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A new family of phosphate oxynitrides was prepared by nitrida-
tion of an amorphous zirconophosphate precursor under ammonia
flow. The oxygen substitution by nitrogen modified the acid-base
properties of the zirconophosphate oxynitrides obtained. Surface
acidity decreased sharply when bulk nitrogen content increased
while basic properties as measured by SO, adsorption calorimetry
greatly depended on the O/N ratio. At 50°C, the Knoevenagel con-
densation of benzaldehyde with malononitrile in toluene brings an
80% of conversion after 5h.  © 1997 Academic Press

1. INTRODUCTION

Several studies have addressed the acidic properties of
crystalline zirconium phosphates and their use as solid
acid catalysts. Two types of acid sites with different acid
strengths have been found on these surfaces (1): strong
acid sites due to residual P-OH groups remaining on the
surface, and weak acid sites as interlayer P-OH groups.
Zirconophosphate compounds were successfully employed
for alcohol dehydration (2-5), oxidative dehydrogenation
(6), partial oxidation (6), and polymerization reactions (6).
They can also catalyze MTBE formation from methanol
and isobutene with high selectivities (7). On the other hand,
relatively little attention has been paid to the importance
of basic sites in catalysis with phosphates, although there
has been a growing interest in base-catalyzed processes in
fine chemistry in the past few years (8).

We have shown recently that incorporation of nitrogen
in the anionic network of aluminophosphate is an effective
way to modify the surface acid-base properties of phos-
phate compounds and particularly to increase surface ba-
sicity (9-13). This new family of amorphous aluminophos-
phate oxynitrides (AIPON) has been synthesized thanks
to a method of nitride preparation using a temperature-
programmed nitridation of an oxide precursor in a stream
of ammonia (14-16). The resulting AIPON solids main-
tain the very high specific surface area of the precursor.
This original synthetic method can be extended to the
preparation of other oxynitride systems such as aluminum-

gallium—phosphorus—-oxygen-nitrogen (AlGaPON) (17),
zirconium—phosphorus—oxygen-nitrogen (ZrPON) (18) or
vanadium-aluminum-oxygen-nitrogen (VAION) (19). It
has been reported in a previous paper (18) that nitrogen
present in oxynitride zirconium phosphate modifies the
acid-base properties of this solid and enhances basic cata-
lyzed reactions such as Knoevenagel condensation. Com-
pared to MgO, a commercial basic catalyst, the ZrPON
catalyst shows a remarkably higher activity.

This work reports on the physicochemical characteriza-
tion of a series of zirconophosphate oxynitrides (ZrPON)
with variable nitrogen content and shows the possibility of
tuning their surface basicity.

2. METHODS

2.1. Materials

The citrate method (20) was used to prepare the
high-surface-area amorphous phosphate precursor. Twenty
grams of ZrO(NO3); - 3,4H,0 (Acros Chimica, 99.5%) was
dissolved by slight heating in 250 ml of distilled water.
Twenty milliliters of a 0.37 M (H3PO,) (Fluka) solution was
then added. The Zr/P atomic ratio was fixed at 0.9. After
stirring for 1 h, an excess of citric acid (Merck, p.a., 55 g)
was added to the viscous and gelatinous precipitate. The
resulting product was further stirred overnight. Water was
then evaporated under reduced pressure and the precipi-
tate was dried for 20 h at 120°C under vacuum (5 x 10° Pa).
The sample was then calcined for 16 h at 500°C. Nitridation
of the phosphate precursor was carried out under flowing
pure ammonia. Various nitrogen contents were obtained
by modification of both nitridation time and temperature
within the range of 0.75 to 73 h and 590 to 790°C, respec-
tively (21). At the end of the activation process, the samples
were allowed to cool to room temperature under a pure and
dry nitrogen flow.

2.2. Nitrogen Content of Solids

The principle of the determination of the total nitrogen
content was based on the displacement reaction of nitride
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ions N3~ induced by an excess of strong base, which leads
to the formation of ammonia (22). The zirconophosphate
oxynitride was attacked at 400°C with melted potassium
hydroxide under inert atmosphere:

XN3~ 4+ 3xKOH — xNHj3 + 3x/2K,0 + 3x/20%".

The ammonia was dissolved in water and titrated with a
sulfuric acid solution.

