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Acid/Vanadium-Containing Saponite for the Conversion of Propene into
Coke: Potential Flame-Retardant Filler for Nanocomposite Materials
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Introduction

One important limit for the utilization of polymers in sever-
al domains of everyday life is their low thermal stability and
relative high flammability. Different families of inorganic
compounds have been used as additives to increase the
flame resistance of polymer matrices. In the past, halogenat-
ed materials, in particular containing Cl- and Br species,
were employed because, during combustion, such additives
preferentially release specific radicals, which stop the free-
radical mechanism that is responsible for the thermal de-
composition of the polymer. Nevertheless, halogenated com-
pounds are often toxic and have a negative impact on both
the environment and human health.[1]

For this reason, in the recent literature, the use of alterna-
tive halogen-free flame-retardant additives that display dif-

ferent physical- and/or chemical effects on the mechanism
of polymer combustion has been proposed.[1] Inorganic hy-
droxides, such as Mg(OH)2 and Al(OH)3,

[1,2] that induce
a temperature decrease by heat consumption, along with
silica particles,[3] naturals clays,[4] silsesquioxanes,[5] and bo-
rates,[1] which promote the formation of inorganic protective
layers between the combustion zone and the solid phase,
have been exploited to increase the flame-resistance of poly-
mers.

Moreover, acidic clays and metal-containing polyhedral
oligomeric silsesquioxanes, which partially decompose the
polymer chains, have also been proposed.[6–8] These materi-
als catalyze oxidative dehydrogenation (ODH) reactions,
thereby leading to the formation of protective charring
layers.

Clay materials have attracted particular interest over the
past few decades because they show both physical- and
chemical flame-retardance action.[1] In fact, Camino and co-
workers[9] reported that the promising behavior of clays was
mainly owing to two synergetic effects: the creation of a pro-
tective inorganic layer on the surface of the polymer matrix
and the formation of charred laminar structures caused by
acid sites, which are particularly active in hydrogen-transfer
reactions.[10] Among the wide family of layered materials,
acidic saponite clays (especially those of synthetic origin)
display interesting features as additives for polymer-based
nanocomposite materials. Indeed, synthetic saponite solids
have high surface acidity (relevant for cracking[11] or epox-
ide-ring-opening reactions[12]), as well as a tunable morphol-
ogy and textural properties.[13] In addition, the synthesis of
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Abstract: Vanadium-containing sapon-
ite samples were synthesized in a one-
pot synthetic procedure with the aim of
preparing samples for potential appli-
cation as fillers for polymeric compo-
sites. These vanadium-modified materi-
als were prepared from an acid support
by adopting a synthetic strategy that al-
lowed us to introduce isolated structur-
al V species (H/V-SAP). The physico-
chemical properties of these materials
were investigated by XRD analysis and
by DR-UV/Vis and FTIR spectroscopy
of CO that was adsorbed at 100 K;

these data were compared to those of
a V-modified saponite material that did
not contain any Brønsted acid sites
(Na/V-SAP). The surface-acid proper-
ties of both samples (together with the
fully acidic H-SAP material and the
Na-SAP solid) were studied in the cat-
alytic isomerization of a-pinene oxide.
The V-containing solids were tested in
the oxidative dehydrogenation reaction

of propene to evaluate their potential
use as flame-retardant fillers for poly-
mer composites. The effect of tuning
the presence of Lewis/Brønsted acid
sites was carefully studied. The V-con-
taining saponite sample that contained
a marked presence of Brønsted acid
sites showed the most interesting per-
formance in the oxidative dehydrogen-
ation (ODH) reactions because they
produced coke, even at 773 K. The cat-
alytic data presented herein indicate
that the H/V-SAP material is potential-
ly active as a flame-retardant filler.
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these materials can be easily adapted to facilitate the intro-
duction of metal centers that are able to promote redox re-
actions, thus improving the flame retardance of polymers.

Among the transition-metal ions, vanadium has largely
been investigated because of its redox properties: it can be
used to catalyze various oxidative dehydrogenations (i.e. ,
MeOH into formaldehyde,[14] ethane into acetaldehyde/acro-
lein,[15] ethyl benzene into styrene[16]). Therefore, the intro-
duction of vanadium sites on acidic saponite materials can
be relevant to enhance the formation of charring products
when opportunely dispersed in polymeric matrices, such as
poly ACHTUNGTRENNUNG(olefin)s.

Recently, some of us reported a new vanadium-containing
synthetic clay, which is a potentially interesting material for
these kinds of applications.[17] This material is a synthetic
saponite and contains both vanadium ions, by partially re-
placing silicon ions in the tetrahedral sheet, and extra-
framework vanadium species (Figure 1).

