of 0.01 M Cr acetate
olution (pH = 4.6) or Cr nitrate (pH = 3.5) for 24 h at 70–80 ◦C. After
hree identical exchanges, the resulting zeolite slurry was  filtered,
ashed with 500 ml  of de-ionized water and then filtered again.

inally, the zeolite was dried at 110 ◦C overnight and then treated
n helium at 500 ◦C for 3 h (30 cm3/min, heating rate 2 ◦C/min)

Catalysts were labelled Cr–P-PM, where P refers to the Cr pre-
ursor nature (A: Cr acetate and N: Cr nitrate), while PM refers to the
reparation method: AE (aqueous ion exchange) and SE (solid-state
xchange).

.2. Catalysts characterization

The elemental analysis (Cr, Si, Al) content of different solids was
etermined by ICP at the Vernaison Center of the CNRS (France).

DTA/TGA–MS analyses were performed using a SDT Q600 appa-
atus with ∼30 mg  of zeolite/precursor mixture (5 wt.% of Cr) and a
recursor mass, which also corresponds to 5 wt.% of Cr. The thermal
reatment was performed under helium (30 cm3/min) between 30
nd 700 ◦C at a heating rate of 5 ◦C/min. The chemical composition
f gaseous products was  determined using a mass spectrometer
iloted with Quadstar 32 Bits software.

N2 adsorption–desorption isotherms were determined at 77 K
ith an automatic ASAP 2000 apparatus from Micromeritics after
retreatment under vacuum at 200 ◦C for 5 h. Specific surface area
as determined by BET method, microporous volume by t-plot
ethod and porous volume is the volume adsorbed at P/P◦ = 0.98.
XRD measurements were performed on an X’Pert Pro

-ray diffractometer from PANalytical with CuK� radiation
� = 1.54060 Å), generator setting of 40 kV and 40 mA,  a scanning
peed of 0.05◦/min, and scanning region of 2–70. The diffractometer
as operated at 1.0◦ diverging and 0.1◦ receiving slits and a con-

inuous intensity trace was recorded as function of 2�. Structural
ata identification was performed using EVA software.

TEM study was performed with a JEOL JEM-2000 FX microscope
ype, operating at 200 kV. The samples were prepared by grind-
ng and ultrasonic dispersal into an acetone solution, placed on the
opper TEM grid, and then evaporated.

27Al MAS  NMR  spectra were recorded at 78.20609 MHz  on a
ruker WB  spectrometer using AlClO3·6H2O as reference. An over-
ll 4096 free induction decays were accumulated. The excitation
ulse and recycle time were 6 �s and 0.06 s, respectively.

UV–vis DRS spectra were recorded at room temperature in the
avelength range 900–200 nm on a Perkin Elmer Lambda 45 spec-

rophotometer equipped with a diffuse reflectance attachment.
arent zeolite was the reference material.

Raman measurements were carried out on a confocal Thermo
cientific DXR Raman Microscopy system using the visible line at
32 nm and an incident power of 10 mW.

DRIFTS spectra were recorded on a Bruker IFS 55 spectropho-

ometer equipped with a Thermo Spectra Tech reacting cell at a
pectral resolution of 4 cm−1 and accumulating 200 scans. Sam-
les were treated in situ at 500 ◦C with helium (5 ◦C/min, flow:
0 cm3/min).
eral 415– 416 (2012) 132– 140 133

H2-TPR analysis was  performed with a Micromeritics Autochem
2910 analyzer, in a Pyrex U-tube reactor and an on-line thermal
conductivity detector. The catalyst (70 mg)  was  dried at 500 ◦C for
1 h and reduced from 50 to 1000 ◦C (15 ◦C/min) with H2 (3%)/Ar
flow.