2.3. X-Ray Diffraction and Surface Area Analysis

X-ray diffraction of samples was carried out in a Siemens
D-5000 powder diffractometer using Ni-filtered CuKa1 ra-
diation (A =1.5406 A).

The specific surface area was measured by the single-
point BET method ( p/po = 0.3) ina Micromeritics Flowsorb
2000 apparatus. Samples were degassed for 1 h at 150°C
under nitrogen flow before analysis at liquid nitrogen tem-
perature.

2.4. FTIR Analysis

Pyridine absorption spectra were recorded using a
Briicker IFS 88 FTIR spectrometer in the 4000-400 cm™!
range with 2 cm™! resolution. The powders were pressed
into self-supporting disks (10 mg, 13 mm in diameter) and
placed inside an IR cell connected to a vacuum line allow-
ing in situ experiments at temperatures up to 450°C under
vacuum or under controlled atmosphere. The wafers were
degassed under vacuum before analyses at 400°C for 1 h.
Pyridine was then introduced at room temperature. After
evacuation of the sample, the free and physisorbed species
have disappeared and only chemisorbed species remained
on the surface. These species were desorbed with increasing
temperature (100, 200, and 300°C) under vacuum.

2.5. Ammonia Chemisorption Analysis

Ammonia chemisorption experiments were performed
at different temperatures (30, 100, and 200°C) using a static
volumetric apparatus (Micromeritics ASAP 2010C adsorp-
tion analyzer). The samples (0.1 g) were previously de-
gassed at 400°C for 2 h at 107! Pa. In order to differen-
tiate between ammonia physisorption and chemisorption,
all analyses were repeated after the initial adsorption. The
samples were degassed at the analysis temperature for 0.5 h
between both analyses. In this work, only the ammonia
chemisorption results are presented.

2.6. Adsorption Microcalorimetry of SO,

Sulfur dioxide (pK, 1.89) was chosen as a probe molecule
to perform calorimetric and volumetric gas-solid titration
of the basic sites of the samples. Sulfur dioxide (Air Liquide,
purity >99.9%) was purified by successive freeze-thaw cy-
cles before use. The differential heats of adsorption of sul-
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fur dioxide were measured by a heat-flow microcalorimeter
(Setaram C80) linked to a volumetric adsorption system,
at 80°C. The sample, weighing about 100 mg, was heated
in the calorimetric cell to 300°C at the rate of 1°C - min~!
and maintained for 8 h at this temperature under 10~* Pa
and then placed in the calorimeter. Successive small doses
of the adsorbate (SO,) were passed over the catalyst. The
adsorbed amount and the heat released were determined
simultaneously at every coverage. The pressure was mea-
sured by means of a transducer gauge (Barocel Datamet-
rics) which enabled accurate measurements of equilibrium
pressure up to about 133 Pa. Both the calorimetric and
the volumetric data were stored and analyzed by micro-
computer processing. Furthermore, in order to calculate
the irreversibly chemisorbed amount (Vj), the sample was
pumped at 80°C at the end of the adsorption, and a sec-
ondary adsorption was then performed at the same tem-
perature. Vi, was determined from the difference between
the primary and the secondary isotherms.

2.7. Catalytic Evaluation

The zirconophosphate oxynitride basicity was also esti-
mated by using the Knoevenagel reaction which consists in
the condensation of benzaldehyde with malononitrile.

CsHsCHO + CH,(CN), — CgHsCH=C(CN), + H,O.

Four micromoles of each reactant and 30 ml of toluene
as solvent were introduced in a 50-ml flask equipped with a
magnetic stirrer and heated at 50°C. Then, 0.05 g of catalyst
was added to the solution. Liquid samples were regularly
withdrawn with a filtering syringe and analyzed by a gas
chromatograph (Intersmat Delsi Di 200), equipped with
an FID detector and using a capillary column (CPSIl8CB,
25 m).