The co-presence of vanadium- and silicon atoms in the
same layer generates Brønsted acid sites that are able to
produce coke from propene.[17] Thus, the ODH reaction of
propene was used as a test reaction for a fast screening of
additives because it can improve the capacity of a given cat-
alyst to favor: 1) the production of volatile oxygenated
products, 2) the production of coke, and 3) the total combus-
tion of propene. This reaction was actually a model reaction
for the evaluation of the flame-retardant properties of poly-
olefin matrices because the thermal degradation of poly-
propylene starts with the release of propene.[18]

Nevertheless, as stated above, these preliminary studies
were conducted on a V-saponite (V-SAP) solid that was

characterized by the presence of both extra-framework- and
structural vanadium species, along with surface acid sites,
which rendered the comprehension of the catalytic behavior
of the V-modified clay difficult. Herein, vanadium-modified
materials are prepared by exploiting a fully acidic support
and by adopting a synthetic strategy that essentially leads to
the formation of isolated structural V sites. Our purpose was
to drive the catalytic conversion of propene into coke by ex-
ploiting the positive features of both acidic saponite sites
and vanadium centers. The catalytic performance of vanadi-
um–saponites in the ODH reaction of propene was com-
pared with that obtained over different metal-free sodium-
and acidic saponites (that contain different amounts of
Brønsted acid sites). Finally, the acid-catalyzed isomeriza-
tion of a-pinene oxide was chosen as a test reaction to eval-
uate the nature of the acid sites.

Results and Discussion

Physicochemical Characterization of Vanadium-Containing
Saponites

A series of three vanadium-containing saponites (V-SAP,
Na/V-SAP, and H/V-SAP) and four vanadium-free saponites
(Na-SAP, H-SAP-0.01, H-SAP-0.1, and H-SAP-1) with
acidic and redox properties were prepared.

The chemical composition of the vanadium-containing
materials are reported in Table 1. The V-SAP sample is
characterized by a lower Na content (0.015 mmol g�1) with
respect to the synthetic gel (about 1 mmol g�1), which sug-
gests that, beside Na+ ions, the negative charge of the sapon-
ite layers is balanced by other counterions (i.e., Mg2+, Al3+,
and H+ ions). The amount of vanadium in V-SAP is
0.06 mmol g�1.

Results obtained on the Na/V-SAP sample, which was
prepared by ion-exchange of the V-SAP solid in a saturated
solution of NaCl, indicate that the V-SAP sample contains

Abstract in Italian: In questo lavoro � stato sintetizzata tra-
mite metodologia “one-pot” una saponite contenente in
struttura vanadio, di interesse come additivo per compositi
polimerici. La metodologia di sintesi adottata ha permesso
di ottenere un solido acido contenente siti di vanadio strut-
turale isolati (H/V-SAP). Le propriet� chimico-fisiche di
tale materiale sono state studiate tramite XRD, DR-UV-Vis
e FT-IR di CO adsorbito a 100 K e confrontate con quelle
di una V-saponite priva di acidit� di Brønsted (Na/V-SAP).
Le propriet� acide di entrambi i materiali (e di saponiti
acidi H-SAP e sodica Na-SAP) sono state investigate sotto-
ponendo i campioni ad un test catalitico di isomerizzazione
dell� ossido di a-pinene. I campioni contenenti vanadio sono
stati infine testati come catalizzatori per la reazione di dei-
drogenazione ossidativa del propene, con l’obiettivo di valu-
tarne i loro potenziale uso come additivi ritardanti di
fiamma per compositi polimerici. La saponite contenente
vanadio strutturale e caratterizzata da una marcata acidit�
di Brønsted ha mostrato le migliori prestazioni catalitiche,
producendo prodotti carboniosi anche ad alte temperature
di esercizio (773 K). I dati catalitici qui mostrati indicano
che il campione H/V-SAP � potenzialmente attivo come ri-
tardante di fiamma per compositi polimerici.

Figure 1. Structure of a synthetic vanadium-containing saponite.

Table 1. Na- and V content [mmolg�1] in V-SAP, Na/V-SAP, and H/V-
SAP.

V-SAP Na/V-SAP H/V-SAP

Na 0.015 0.50 0.04
V 0.06 0.05 0.05
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a small amount of extra-framework V species, as attested by
the fact that the ion-exchange procedure leads to a drop in
the total vanadium content (from 0.06 mmol g�1 for V-SAP
to 0.05 mmol g�1 for Na/V-SAP). In this sample, the amount
of Na+ ions is significantly higher than in the parent, as-syn-
thesized V-SAP solid, thus indicating that extra-framework
species, such as Mg2+ or Al3+ ions, are substituted with Na+

cations.
Under acidic conditions, the ion-exchange procedure that

was used to prepare the H/V-SAP sample (0.01 m HCl solu-
tion) resulted in a significant decrease in the Na+-ion con-
tent (from 0.50 to 0.04 mmol g�1), thus indicating that
a large proportion of the interlayer Na+ ions were replaced
by protons. This treatment did not affect the total vanadium
content, thereby confirming that all of the extra-framework
vanadium ions were replaced in the previous ion-exchange
procedure in NaCl solution.

The structural properties of V-SAP before- and after the
ion-exchange procedure in both NaCl and acidic solutions
were investigated by X-ray diffraction.