Ammoxidation of ethylene was studied with 100 mg  of catalyst
between 425 and 500 ◦C using a down flow tubular glass reactor. In
all cases, the inlet reactants composition was  10% O2 (Air Liquide
99.995%), 10% C2H4 (Air Liquide 99.995%) and 10% NH3 (Air Liq-
uide 99.96%). The total flow rate was maintained at 100 cm3/min
by balancing with helium (Air Liquide 99.998%). The analysis of the
outlet flow was recorded on-line by two  chromatographic units,
one operated with a flame ionization detector, while the other was
equipped with a thermal conductivity detector.

The conversion, selectivity and yield are defined as follows:
Conversion of C2H4,

X =

∑

i

yini

yEnE +
∑

i

yini

Selectivity of product Pi (carbon basis),

Si = yini∑

i

yini

Yield of product Pi (carbon basis), Yi = XSiwhere yi and yE are the
mole fractions of product Pi and C2H4, respectively; ni and nE are
the number of carbon atoms in each molecule of product Pi and
C2H4, respectively.

3. Results

3.1. Chemical analysis

Table 1 gives the elemental analysis of the parent zeolite and
Cr–P-PM catalysts. The Si/Al molar ratio values, determined by ICP,
corresponded to the data provided by the zeolite manufacturer.

Cr–P-SE solids exhibit high Cr/Al molar ratios, which indicate
that the metal was  retained after solid-state exchange. On the other
hand, Cr–P-AE solids exhibit the lowest Cr contents (thus the lowest
Cr/Al molar ratios) because of diffusional limitation which occurs
during the exchange in aqueous phase.

Besides elemental analysis, the resulting ion exchange degrees
are presented in Table 1. Considering that Cr3+ ions are only the
possible exchange species, the exchange degree is defined by
300 × Cr/Al (mol/mol). The data shows that the catalysts issued
from solid-state exchange contain much more chromium than
required for 100% total ion-exchange. These samples are regarded
4

Cr–A-SE 3.06 1.30 27.02 1.22 366
Cr–N-SE 2.16 1.33 27.53 0.84 252
Cr–A-AE 0.65 1.62 23.23 0.21 63
Cr–N-AE 0.09 1.41 26.23 0.03 10
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Fig. 1. DTA/TGA curves of (a) Cr3(O

are Cr6+ and/or Cr3+ cations cannot exist since it would be nec-
ssary to have 3 or 6 aluminum neighbors. Similarly to Fe/ZSM-5
ystem [11], it is possible to have the presence of chromium
hydr)oxo-cation species like [OH Cr O Cr OH]2+ species,
or example.

.2. Thermal analysis

Fig. 1(a and b) illustrates DTA/TGA curves of chromium acetate
nd chromium nitrate, respectively. TG curve of Cr acetate shows
ifferent steps of weight losses: the first one, situated at relatively

ow temperatures (30–250 ◦C), corresponds to the elimination of
dsorbed water, while the second one starts at ∼300 ◦C and corre-
ponds to the salt decomposition. TG curve of Cr nitrate displays
hree weight losses at relatively low temperatures (<200 ◦C) and
nother one at ∼450 ◦C.

Fig. 2(a and b) illustrates DTA/TGA curves of chromium
alts/zeolite mixtures. Fig. 2a and b indicates that the solid-
tate reaction is achieved before 500 ◦C. On the other hand,
here is a similarity between DTA/TGA curves of precursors and
hose of mixtures, evidencing that the exchange process might
nvolve the intermediate compounds of Cr precursors decompo-
ition.

After dehydration, (weight loss of 8.62%, endothermic peak at
8 ◦C), Cr acetate begins to decompose (Fig. 1a), leading to the loss
f various molecules such as acetic acid and water (weight loss of

3.61%, DTA peaks at 347, 383, 407 and 444 ◦C). This phenomenon

s accompanied by the evolution of MS  fragments such as: m/z = 14,
5 and 16 (CH4

+), 17 and 18 (H2O+), 28 (CO+), 30 (CH2O+), 43
CH3CO+), 44 (CO2

+), 45 (COOH+) and 60 (CH3COOH+) and a change
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Fig. 2. DTA/TGA curves of (a) Cr acetate a
Temperature (°C)

H3COO)7 and (b) Cr(NO3)3·9H2O.

of the residue color, from dark green to green, which reflect the
decomposition of Cr acetate into Cr2O3.