3. RESULTS AND DISCUSSION

3.1. Composition and Morphology

The nitridation process under flowing pure ammonia of
the amorphous and high-surface-area precursor (ZrPQO)
leads to the formation of zirconophosphate oxynitrides with
variable N contents (Table 1). The N content permits the
establishment of the global composition of these new solids,
assuming that the electroneutrality and Zr/P atomic ratio
of starting zirconophosphate are maintained after oxygen
to nitrogen substitution. These compositions may be rep-
resented as ZrpoPO43_3x2Nyx. Note that the surface area
remained high (>100 m?/g) after heating in spite of various
unfavorable factors such as high reaction temperature, ther-
mal treatment time, chemical composition modification,
and water production during nitridation, which is known
to induce sintering. All the samples (precursor and nitrided
samples) are X-ray amorphous.
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TABLE 1

Chemical Compositions and Specific Surface Areas of the Pre-
cursor ZrPO and Zirconophosphate Oxynitrides (ZrPON)

Nitridation

— Ncontent Surface area
Sample Time (h) T (°C) (wt%) Composition (m?g)
ZrPO — — 0 Zro.9POu4.30 230
ZrPON1 0.75 590 1.8 Zr.90PO3.95Np .23 210
ZrPON2 0.50 790 5.4 Zr0.90PO3.29No 68 155
ZrPON3 12.75 700 8.2 Zr.90PO2.79N1.01 180
ZrPON4 14.25 750 11.2 Zr.90PO2.28N1 35 135
ZrPON5 73 790 19 Zrp.90PO1.04N2.18 115

3.2. Structural Analysis

Some FTIR peaks due to the presence of amine and hy-
droxyl functions could be observed after water desorption
by pretreatment of the samples at 400°C under 10~* Pa for
1h (Fig. 1). The sharp peak located at 3671 cm~* is assigned
to a vibrational mode of OH groups linked to phosphorus
atoms (vpo-n) (23), while the weak peak around 3763 cm™!
is attributed to a vibrational mode of OH groups linked
to zirconia atoms (vzro-4) (24). The large band centred
around 3320 cm~tis due to astretching mode of NH, species
(25). When the N content increases, the relative intensities
of the vpo- and vzo-4 bands decrease, meaning that hy-
droxyl species at the surface are replaced by NHy species
during the nitridation process. In the 1800 to 1400 cm™!
spectral area, different vibrational bands are observed de-
pending on the pretreatment temperature (Fig. 2). When
powders were degassed at 250°C under 10~* Pa (Fig. 2A),
two spectral bands at 1630 and 1430 cm~! were observed
for samples with low N content. These can be assigned, re-
spectively, to the bending deformation §n-1 mode of NH,

3763 3671
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FIG. 1. IR spectraof ZrPON oxynitrides with various bulk N content:

0% (a), 8.2% (b) and 19% (c).
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or NH3 and to ammonium species adsorbed at the solid
surface. This last band disappears completely when the pre-
treatment temperature increases to 400°C, while anew peak
appears around 1550 cm~! due to the bending vibrational
frequency of a new P-NHj, species (25) (Fig. 2B). At high
N content, only this peak is observed.

From this analysis, it can be deduced that nitrogen is
present preferentially in the coordination sphere of phos-
phorus, since a decrease of vp-on and creation of new P—-N
bonds are observed while N content increases. No evidence
has been found for the presence of Zr-N bonds. For low N
contents, many adsorbed species (NHs, NH;") are removed
by heating, leading to the formation of new P-NH; bonds.

3.3. Acid Properties

The acid properties of the solids have been evidenced by
FTIR with pyridine adsorption and ammonia chemisorp-
tion. The results of these analyses show that the presence
of nitrogen in the phosphate structure modifies both the
number and strength of the acid sites of these solid pow-
ders.

3.3.1. FTIR study with pyridine adsorption. Pyridine
adsorbed on an acidic surface can react in two ways, de-
pending upon the type of site. On Lewis acid sites, some co-
ordination bonds are formed which give rise to bands near
1620-1600 cm~* (vgy) and 1450 cm~* (v1gp), While protona-
tion on Brgnsted sites gives characteristic bands at 1640 and
1540 cm~* (26, 27). The vg, wave number is representative
of the strength of the Lewis acid sites, while the intensity of
the vigp band characterizes their number.