According to a literature report,[13] the X-ray pattern of
V-SAP (Figure 2 A, curve a) showed (001), (110), (201), and
(060) reflections that are typical of a trioctahedral clay,
which suggests that the introduction of vanadium into the
synthesis gel does not affect the layered saponite structure.
The position of the (001) reflection at 2q= 6.58 indicates
that the interlayer spacing in the V-saponite is about 1.3 nm,
which is slightly higher than that reported for the Na-SAP
sample (11 �),[13] which showed a broad signal at about 2q=

7.88 (Figure 2, dashed line). Moreover, the basal reflection
of V-SAP is more intense and well-defined with respect to
the Na-SAP sample, thus suggesting a more ordered stack-
ing of the clay layers, according to data reported in the liter-
ature for metal-containing clay samples.[19]

By replacing the interlayer V cations by Na+ ions in the
Na/V-SAP sample, a more-disordered structure is obtained
(Figure 2, curve b), as indicated by a decrease in the intensi-
ty and slight broadening of the basal reflection. In addition,
the (001) basal reflection shifted to a higher angle (from
2q= 6.58 to 7.88) as a consequence of the decrease in inter-
layer distance.

Treatment under mildly acidic conditions does not signifi-
cantly alter the structure of the layered material, as indicat-
ed by the fact that the XRD profile of the H/V-SAP is simi-
lar to that of the parent Na/V-SAP material (Figure 2,
curve c). After H+-ion exchange, the basal reflection is
found at 2q= 6.88, thus indicating a slight increase (of about
0.17 nm) in the interlayer distance compared to Na/V-SAP
(Figure 2 c), as has previously been observed for similar
samples.[11]

The coordination and oxidation state of the vanadium
species in V-SAP and in the exchanged materials (Na/V-
SAP and H/V-SAP) were investigated by DR-UV/Vis spec-
troscopy (Figure 3). As-synthesized V-SAP (Figure 3 a) is

characterized by the presence of a broad absorption in the
range of 200–350 nm, with a maximum at 230 nm and
a shoulder at 270 nm. These bands are assigned to charge-
transfer (CT) transitions from oxygen to V5+ in distorted
(pseudo)tetrahedral oxovanadium (SiO)3V=O species. Three
broad bands at about 340, 430, and 600 nm are also ob-
served. The first two bands indicate the presence of V2O5-
like oligomers, which are probably located in extra-frame-
work positions, whilst the broad absorption at higher wave-
length is related to d�d transitions of the V4+ cations, thus
indicating that the solid contains both V5+ and V4+ spe-
cies.[17,20]

Figure 2. A) XRD profiles of V-SAP (a), Na/V-SAP (b), H/V-SAP (c)
and Na-SAP (dashed line); B) expanded view in the range 2–188.

Figure 3. DR-UV/Vis spectra of V-SAP (a), Na/V-SAP (b), and H/V-SAP
(c) diluted in a BaSO4 matrix (10 wt. %). The spectra were collected at
room temperature after treatment under vacuum conditions at room tem-
perature for 1 h.
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The intensity of the band at 600 nm drastically decreases
after ion-exchange in NaCl solution (Figure 3 b). This evi-
dence suggests that V4+ species are mainly located inside
the interlayer space of V-SAP and act as countercations of
the negative saponite layers. In addition, a marked decrease
in the band intensity, which is attributed to the presence of
extra-framework V2O5 species, is also observed in the UV/
Vis spectrum of Na/V-SAP.

The DR-UV/Vis spectrum of H/V-SAP is similar to that
of Na/V-SAP (Figure 3 c). Nevertheless, in this case, a differ-
ent ratio of the intensities of the bands at 230 and 270 nm is
observed. This change could be assigned to the effect of
acid treatment on the local organization of the structural
V5+ sites.

IR spectroscopy was used to study the redox behavior of
the vanadium ions in Na/V-SAP and H/V-SAP materials. IR
spectra that were collected upon CO adsorption at 100 K on
Na/V-SAP and H/V-SAP pellets, that were oxidized under
oxygen at 853 K, are shown in Figure 4. Adsorption of CO
onto the Na/V-SAP sample results in changes in the original
bands—owing to the formation of surface OH groups—at
3740 and 3700 cm�1 (negative bands in Figure 4 A),[11] as
well as in the broad absorption at about 3625 cm�1; the asso-
ciated Dn(OH) shifts are equal to about 115 and 75 cm�1, re-
spectively. A precise Dn(OH) shift cannot be given on the
basis of the experimental data owing to the broadness of the
absorption that is formed upon CO interaction and to its
partial overlapping with bands that are characteristic of sap-
onite OH surface groups. These estimated shifts in the OH

stretching are related to the interactions between CO and
the surface SiOH groups of saponite.

In the n(CO) stretching region (Figure 4 A’), the spectrum
is dominated by an intense absorption at 2170 cm�1 with
a shoulder at about 2160 cm�1. The band at 2170 cm�1 can
be assigned to CO molecules that are adsorbed onto (or po-
larized by) Na+ ions that are present in the interlayer space
of the saponite clay, whereas the absorption that is centered
at 2160 cm�1 is due to the stretching mode of CO in interac-
tions with silanol species.[13]

In addition, a broad band at 2140 cm�1, owing to the
stretching vibration of CO that is condensed in a liquid-like
state inside the saponite porosities that are generated by
particle aggregation, is also observed.[13,17]

The IR spectrum, that is collected upon CO adsorption
(60 mbar) at 100 K on the reduced Na/V-SAP sample, shows
similar bands to that of the oxidized sample (Figure 5). Nev-
ertheless, a new absorption in the CO stretching region at
2190 cm�1, which disappears after re-oxidation (Figure 5), is
observed, which is ascribed to CO interacting with V4+ ions
that are derived from the reduction of structural V5+ spe-
cies.