TG curve of Cr acetate/zeolite mixture (Fig. 2a) displays three
weight losses of 2.79, 0.44 and 6.92%. The first one (30–182 ◦C,
endothermic peak at 65 ◦C) corresponds to the dehydration of both
zeolite and precursor as confirmed by MS  signal profile charac-
terizing the evolution of water. The second weight loss, situated
between 182 and 237 ◦C, corresponds to the loss of ammonia
molecules, while the last one evidencing the solid-state reaction
between Cr acetate and zeolite between 250 and 500 ◦C. The evolu-
tion of MS  fragment profiles of CH4

+, CO2
+ and CH3COOH+ (results

not shown) reflect the solid-state exchange, which can be simpli-
fied as follows:

2(NH+
4 , −O − Zeo + Cr(CH3COO)3 · xH2O

30–250◦C−→ 2CH3COOH + 2NH3 + xH2O + (CrCH3COO)2+( O Zeo)2

(CrCH3COO)2+( O Zeo)2 + H2O

250–500◦C−→ Cr(OH)2+ + ( O Zeo)2 + CH4 + CO2

The thermal decomposition of Cr nitrate (Fig. 1b) occurs accord-
ing to two principal steps: the first one (below 250 ◦C) corresponds
to the elimination of water molecules and the degradation of NO3

−

groups (weight loss of ∼74%), while the second step, above 350 ◦C,

corresponds to the oxygen removal from Cr O system (weight loss
of 5.15%) [12,13].

TG curve of Cr nitrate/zeolite mixture (Fig. 2b) displays two
weight losses of 14.75% (30–212 ◦C) and 0.49% (400–480 ◦C). On
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shown in Fig. 4. Most catalysts exhibit diffraction peaks which are
typical of crystalline ZSM-5 [15] (Fig. 4a). This result indicates that
Cr species, stabilized after thermal treatment, are dispersed over
the zeolite in the form of small oxide clusters (less than 4 nm)
Fig. 3. TEM images of (a) Cr

he other hand, MS  study reveals the presence of the follow-
ng fragments: NH3

+ (m/z = 15), O+ (m/z = 16), HO+ (m/z = 17),
2O+ (m/z = 18), N2

+ (m/z = 28), NO+ (m/z = 30), O2
+ (m/z = 32),

2O+ (m/z = 44), NO2
+ (m/z = 46) and HNO3

+ (m/z = 63). From both
hermal analysis and mass spectrometry results, Cr nitrate decom-
oses according to the mechanism previously described [12,13].
oreover, such mechanism is also suitable for Cr nitrate/zeolite
ixture. Firstly, the precursor melts into Cr2O3 (30–212 ◦C) then, at

elatively high temperatures (400–480 ◦C), the desorption of oxy-
en atoms leads to Cr(III) ions, which may  reach the exchange sites
fter diffusion.

.3. Textural properties

Cr–P-AE catalysts as well as the zeolite support exhibit a type
 isotherm evidencing a microporous texture, while Cr–P-SE cat-
lysts exhibit a type IV isotherm, indicative of the mesoporous
haracter of such solids. Textural properties are summarized in
able 2.

After aqueous exchange, the zeolite support exhibits a slightly
ecrease of its specific surface area and (micro)porous volumes.
his effect can be induced by the presence of oxide aggregates
nd/or extra-framework aluminum species dispersed in the chan-
els or deposited on the outer surface of the zeolite. On the other
and, Cr–P-SE catalysts exhibit SBET and porous volume values
hich exceed the zeolite support ones. Gervasini [14] reported a

imilar behavior with cobalt and nickel loaded ZSM-5 zeolite and
onsidered that such solids exhibit some degree of mesoporosity. In

ur study, according to DTA/TGA/MS results, Cr ions were merely
eposited on the external surface of the ZSM-5 zeolite as Cr2O3
xide aggregates, and such metallic phase might contribute to the
extural data calculus.

able 2
extural properties of the investigated solids.