The adsorption of pyridine at room temperature results
in the formation of coordination bonds on Lewis acid sites
(Fig. 3). Pyridinium ions also seem to be present, but the
band width does not permit any further quantification.
From Fig. 4, it appears that the total number of Lewis acid
sites per gram (area of vigp Nnormalized by the weight of
the pellets) is higher on the precursor and that it sharply
decreases as soon as nitrogen is present. This curve sug-
gests that the nitridation process involves the departure
of oxygen species (O?~ or OH™) which are linked to sur-
face acidity. These species are strongly exchanged until the
N content reaches 5 wt%. When the desorption temper-
ature increases, the number of Lewis acid sites decreases
whatever the N content. Only the precursor surface still
possesses a significant quantity of adsorbe pyridine after
degassing at 300°C. A shift of the vg, band toward higher
energy is observed, which means that only stronger sites re-
main on the surface at this temperature. It can be concluded
that the phosphate precursor is more acidic than nitrided
samples and that ZrPON with a N content higher than 1.8
wt% possesses very few strong acid sites. It is suggested that
this evolution can be explained by the difference in elec-
tronegativity between oxygen and nitrogen since nitrogen
is less electronegative than oxygen, the O/N substitution
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FIG.2. (A) IR spectra of ZrPON oxynitrides pretreated at 250°C. ZrPO (0 wt% N) (a); ZrPON3 (8.2 wt% N) (b); and ZrPON1 (1.8 wt% N) (c).

(B) IR spectra of ZrPON oxynitrides pretreated at 400°C. ZrPO (0 wt% N) (a); ZrPON3 (8.2 wt% N) (b); and ZrPONL1 (1.8 wt% N) (c).

in the coordination sphere of the cations will reduce their
tendency to attract electrons, which results in a decrease of
their Lewis acidity.

3.3.2. Ammonia chemisorption analysis. Chemisorp-
tion of ammonia is another way to evaluate the surface acid-
ity of a sample (28). The isotherms of ammonia chemisorp-
tion are kept at three different temperatures (35, 100, and
200°C). For a given pressure, each point of the isotherm
at 35°C lies above the corresponding one at 100°C, which
itself lies above the corresponding one at 200°C. This is in
agreement with thermodynamics, as ammonia chemisorp-
tion is less favored at higher temperature, being an exother-
mic reaction. It was possible to make rough comparisons
among the solids about the number of acid sites directly
from the isotherms. These comparisons must be performed
at a given pressure. At a given pressure and temperature,
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FIG. 3. [IRspectraofpyridine adsorbed on ZrPO precursor after evac-

uation at room temperature (a), 100°C (b), 200°C (c), and 300°C (d).

the chemisorbed volume which corresponds to the surface
acidity decreases when the N content increases (Fig. 5). The
trend observed in FTIR in the adsorption of pyridine is also
noticed with this method: the number of acid sites is higher
on the precursor and decreases sharply as soon as nitro-
gen is present. Some information about acidic strength can
also be deduced from these analyses when it is considered
that only strong sites are able to retain ammonia at 200°C,
while the measured volumes at 35 and 100°C correspond,
respectively, to the ammonia adsorbed on all sites (weak,
medium, and strong) and on the medium and strong sites.
The different volumes corresponding to each strength can
be found by suitable substraction (Fig. 5). It appears that
the number of strong sites decreases by 50% when 1.8%
nitrogen is introduced into the catalyst while medium sites
remain virtually constant and weak acid sites decrease by
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FIG. 4. Area variation of bands characteristic of the total number of
Lewis acid sites with various bulk nitrogen contents after evacuation at
20°C (A), 100°C (A), 200°C (m), and 300°C ().
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FIG.5. Total, weak, medium, and strong acid sites repartition mea-
sured by ammonia chemisorption versus bulk nitrogen content.

66%. The same tendency is observed with lower intensity
when the nitrogen content is increased up to 20%.

3.4. Basic Properties

Sulfur dioxide was chosen as basicity probe molecule
in microcalorimetry measurements. The Knoevenagel con-
densation was also performed as test reaction to evaluate
the basic properties of the ZrPON series.

3.4.1. Adsorption calorimetry of SO,. The differential
molar heats of adsorption on ZrPON samples with the
sorbed amount of sulfur dioxide are plotted in Fig. 6. The
relatively high initial heats of adsorption observed at low
coverage decrease continuously by variable steepness to
reach values slightly higher than the heat of liquefaction of
SO, (AH° =18.6 kJ/mol). A wide plateau localized around
150 kJ/mol is observed for the higher N content (ZrPONS5),
which is representative of the increasing site homogeneity.
The heats at zero coverage increase from 130 to 160 kJ/mol
for precursor and ZrPONS5 (19 wt% N), respectively, which
means that increasing the N/O ratio results in an increase of
basic strength. These high values could be attributed to the

160
% - ZrPO
£ 120 ~o-ZrPON1
S —a—ZrPON2
- —e—ZrPON3
C 80 ~o-ZIPON4
-a-ZrPON5
40
O 1 1
0 0,4 0,8 1,2
Vads (nwmol/m2)
FIG. 6. Differential molar heats of adsorption on ZrPON series ver-

sus the adsorbed amount of SO,.
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FIG. 7. Adsorption isotherms of SO, at 80°C.