A similar study was carried out for the oxidized H/V-SAP
sample; the IR spectra that were collected upon CO adsorp-
tion at 100 K are shown in Figure 4 B, B’.

Beside the absorption at 3630 cm�1, as already observed
for the oxidized Na/V-SAP sample, which is more intense
for the H/V-SAP sample, two positive absorptions at 3400
and 3250 cm�1 appear in the difference spectrum of oxidized

H/V-SAP (Figure 4 B). The
broad band at 3400 cm�1 is as-
signed to the stretching mode
of CO molecules that interact
with Al�OH and V5+�OH spe-
cies with medium acidity, in
which the Al and V ions are
partially extra-framework.[21]

The component at 3250 cm�1 is
associated to the presence of
sites with high Brøntsed acidity.
According to data reported in
the literature for the as-synthe-
sized V-SAP sample,[17] this
band can be assigned to the
stretching mode of hydroxy
groups that are generated by
the presence of Si(OH)V5+ and
Al(OH)Si species that interact
with CO probe molecules. The
large shift in frequency upon
CO absorption (Dn=340 cm�1)
indicates that the surface acidi-
ty of this material is compara-
ble to that of the acid saponites.

In the range of 2240–
2045 cm�1 (Figure 4 B’), the
spectrum after CO adsorption

Figure 4. IR spectra of CO that was adsorbed at 100 K (maximum coverage at 60 mbar) on Na/V-SAP and H/
V-SAP pellets that were oxidized under an oxygen atmosphere at 853 K. Difference spectra in the ranges
3800–3200 cm�1 and 2240–2045 cm�1 for Na/V-SAP (A and A’) and H/V-SAP (B and B’) were obtained by
subtracting the spectra of the materials before interactions with CO. Arrows indicate decreasing CO pressure.
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onto the oxidized sample shows
an intense band at 2175 cm�1,
which is assigned to the stretch-
ing mode of CO molecules that
interact with both Si(OH)V5+

and Si(OH)Al acid sites, as well
as bands at 2140 and 2160 cm�1,
which were previously observed
for the oxidized Na/V-SAP
sample. Moreover, the broad
and complex component in the
range 2200–2192 cm�1, which becomes more evident at low
CO pressures, can be associated to the stretching mode of
CO molecules that are polarized on the V5+ and Al3+ sites
that are present in the solid.

As far as the reduced sample is concerned, the band at
2192 cm�1 becomes more intense owing to the interactions
of CO molecules with V4+ ions that are formed during the
reduction process (Figure 5), according to that observed for
reduced Na/V-SAP. The re-oxidation process of H/V-SAP
restores the vibrational profile of oxidized H/V-SAP to
a large extent, thus indicating the reversibility of the redox
cycle.

Evaluation of the Acidic Character of the Saponite
Samples: Isomerization of a-Pinene Oxide

The acidic character of the V-containing saponite samples
(Na/V-SAP and H/V-SAP) was also evaluated by using the
catalytic isomerization of a-pinene oxide (1) in the liquid
phase as a test reaction (Scheme 1). The acidity of these
solids was compared with that of metal-free acid saponites
that were prepared by ionic-exchange in HCl solutions of
different concentrations (H-SAP-1, H-SAP-0.1, and H-SAP-
0.01; see the Experimental Section and Ref. [11]) and with
the Na-SAP sample.

In the presence of acid sites, a-pinene oxide (1) easily iso-
merizes into a series of different compounds: campholenic
aldehyde (2), carveol (3), pinocarveol (4), and pinocam-

phone (5). The strength and
nature of the acid sites (Lewis
or Brønsted) have a direct in-
fluence on the amount and dis-
tribution of the products
formed. Indeed, the use of mild
Lewis acid sites largely favors
the production of compound 2
together with compounds 4 and
5 as the major side-products,
whilst Brønsted acid sites en-
hance the formation of com-
pound 3 with the main product
(2).[22–25]

All of the materials show
good activity: In all cases, at

room temperature, the isomerization is almost complete
within 15 minutes (Table 2). In particular, the catalytic activ-
ity follows the trend: H-SAP-0.01�H-SAP-0.1>H/V-
SAP>H-SAP-1�Na-SAP>Na/V-SAP.

The materials H-SAP-0.01 and H-SAP-0.1 are particularly
active and reactant 1 disappears completely after five mi-
nutes. Compound 2 is formed as the major product, together
with relevant amounts of carveol (3), thus indicating
a marked and strong Brønsted character of these samples.
H/V-SAP displays a high, albeit less-marked, acid character.
Over this solid, the formation of compound 3, which is fa-
vored by the presence of Brønsted sites (i.e., Si(OH)V5+

and Si(OH)Al), is maximized. Conversely, the lower activity

Figure 5. IR spectra of CO adsorbed at 100 K (maximum coverage at 60 mbar) on oxidized- (solid line), re-
duced- (dashed line), and re-oxidized samples (dotted line) of Na/V-SAP (A) and H/V-SAP (B). Difference
spectra in the range 2240–2045 cm�1 were obtained by subtracting the spectra of the materials before interac-
tions with CO.