Sample SBET (m2/g) Microporous
surface (m2/g)

Microporous
volume (cm3/g)

Porous volume
(cm3/g)

NH4
+–ZSM-5 312 239 0.139 0.240

Cr–A-SE 336 197 0.113 0.525
Cr–N-SE 353 212 0.121 0.528
Cr–A-AE 248 161 0.092 0.198
Cr–N-AE 291 213 0.121 0.225
 and (b) Cr–A-SE catalysts.

3.4. TEM study

TEM images of Cr–P-SE catalysts are presented in Fig. 3.
Randomly shaped oxide particles, which are heterogeneously

dispersed, are observed in the TEM images of Cr–N-SE catalyst.
Furthermore, there are some surface regions which contain oxide
particles having a significant size (see image #FX2945).

On the other hand, TEM images of Cr–A-SE reveal some surface
regions which are poor in chromium (see image #FX2931). At the
opposite, in the TEM images #FX2932 and FX2933, some surface
regions contain metallic species without any apparent phases.

It seems that the thermal treatment during solid-state reaction
favored the formation of Cr2O3 oxide particles, and the dispersion
of these metallic species is governed by the nature of chromium
precursor.

3.5. Structural properties

X-ray diffraction patterns of the investigated materials are
Fig. 4. XRD patterns of (a) NH4
+–ZSM-5, (b) Cr–A-SE, (c) Cr–N-SE, (d) Cr–A-AE and

(e)  Cr–N-AE, (*) Cr2O3.
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Fig. 5. 27Al MAS  NMR  spectra of both Cr–P-SE catalysts and support.
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ig. 6. DRS spectra of Cr–P-SE catalysts, Fig. in-set: Cr–P-AE catalysts spectra.

hat do not show X-ray diffraction. Nevertheless, XRD pattern of
r–N-SE catalyst (Fig. 4c) reveals clear additional peaks at 2� = 34,
6, 42, 51 and 56◦, attributable to �-Cr2O3 [13]. Based on ther-
al  analysis results, the decomposition of Cr nitrate led to Cr2O3

xide which exhibited an agglomeration because of the potential

xidizing power of nitrate ions.

27Al MAS  NMR  spectra of both Cr–P-SE catalysts and zeolite
upport are shown in Fig. 5. NMR  spectrum of NH4

+–ZSM-5 zeo-
ite shows a strong signal at ı ∼60 ppm which corresponds to

Fig. 7. Raman spectra of 
neral 415– 416 (2012) 132– 140

tetrahedral coordinated framework aluminum [16]. The weak sig-
nal situated at ∼0 ppm corresponds to octahedral aluminum atoms
extracted from the framework [16].

According to NMR  spectrum of the zeolite support, the inten-
sity of tetrahedral aluminum peak decreases after metal loading. It
has been reported that exchanging paramagnetic species (like Crn+,
with n < 6) with aluminosilicates [17], and Na+, Ca2+ cations with
zeolites [18] modify the tetrahedral aluminum environment and
decreases the corresponding peak intensity. On the other hand, the
octahedral aluminum peak intensity does not exhibit any signifi-
cant change after chromium loading. As XRD patterns have clearly
showed up, there is no significant damage of the zeolite structure.

3.6. DRS and Raman studies

UV–vis DRS spectra of prepared catalysts are illustrated in Fig. 6.
Besides the support band (<230 nm), Cr–A-SE catalyst spectrum

exhibits DRS bands at 278, 324, 346, 404, 466 and 582 nm,  while
bands at 279, 307, 349, 465 and 603 nm were observed in the
DRS spectrum of Cr–N-SE catalyst. In both spectra, the three first
bands are typical for chromate O2− → Cr6+ charge transfer, while
bands situated at ∼465 nm evidencing the presence of polychro-
mate species [19,20]. Finally, DRS bands situated at 582 and 603 nm
are assigned to the d–d transition of Cr3+ ions (probably situated
in the exchange sites) or to Cr2O3 [19,21].  In the case of Cr–A-SE
catalyst, we were unable to explain the presence of the DRS band
situated at 404 nm.