SO, dipole interactions with the electrostatic field induced
by the N3~ anions. If one considers the primary adsorp-
tion isotherms (Fig. 7), it appears that the addition of 1.8
to 5.4 wt% of nitrogen has only very little influence on the
total adsorbed SO, amount, which slightly decreases. How-
ever, the samples containing 8.2 wt% or more display larger
and larger increases in the adsorbed volumes.

Figure 8 represents the total number of sites which ad-
sorb SO; at a pressure of 27 Pa as a function of the ni-
trogen weight loading of the samples, as well as the num-
ber of sites (Vi) computed at the same pressure and
previously described under Methods. The two curves are
parallel, which proves that the number of weak sites re-
mains constant for all samples and that only the strong
sites vary. This graph also shows that the initial number of
strong sites on the ZrPO sample (about 0.2 xmol/m?), obvi-
ously not attributed to nitrogen, can be associated to basic
framework oxygen. The stronger basicity of nitrogen com-
pared to oxygen becomes predominant only above about
7 wt% and then increases almost linearly with the nitrogen
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FIG. 8. \ariation of total (@) and irreversible (O) volume of SO, with
bulk nitrogen content.
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FIG.9. Variation of conversion after 5 h in Knoevenagel condensa-
tion with bulk nitrogen content.

content. The increase in oxynitride basicity is directly linked
to the O/N ratio which can be adjusted during the nitrida-
tion process. Although the nature of the basic centers is not
yet exactly known, it has already been shown that substi-
tution of oxygen by nitrogen gives rise to the formation of
N3~,—-NH-, or—NH, speciesin SiON (29). On ZrPON, these
species correspond to bulk (N°) and to surface (-NH-and
—NH,) nitrogen evidenced by FTIR.

3.4.2. Catalytic evaluation. The Knoevenagel conden-
sation of benzaldehyde with malononitrile has been
performed as an alternative way of basic properties deter-
mination. This type of reaction is often described in the lit-
erature as requiring basic sites (30). No activity was found
for ZrPO tested under the conditions described above, and
the same reaction performed with ZrPON brings 80% con-
version after 5 h. It should be noted that any special care (for
example, thermal activation) is taken before starting the re-
action. Catalytic activity is therefore largely influenced by
the N content and surface area which can be adjusted during
the preparation step. The evolution of intrinsic conversion
rate (%/m?) versus N content is shown in Fig. 9. Basic prop-
erties of zirconium oxynitrides are directly linked to their
resources in nitrogen, as conversion rate increases with N
content. This last graph must be compared to Fig. 8 which
displays a similar trend: the number of basic sites is slightly
decreasing for N weight loading of 1.8 to 5.4% while the
activity for condensation is constant. When the nitrogen
content is greater than 5.4%, the number of basic sites and
the conversion increase sharply. The catalytic activity en-
hancement can thus be related to the increasing number of
basic sites rather than to an increase of their strength.

4. CONCLUSION

A new family of amorphous and high-surface-area
phosphate oxynitride catalysts have been prepared by
temperature-programmed reactions between oxide precur-
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sor and ammonia. The influence of nitrogen on surface
characteristics and acid-base properties was demonstrated.
It is suggested that nitrogen is located in the coordination
sphere of phosphorus since zirconium-nitrogen bonds were
not observed. FTIR studies with pyridine adsorption and
ammonia chemisorption analyses revealed the same acid-
ity trend: the number of acid sites is higher on the pre-
cursor surface and sharply decreases as soon as nitrogen
is incorporated. The microcalorimetry of SO, adsorption
and the Knoevenagel condensation of benzaldehyde with
malononitrile permitted the evaluation of the basic proper-
ties of ZrPON solids: both the number and the strength of
the basic sites increase with nitrogen content. It appeared
that the condensation rate is linked to the number of basic
sites, which itself is a function of nitride nitrogen content
adjusted during the preparation step. It is thus possible to
tune the acid-base properties in this new family of catalysts
by modifying the O/N ratio.
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