Scheme 1. Acid-catalyzed isomerization of a-pinene oxide.

Table 2. Catalytic performance of the saponite materials in the liquid-
phase isomerization of a-pinene oxide.

Catalyst Conversion[a] Selectivity[b]

1 [%] 2 [%] 3 [%] 4 [%] 5 [%]

H-SAP-0.01 >98 51 27 7 15
H-SAP-0.1 >98 49 29 6 16
H-SAP-1 43 53 25 11 11
Na-SAP 46 55 18 13 14
Na/V-SAP 22 58 12 24 6
H/V-SAP 72 45 31 9 15

Conditions: catalyst (50 mg), a-pinene oxide (100 mg), toluene (8 mL),
RT, 5 min. [a] conversion; [b] selectivity for products 2–5.
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of H-SAP-1, comparable with that of the sodium-containing
Na-SAP, can be ascribed to the dramatic loss of the layered
structure that is caused by the treatment in concentrated 1m

HCl solution during the preparation process.[12] Over H-
SAP-1, the product-distribution pattern is typical of sites
with intermediate Brønsted acid character. On the contrary,
over Na-SAP and Na/V-SAP, the formation of products
through Lewis acid catalysis is more marked, which is a clue
that the ion-exchange process with Na+ ions leads to a de-
crease in the Brønsted acid character. Finally, Na/V-SAP is
the least-active solid in the isomerization of compound 1 be-
cause the thorough treatment of V-SAP with an aqueous so-
lution of NaCl suppresses most of the Brønsted activity,
thereby leaving a modest Lewis acid character.

In summary, the highest activity in the isomerization of a-
pinene oxide was recorded over vanadium-free protonic sap-
onites. Nevertheless, the H/V-SAP sample also displayed po-
tentially interesting acid character, albeit weaker than
purely protonic materials. Conversely, sodium-exchanged
samples showed poor activity owing to the extensive ex-
change treatment by Na+ cations that largely suppressed the
Brønsted acidity in favor of some residual Lewis acid char-
acter.

Oxidative Dehydrogenation Tests

The catalytic performance of saponite-based materials for
the oxidative dehydrogenation (ODH) of propene are re-
ported in Table 3 and compared to those of a natural mont-
morillonite clay. Because montmorillonite is known to be
a good char-producing flame retardant, it was tested as
a “reference” to evaluate the performance of these sapon-
ite-based materials.

The behavior of all of the tested catalysts can be de-
scribed by Equations (1–4):

C3H6þ3 O2 $ 3 COþ3 H2O ð1Þ

2 C3H6þ9 O2 $ 6 CO2þ6 H2O ð2Þ

2 C3H6þ3 O2 $ 3 Cþ6 H2O ð3Þ

CþO2 $ CO2 ð4Þ

In this four-reaction scheme, C represents carbonaceous
coke deposits that are formed/consumed during the ODH
tests.

Whereas CO and CO2 are always reaction products, coke
may be formed in reaction (3) and consumed in reaction
(4). This property means that the rate of coke formation can
be positive, if reaction (3) is faster than reaction (4), or neg-
ative, in the opposite case. Thus, a negative rate, which, in
principle, does not possess a physical meaning, conventional-
ly indicates that the system is burning the coke that was pre-
viously accumulated.

As expected, montmorillonite shows high propene conver-
sion, with the production of coke, CO, CO2, and water.

The activity of montmorillonite was the highest of all of
the observed activities for saponite-based materials but, in
spite of this high activity, the final amount of coke that was
found on it after the reaction was not the highest. In fact, el-
emental analysis clearly showed that coke-deposition during
the reaction for some saponite samples was higher than that
of montmorillonite (Table 3). This result can be explained
by looking at the coke-deposition rate: montmorillonite
always shows lower rates of coke production than almost all
saponite-based materials (Table 3). In particular, the rate of
coke deposition already becomes negative (that is, coke is
burnt) at 723 K. Thus, if we only look at the coke-produc-
tion data, we may conclude that all of the saponite-based
materials are potentially more interesting than montmoril-
lonite for coke production and, thus, that these samples may
have potential interest as flame-retardant fillers.

Some differences can be observed between the saponite
materials. For the sake of clarity, the most relevant parame-
ters (Table 3) are shown in Figure 6.

The main factors that affect the reactivity of the samples
are: 1) the layered structure of saponite, which is fundamen-
tal for promoting the formation of coke layers; 2) the pres-
ence of both Lewis- and Brønsted acid sites that catalyze hy-
drogen-transfer reactions during combustion;[26] and 3) the
presence of vanadium, which is known to be active in the
ODH of propene.[27,28]

Sodium-containing saponite (Na-SAP) was tested to eval-
uate the activity of a vanadium-free- and Brønsted-site-free
solid. Na-SAP shows the lowest activity at low temperatures
and the lowest overall coke production (Figure 6). From the
characterization data and the isomerization experiments of
a-pinene oxide (see above), this material possesses a layered
structure and modest Lewis acid character. Thus, the non-
negligible ODH catalytic activity of Na-SAP is likely related
to these two main features because both of them can play
a positive role in coke production.