DRS spectra of Cr–P-AE catalysts exhibit two bands at 271 and
378 nm,  typical for chromate species, and a shoulder at 454 nm evi-
dencing the presence of dichromate and/or polychromate species
[19,21–23].

Raman spectra of Cr–N-PM catalysts are illustrated in Fig. 7. Zeo-
lite support does not exhibit any Raman features in the region of
200–1100 cm−1 and, therefore, all the observed bands are assigned
to chromium species vibrations.

Cr–A-SE and Cr–A-AE catalysts do not exhibit any Raman fea-
tures, because of fluorescence phenomenon.

In our previous study [6],  we  reported Raman spectra of
mechanical mixtures of CrO3–ZSM-5 and Cr2O3–ZSM-5 (5 wt.% of
Cr). Raman spectrum of CrO3–ZSM-5 solid exhibited two bands
at 374 and 1000 cm−1, attributed to the symmetric vibrations
of monochromate species and Cr O vibrations of polychromates,
respectively [21,24]. Nevertheless, Raman spectrum of Cr2O3–ZSM-
5 solid exhibited a band at 553 cm−1, ascribed to Cr O Cr

vibrations of Cr2O3 [21,24,25].

Raman spectrum of Cr–N-SE catalyst exhibits two  bands at 372
and 555 cm−1, attributable to Cr O vibrations of monochromate
and octahedral Cr(III) species, respectively [21,24,26].

Cr–N-PM catalysts.
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SM-5 and chromium loaded catalysts.
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Table 3
TPR results.

Catalyst T1 (◦C) T2 (◦C) T3 (◦C) T4 (◦C) H2/Cr H2 amount
(mmol H2/g)

Cr–A-SE 294 361 419 460 0.44 0.26
Cr–N-SE 281 350 – 460 0.29 0.12
Fig. 8. DRIFTS spectra of NH4
+–Z

Such results are in good agreement with DRS ones. Nevertheless,
n the case of Cr–N-AE catalyst, two bands dominate the corre-
ponding Raman spectrum at 377 and 811 cm−1, evidencing the
resence of monochromate species [22,24].

.7. DRIFTS study

DRIFTS spectra of Cr–ZSM-5 catalysts and parent zeolite are
eported in Fig. 8.

The spectrum of zeolite support exhibits two  bands. The first
ne, situated at 3591 cm−1, is assigned to the vibration of strong

rönsted acid sites [27,28],  while the second band, situated at
725 cm−1, is attributed to terminal silanol groups Si OH [29,30].

Exchanging chromium in aqueous phase (Cr–P-AE catalysts)
nvolves a decrease of 3591 and 3725 cm−1 band intensities,

Fig. 9. TPR profiles of reference oxides.

Fig. 10. TPR profiles of chrom
Cr–A-AE – – – 471 1.68 0.21
Cr–N-AE – – – 436 1.73 0.03

evidencing that a part of Cr ions is exchanged with strong Brönsted
acid sites, while the other part is grafted on silanol groups.

In the DRIFTS spectrum of Cr–A-SE catalyst, the band situated
at 3725 cm−1, attributable to terminal silanol groups, does not
undergo any significant change, suggesting that Si OH groups do
not participate significantly in the solid-state reaction. Neverthe-
less, the 3591 cm−1 band intensity decreases, evidencing that Cr
ions are exchanged with Brönsted acid sites, in agreement with
27Al MAS  NMR  results which indicate the modification of Al atoms
environment.

Starting from different Cr precursors and H+–ZSM-5 zeolite
(Si/Al = 15), similar results have also been reported [6].

3.8. H2-TPR study

TPR profiles of reference oxides (CrO3 and Cr2O3) and Cr–P-PM
catalysts are shown in Figs. 9 and 10,  respectively. TPR results are
compiled in Table 3.
TPR profile of Cr2O3 oxide exhibits two  reduction peaks at 288
and 348 ◦C. The first one is attributed to the reduction of Cr(VI)
present in the surface of chromia [6,31],  while the second one cor-
responds to the reduction of Cr(III) to Cr(II) [6,31].  TPR profile of

ium loaded catalysts.
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Data were collected under stationary conditions after a stabilization
period of 1 h.

The zeolite support does not exhibit any activity in ethy-
lene ammoxidation. Furthermore, Cr–P-PM catalysts are relatively
ig. 11. Ethylene conversion (�) and CH3CN selectivity (�) as a function of reacti
00  cm3/min.

rO3 oxide exhibits three reduction peaks at 289, 474 and 587 ◦C,
hich corresponds to the reduction of Cr(VI) to Cr(III) [32–34].

TPR profile of Cr–A-SE catalyst exhibits reduction peaks at 294,
61, 419 and 460 ◦C. According to Ilieva et al., the peak situated
t 294 ◦C corresponds to the reduction of Cr(VI) species anchored
o the surface of chromia [6,31].  The reduction peak situated at
61 ◦C corresponds to the reduction of Cr(III) to Cr(II) [31], in agree-
ent with the TPR study performed with Cr2O3 reference oxide

Fig. 9). TPR peak at 419 ◦C could be attributed to the reduction of Cr
xo-cations [6].  At relatively high temperature (460 ◦C), the reduc-
ion of chromate species strongly bounded to the support occurs
19,32–34].

TPR profile of Cr–N-SE catalyst exhibited three reduction peaks
t 281, 350 and 460 ◦C, attributable to the reduction of Cr(VI)
pecies anchored to the chromia surface [6,31],  Cr(III) ions [31]
nd chromate species strongly bounded to the zeolite [19,32–34],
espectively.

TPR quantitative study performed with Cr–P-SE catalysts
Table 3) indicates that H2/Cr molar ratio values are lower than
heoretical value required for a total reduction of Cr(VI) to Cr(III)
ccording to: 2CrO3 + 3H2 → Cr2O3 + 3H2O. Probably, a part of Cr
pecies seems to be in exchange sites and reduced with H2 accord-
ng to:

HO Cr O Cr OH]2+ + H2 → 2[Cr(OH)]+ + H2O

In this context, Weckhuysen et al. reported [19] that Cr species
ere hardly reduced because of the residual acidity of Cr–MOR and
r–Y catalysts. According to DRIFTS study, the amount of bridging
ydroxyls might be higher on Cr–A-SE catalyst since a small amount
f OH groups have been replaced by Cr ions. Consequently, the dif-
cult reduction of Cr(VI) species is indicated by the presence of
esidual hydroxyls.

TPR profiles of Cr–P-AE catalysts exhibit unique zone of H2 con-

umption between 250 and 600 ◦C, with a maximum at 471 and
36 ◦C, respectively for Cr–A-AE and Cr–N-AE catalyst. In addition,
2/Cr molar ratio values are close to the theoretical value required

or a total reduction of Cr(VI) to Cr(III). According to DRIFTS spectra
perature. Conditions: 0.1 g catalyst, 10% NH3, 10% C2H4, 10% O2, total flow rate:

of Cr–P-AE catalysts, bridging hydroxyls groups have been replaced
by Cr ions after aqueous exchange. Such catalysts, which are less
acidic, contain only one type of cationic Cr(VI) species located at
the exchange sites of the zeolite. Weckhuysen et al. [19] reported
that dichromates or larger Cr(VI) clusters are more easily reduced
if they are located at the external surface of the zeolite.

3.9. Catalytic activity

Catalytic performances of prepared catalysts, in ethylene
ammoxidation (C2H4 + O2 + NH3 → CH3CN + 2H2O), as a function of
reaction temperature, are compiled in Table 4 and Figs. 11 and 12.
Fig. 12. CH3CN yields as a function of reaction temperature. Conditions: 0.1 g cata-
lyst, 10% NH3, 10% C2H4, 10% O2, total flow rate: 100 cm3/min.
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Table 4
Ethylene ammoxidation results.