Table 3. Catalytic performance of the saponite materials and montmorillonite in the ODH reaction of propene.

Catalyst Conversion [%] Coke-formation/consumption rate[a] CO-formation rate[b] CO2-formation rate[c] Coke deposition[d]

623 K 723 K 773 K 623 K 723 K 773 K 623 K 723 K 773 K 623 K 723 K 773 K ACHTUNGTRENNUNG[wt. %]

H/V-SAP 7 14 21 0.22 0.11 0.02 0.015 0.036 0.061 0.016 0.049 0.078 5.46
Na/V-SAP 4 10 18 0.2 0.04 �0.09 0.004 0.029 0.060 0.006 0.034 0.065 2.04
H-SAP-0.01 5 11 18 0.26 0.17 �0.06 0.006 0.022 0.052 0.007 0.034 0.073 6.10
H-SAP-0.1 5 13 22 0.27 0.21 �0.25 0.003 0.021 0.051 0.005 0.048 0.118 3.39
Na-SAP 2 7 17 0.08 0.02 �0.01 0.002 0.021 0.052 0.003 0.024 0.061 1.55
montmorillonite 11 53 63 0.16 �0.07 �0.57 0.032 0.219 0.303 0.027 0.147 0.177 3.82

[a] Formation/consumption rates expressed in (mmol C) gcat
�1 min�1; [b, c] formation rates expressed in (mmolCO) gcat

�1 min�1; and (mmol CO2) gcat
�1 min�1,

respectively; [d] coke deposition determined by elemental analysis of the exhaust catalysts.
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The catalytic behavior of H-SAP-0.1 and H-SAP-0.01
(generated by ion-exchange reactions) can be easily ex-
plained by considering the beneficial effect that the Brønst-
ed acid sites exert in terms of an increased aptitude toward
coke formation (Figure 6). On these two latter catalysts, we
observe the best low/medium-temperature coke production.
At 773 K, both catalysts show a significant tendency towards
burning the previously accumulated coke, which is markedly
higher for H-SAP-0.1. Instead, H-SAP-1 is completely inac-
tive: As mentioned above, this behavior is due to the ob-
served complete loss of the layered structure (and, thus, of
Brønsted acid character) of saponite for this sample. Nota-
bly, the isomerization of a-pinene oxide is less sensitive to
this dramatic change in the saponite structure because H-
SAP-1 shows only a significantly lower (yet non-zero) con-
version in this reaction instead of the total loss of activity
observed during the ODH tests.

Finally, the role of the co-presence of acid sites and vana-
dium ions was evaluated by testing the H/V-SAP and Na/V-
SAP materials. H/V-SAP always shows higher activity than
Na/V-SAP, which means that the presence of Brønsted acid
sites increases the reactivity towards propene-conversion
(Figure 6). In fact, from the isomerization of a-pinene oxide,
Na/V-SAP only showed modest Lewis acid character. More-
over, H/V-SAP is the only sample that still maintains posi-
tive coke production at the highest temperature (773 K),
which, in turns, prevents coke combustion, thus leading to
the deposition of large amounts of coke. This behavior may
be ascribed to the synergetic effect of the presence of struc-
tural vanadium ions and surface acid sites.

The lower overall amount of coke deposited for H/V-SAP
(5.46 wt. %) with respect to H-SAP-0.01 (6.10 wt. %) should
not lead to an incorrect interpretation of the compared per-
formances of these two catalysts. In fact, we must keep in
mind that both catalysts are only tested at the highest tem-
perature for 30 min. It is reasonable to suppose that the re-
sults of a longer test could be significantly different because
H/V-SAP still produces coke at 773 K, whilst H-SAP-0.01
burns coke at this temperature.

In summary, H/V-SAP is probably the most-interesting
catalyst because it shows good performance at low tempera-
tures (in both propene-conversion and coke-production) and
because it is the only system that still produces coke at
773 K (Figure 6).

Conclusions

Herein, two different saponite clays that contain vanadium
ions in structural positions have been successfully prepared
by using a one-pot approach. In one case, Brønsted acid
sites were generated by ion-exchange of Na/V-SAP under
mild-acid conditions, with the aim of exchanging interlayer
Na+ ions with protons.

The introduction of V into the synthesized gel does not
affect the final structure of the V-SAP sample, which is simi-
lar to that in classically prepared saponite clays.

The coordination and oxidation state of V in both samples
were studied by DR-UV/Vis spectroscopy, which indicated
that the samples contain V5+ ions in a distorted (pseudo)te-
trahedral geometry. H/V-SAP and Na/V-SAP did not con-
tain a significant amount of extra-framework species be-
cause they were removed during the exchange procedures.

The redox behavior of the samples was investigated by
FTIR spectroscopic analysis of the adsorbed CO at 100 K.
For both samples, most of the V ions underwent redox
cycles.