Catalyst Ethylene conversion (X) (%) CH3CN selectivity (S) (%) CH3CN Yield (%)

Temp. (◦C) 425 450 475 500 425 450 475 500 425 450 475 500

Cr–A-SE 7 10 13.7 16.1 77 84 90 92.5 5.4 8.4 12.3 14.8
Cr–N-SE 5.5 9.7 16.7 19.5 22 45.5 83 92.5 1.2 4.4 13.8 18
Cr–A-AE 4. 2 10.2 18 25.7 27 66 86 92 1.1 6.7 15.5 23.6
Cr–N-AE 0.1 5 11.2 23.7 5 35 74 95 0 1.7 8.3 22.5
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onditions: 0.1 g catalyst, 10% NH3, 10% C2H4, 10% O2, total flow rate: 100 cm3/min

ctive and selective toward acetonitrile and do not exhibit any sig-
ificant change in catalytic properties even at 500 ◦C, after 10 h on
tream.

At 425 ◦C, Cr–A-AE is a poor active catalyst in ammoxidation,
ith both low C2H4 conversion (4.2%) and acetonitrile selectivity

27%), whereas Cr–A-SE catalyst exhibited, at the same tempera-
ure, slightly higher C2H4 conversion (7%) and acetonitrile as main
eaction product (acetonitrile selectivity of 77%). On the other hand,
atalysts issued from Cr nitrate exhibited, at 425 ◦C, very low cat-
lytic activity. In fact, at 5.5% of ethylene conversion, Cr–N-SE
atalyst yielded only 1.2% of acetonitrile, while Cr–N-AE catalyst
s inactive.

At 450 ◦C, Cr–A-AE catalyst exhibited 66% of selectivity toward
cetonitrile at 10.2% of ethylene conversion. Such catalytic prop-
rties are similar to those obtained in the presence of Cr–A-SE
atalyst, but they slightly exceed those of Cr–N-PM ones.

At 500 ◦C, it is clear that Cr–P-AE catalysts yielded higher C2H4
onversion and acetonitrile yields when compared to Cr–P-SE
olids.

. Discussion

Solid-state exchange of Cr(III) ions into ZSM-5 has been studied
y the mean of thermal analysis coupled to MS. The mechanism
f such exchange depended on the nature of chromium precur-
or. For example, because of the low thermal stability of Cr nitrate
alt, solid-state exchange with NH4

+–ZSM-5 zeolite occurs at rel-
tively low temperatures. After decomposition of Cr nitrate, Cr
ons (present mostly in the form of Cr3+) balancing the negatively
harged ZSM-5 framework and occupy the exchange sites. The
roduction of the strong oxidizing agent NO2 caused these Cr3+

ons to be either oxidized to Cr(VI) species, or aggregated into
nano)crystals of Cr2O3 (detectable by XRD).

When a mixture of Cr acetate and zeolite is heated, Cr3+ ions
ight have migrated either to the external surface of the zeolite

r continued to reside at the internal surface. During solid-state
eaction herein, volatile compounds such as acetic acid and water
ere produced. The hydrate water of the mixture provides surface
ydroxyl groups that act as binder making Cr(III) crystals aggre-
ates. We  believe that the external surface of the zeolite might
ontain Cr(III) oxide as characterization techniques revealed. Rais-
ng of the temperature and the prolongation of solid-state reaction
ime caused that a part of Cr(III) ions migrates inside the zeolite
hannels to be exchanged with Brönsted acid sites and stabilized
n the form of (hydro)oxo-cations such as [HO Cr O Cr OH]2+,

ono and polychromate species.
The catalysts prepared in aqueous phase, using zeolite support

nd 0.01 M solutions of Cr precursors exhibited low metal retention
ecause of diffusional restrictions. After ion exchange, hydrated
r cation, such as Cr(H2O)6