The acidity of these V-containing saponites was evaluated
on a model catalytic reaction (the isomerization of a-pinene
oxide) and compared to that of fully acid H-SAP materials
(which contain different amounts of Brønsted acid sites), as
well as with Na-SAP. Na/V-SAP has a weak Lewis acid char-
acter, whereas H/V-SAP is characterized by a marked
Brønsted acid character, even if this sample is less acidic
than metal-free purely protonic H-SAP samples.

All of the samples were tested in the ODH reaction of
propene to study their capability to form carbonaceous spe-
cies, which are interesting for applications in flame-retardant
materials in polymer science. All of the tested materials
(i.e., V-containing samples, acid saponites, and Na-SAP)
show interesting activities in propene-conversion and coke-
formation (with different coke-formation rates depending
on the chemical nature of the catalyst). Nevertheless, apart
from the bifunctional H/V-SAP sample, all of the catalysts
tend to decompose coke at a high working temperature be-
cause they favor coke-combustion reactions. On the contra-
ry, H/V-SAP is the most interesting catalyst because it

Figure 6. The ODH of propene was performed on various samples. Activ-
ity and coke-production data were determined at: 623 K (black), 723 K
(gray), and 773 K (light gray).
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shows good activities at low temperatures and because it is
the only system that still maintains a positive coke produc-
tion at high temperature (773 K). This result indicates that,
although the lamellar structure is fundamental to drive the
ODH of propene toward the formation of coke, the overall
performance of these materials significantly increases with
the co-presence of V ions and Brønsted acid sites.

Experimental Section

Vanadium-Containing Saponite SamplesACHTUNGTRENNUNG(V-SAP): Vanadium-containing saponite clay (gel composition
(Na)0.81Mg6(OH)4(Al0.81V0.07Si7.11)O20·n H2O, H2O/Si 20:1, nominal cationic
exchange capacity (CEC): 104.9 milliequiv/100g was prepared according
to an optimized literature procedure.[17]

Amorphous silica (SiO2, 6.68 g, 99.8 %, Aldrich) and aluminum isoprop-
oxide (Al ACHTUNGTRENNUNG[OCH ACHTUNGTRENNUNG(CH3)2]3, 3.20 g, 98 %, Aldrich) were suspended in water
(45 mL) that contained NaOH (0.63 g). After 1 h, magnesium acetate tet-
rahydrate (Mg ACHTUNGTRENNUNG(CH3COO)2·4H2O, 24.86 g, 99 %, Aldrich) was added to
the suspension (gel 1). In parallel, vanadium(IV) oxide sulfate hydrate
(VOSO4·x H2O, 0.22 g, 97%, Aldrich) was added to a suspension that was
prepared by dissolving tetraethylorthosilicate (TEOS, 5.6 g, 98 %, Al-
drich) in a small amount of EtOH (99.5 %, Aldrich). Two drops of HCl
37% were added to the solution to promote the condensation of TEOS
and VOSO4.

Finally, the solution was added to the gel and the mixture was poured
into a PTFE cup in a sealed autoclave and heated at 513 K for 72 h.

After the hydrothermal crystallization process, the crystalline products
were filtered and washed with deionized water to neutral pH value. The
material was dried in an oven at 373 K for 24 h.

Na/V-SAP : V-SAP (1 g) was submitted to a classical ion-exchange pro-
cess in a saturated solution of NaCl for 36 h at RT to completely replace
the cations that were present in the interlayer space by Na+ ions. Next,
the solid was filtered and washed with deionized water until complete
elimination of chloride had occurred (the presence of chloride was tested
in all washings with AgNO3).

H/V-SAP : Part of the Na/V-SAP solid underwent an ion-exchange pro-
cess in acidic solution to activate the surface acidity through the replace-
ment of interlamellar Na+ ions by protons. Thus, Na/V-SAP was placed
in contact with a 0.01 m HCl solution. The ion-exchange process was per-
formed at RT under stirring for 36 h. H/V-SAP was obtained after filtra-
tion and washed until the chlorides had disappeared.

Sodium-Containing Saponite

Na-SAP : This solid was prepared according to a literature procedure.[11]

Acid Saponite Samples

H-SAP-0.01, H-SAP-0.1, and H-SAP-1: To replace the Na+ ions with H+

ions, Na-SAP (obtained as above described) was exchanged by using HCl
solutions of different concentrations (0.01, 0.1 and 1 m, respectively). The
ion-exchange reaction was performed for all saponite fractions under the
synthetic conditions that were adopted for the H/V-SAP sample. These
materials are named: H-SAP-0.01, H-SAP0.1, and H-SAP-1, according to
the HCl concentration that was used for the ion-exchange.

ODH Reactions

The oxidative dehydrogenation (ODH) tests were performed under at-
mospheric pressure in a fixed-bed quartz tubular reactor (internal diame-
ter: 4 mm). The feed was composed from a mixture of propene/oxygen/
argon with a molar ratio of 3.75:7.5:88.75 and a total flow rate of
40 mL min�1. The reactant mixture was generated by using three calibrat-
ed mass-flow controllers. The reported flows were chosen to work under
various conditions, even with the most active catalyst. The catalytic tests
were performed in the temperature range 623–773 K to evaluate the be-

havior of saponite-based materials immediately after the temperature at
which polypropylene starts to decompose.[12] The reactants and gaseous
reaction products were analyzed by using an online mass spectrometer
(VG instruments, mod. VG2, m/z 0–200). In addition, a downstream cold
trap (kept at 273 K) was inserted to eventually collect the condensable
products. All tests were performed according to the following procedure:
The solid catalyst (100(�1) mg) was introduced into the reactor (with
a resulting catalyst-bed size of about 10–12 mm). The loaded catalyst was
then degassed for 20 min at RT under a pure-Ar atmosphere. To allow
for the calibration of the mass spectrometer, the reactor was isolated by
using a bypass valve. Signals were then calibrated by using, in sequence,
2% CO2 (98 % Ar) and 2% CO (98 % Ar) mixtures. Finally, propene
and O2 were calibrated by using the feeding gas mixture. Next, the reac-
tor was inserted into the feeding flow and, after the complete stabiliza-
tion of every mass channel, the reactor was heated at a ramp rate of
10 Kmin�1. At 623 K, 723 K, and 773 K, the heating was temporarily
stopped for 30 min to evaluate the catalytic behavior under steady-state
conditions.

Conversions were calculated over the m/z= 41 (propene) channel. More-
over, we decided to show the rates of product-formation/depletion rather
than selectivities because one of the products (coke) may also act as a re-
agent (see below). Formation rates (FR) were calculated according to
Equation (5) and should be viewed as the average rate over the entire
isothermal step. Coke-formation/depletion rates were calculated indirect-
ly by taking into account the total carbon content as determined by ele-
mental analysis.

FR ¼ mmolproduct

gcatalyst�min
ð5Þ

Liquid-Phase Isomerization of a-Pinene Oxide

The isomerization reactions of (�)-a-pinene oxide (100 mg; 97%, Al-
drich) were performed in the liquid phase in a glass batch reactor (stir-
ring rate: 1000 rpm) at RT by using toluene (8 mL; puriss., Riedel-de-
Ha�n) that had previously been dried over molecular sieves (3 �, Silipor-
ite) as the solvent. The solid catalyst (50 mg) was pre-treated at 150 8C
for 1 h in vacuo. The reaction was performed for 15 min and samples
were taken after 5, 10, and 15 min. The reaction products were deter-
mined by GC analysis (HP5890; HP-5 column, 30 m � 0.25 mm; FID or
MS detectors, head pressure: 160 kPa). The standard deviations in the
conversion and selectivity values were (�2) % and (�3) %, respectively.
Mesitylene (Fluka) was used as an internal standard.

Characterization Techniques

Chemical analysis of the materials was performed by using inductively
coupled-plasma–mass-spectrometry (ICP-MS) and by atomic absorption
spectroscopy (AAS) by ITECON laboratory (Nizza Monferrato, Italy).

X-ray diffraction (XRD) analysis was performed on a Thermo ARL
’XTRA-048’diffractometer by using a CuKa source. X-ray profiles were
recorded at RT in the range 2q=2–658 with a rate of 18min�1.

Diffuse-reflectance UV/Vis (DR-UV/Vis) spectroscopy was performed
on a Perkin–Elmer Lambda 900 spectrometer that was equipped with an
integrating sphere accessory and by using a custom-made quartz cell that
allowed analysis both under vacuum (residual pressure = 10�5 mbar) and
under controlled gas atmospheres. Prior to the analysis, the sample was
dispersed in anhydrous BaSO4 (10 wt. %) and degassed at RT for 1 h.

After the ODH tests, a portion of the catalysts was analyzed with
a Perkin–Elmer Series II elemental analyzer 2400 to quantify the carbon
that was present on the catalyst surfaces.

FTIR analysis was performed on a Thermo Electron FT Nicolet 5700
Spectrometer that was equipped with a pyroelectric detector (DTGS
type) with a resolution of 4 cm�1. Before IR analysis, pelletized samples
were oxidized and reduced according to the following procedure: Oxi-
dized samples were obtained by treating the pellets under O2 pressure
(80 mbar) at 853 K for 3 h and reduced samples were obtained under H2

pressure (80 mbar) at 773 K for 3 h. Finally, both of the oxidized and re-
duced samples were treated for 30 min under vacuum at 523 K and
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773 K, respectively. After thermal treatment, the oxidized and reduced
samples were cooled at 100 K in a custom-made IR cell that was connect-
ed to the vacuum line, which allowed all treatments and adsorption ex-
periments to be performed in situ. Both the oxidized and reduced sam-
ples were characterized by CO adsorption at 100 K.
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Acid/Vanadium-Containing Saponite
for the Conversion of Propene into
Coke: Potential Flame-Retardant
Filler for Nanocomposite Materials

A hard day’s saponite : An acid/vana-
dium-containing saponite (H/V-SAP)
was synthesized and its physicochemi-
cal properties were compared to those
of a V-modified saponite material that
did not contain acid sites. Both sam-
ples were tested in the oxidative dehy-
drogenation (ODH) reaction of pro-
pene to study the capability of the
samples to form coke species. H/V-
SAP was the most interesting catalyst
for the production of coke.
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