3+[19], could be present in the cavities

nd/or channels of the zeolite. The following way can be proposed
19]:

r(H2O)6
3+ + n−O Zeo → Cr3+ + −(O Zeo)n(H2O)m + (6-m)H2O
During this process, besides Brönsted acid sites, Cr ions were
anchored with silanols groups according to DRIFTS results. Dry-
ing procedure results in a decrease of the ligand field strength of
Cr(H2O)6

3+ complex which migrates to cationic sites on the sur-
face of the zeolite after a thermal treatment at 500 ◦C. DRS and
Raman studies indicate that monochromates, dichromate and/or
polychromate species were founded at the zeolite surface.

The difference between catalytic properties of low and over-
exchanged catalysts is obvious. At relatively low temperature
(425 ◦C), catalysts prepared in aqueous medium exhibited substan-
tially low activity. Since Cr(III) species were not detected in the
case of Cr–P-AE catalysts, it is more likely that these species are
actives at low temperatures. This idea confirms the agreement that
the improved catalytic properties of Cr–A-SE catalyst are mainly
related to the dispersed Cr(III) species. Characterization by DRS and
H2-TPR is clearly in favor of the formation of such species. How-
ever, Cr–N-SE catalyst, having a higher concentration of Cr(III) sites,
consequently yielded CO2 as main product at low temperatures.
Probably, residual nitrate ions poisoned these sites for further CO2
formation. Similar results have been reported in our previous study
[6].

At 450 ◦C, the catalysts issued from Cr nitrate exhibited low
catalytic activity since the negative effect of nitrate ions was  not
entirely prevented.

As the reaction temperature increases, the prepared solids
improve their catalytic properties. Among them, catalysts issued
from aqueous exchange, which are very poor on chromium, exhib-
ited substantially higher ethylene conversions, nitrile yields and
selectivities. This behavior can be correlated with the nature of Cr
species which are, essentially, mono/di and polychromate species.

In the case of Cr–P-SE catalysts, besides Cr3+ ions and
mono/poly-chromates, Cr oxo-cations could be considered as active
sites. In fact, the catalyst we  reported earlier [6],  e.g. issued
from H+–ZSM-5 (Si/Al = 15) and CrCl3, was  very active in ethylene
ammoxidation. We  have attributed the improved catalytic proper-
ties of this catalyst, which is also poor on chromium, to the presence
of Cr oxo-cations at the exchange sites.

Nevertheless, higher concentration of Cr(III) oxide species
around the active sites thereby creating a diffusion block for
ethylene molecules, and inhibits the catalytic activity of Cr–P-SE
catalysts.

5. Conclusion

The exchanged chromium content and the nature of metallic
species introduced in the ZSM-5 zeolite depended on the catalysts
preparation method. In fact, upon aqueous exchange, low exchange
levels were reached. Sitting of chromium ions in exchange sites led
to the consumption of both Brönsted acid sites and silanol groups
as DRIFTS spectra have showed up, and the thermal treatment

led essentially to the formation of chromate species with differ-
ent degrees of polymerization as DRS and Raman results revealed.
Indeed, the reduction of different Cr ions with H2 was demonstrated
by H2-TPR analysis.
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After solid-state reaction, higher exchange levels were reached.
RS, Raman, TPR and DRIFTS results showed that Cr species are
ssentially oxo-cations, mono and/or polychromates, and Cr(III)
ons either in the zeolite exchange sites or located on the outer
urface as Cr2O3 oxide (XRD and TEM results).

The prepared materials exhibited generally good catalytic prop-
rties in the studied reaction. Among them, those prepared from
queous exchange exhibited the highest activity. Improved cat-
lytic properties were not related to the level of metal exchanged,
s expected, but depended on chromium speciation. It seems that
r(VI) species play a key role in the ammoxidation of ethylene,
hereas, in the case of Cr–P-SE catalysts, higher concentration of
r(III) oxide species, around the active sites, inhibits the catalytic
ctivity.
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